
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 34, No. 6, November–December 1997

Experimental Rare� ed Heat Transfer at Hypersonic
Conditions over 70-Degree Blunted Cone

J. Allègre, D. Bisch,† and J. C. Lengrand‡

Centre National de la Recherche Scienti�que, 92190 Meudon, France

Surface heat transfer rates have been measured over a 70-deg spherically blunted cone chosen as a test case
model to provide both experimental and computational databases. Under rare� ed and hypersonic conditions,
heating rate distributions are measured along the model and presented at angles of attack varying from 0 to 30
deg. Experiments have been conducted in the SR3 facility at a freestream Mach number close to 20. Three � ow
rarefactions have been considered, which correspond to Reynolds numbers of 1420, 4175, and 36,265. Reynolds
numbers are calculated using freestream conditions and the model base diameter. In parallel to the experimen-
tal work, � ow calculations were executed by an international group of researchers for identical test conditions.
Comparisons between experimental and computationalheating rates are also presented.

Nomenclature
c = speci� c heat, kJ/kg/K
d = base diameter, 50 mm
e = wall thickness, mm
l = thermocouple signal, V
Ma = nominal freestream Mach number
p0 = stagnation pressure, bar
q = heating rate, kW/m2

RC = corner radius, mm
Red = Reynolds number calculated on the base diameter
Rn = nose radius, mm
S = abscissa along the model, measured from the stagnation

point, mm
T = temperature,K
T0 = stagnation temperature, K
TW = surface temperature, K
t = time, s
V = freestream velocity, m/s
V = rarefaction parameter, Ma Red

0 5

= angle of attack, deg
= model-wall density, kg/m3

= freestream density, kg/m3

Introduction

A S part of AGARD, the Fluid Dynamics Panel and its Working
Group 18 have chosen the 70-deg spherically blunted cone as

the test case model. In the rare� ed and hypersonicdomain, a number
of experiments have been performed over the blunted cone to get
quantitative aerothermodynamic results with the objective of code
validationby comparisonsbetweenexperimentaland computational
data. Two companion papers were focused on the presentation of
experimental density � ow� elds and on aerodynamic forces applied
to the model.1 2 This paper provides experimental heating rate data
for the forebody, the base section, and the rear sting of the blunted
cone. Some experimental results have been presented to the Fourth
European High Velocity Database Workshop3; the present paper
exhibits complete sets of experimental heat transfer data. Test con-
ditions are characterized by a freestream Mach number close to 20
and by Reynolds numbers ranging from 1420 to 36,265. Reynolds
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numbers are calculated using freestream conditions and the cone
base diameter. Heating rates are measured for three rarefaction lev-
els and for cone angles of attack between 0 and 30 deg.

Blunted Cone Model and Measurement Technique
The spherically blunted cone used for heat � ux measurements

is composed of thin-wall elements (Fig. 1). It is made of ARMCO
steel of well-knownthermal characteristics.The conebase diameter
is 50 mm. The rear sting diameter is 12.5 mm with a useful length
of 75 mm. The sting extremity is connected to a movable transverse
support used to inject the model through the test section. The trans-
versesupportis actuatedby meansof a mechanismwith a pneumatic
jack locatedoutside the test section.The model is instrumentedwith
Ch/Al thermocouples embedded through the wall thickness. Heat
transfer measurements are performed at nine locations distributed
along the forebody, along the base, and along the cylindrical sting.
Thermocouple references and locations are speci� ed in Fig. 2.

The thin-wall technique is one of the most accurate methods
used for measuring heat � uxes. The measurement procedure con-
sists of starting the wind tunnel without the model, and as soon as
the � ow conditions are constant, the thin-wall model is rapidly in-
jected through the test section. The surface temperature is locally
measured using thermocouplesembedded in the wall. Knowing lo-
cally the thickness e of the model wall and the thermal capacity
of the material c, the measured derivativeof the wall temperature
TW is directly related to the heat � ux value q , using the formula
q ce dTW dt ). For the present experiments,Ch/Al thermocou-
ple wires, 0.2 mm in diameter, are embedded in the thin wall, which
is 0.4 mm thick in mean value. The exact wall thickness has been
measured at each point of measurement to calculate heating rate
values. For the ARMCO steel, density and speci� c heat values are

7 86 103 kg/m3 and c 0 449 kJ/kg/K, respectively. Prior
to heat � ux measurements, the cone model is located outside the
test section at room temperature. At the time of the measurement,
just following the model injection through the test section, the wall
temperature of the model remains close to 300 K. To minimize
conduction effects through the wall, the temperature derivative is
measured within fractions of a second following the model injec-
tion, limiting to a few degreesonly the wall-temperaturerise during
the measurement.

Test Facility and Flow Conditions
The SR3 wind tunnel is equippedwith pumpingsystemsworking

in continuousoperation.According to the required � ow conditions,
two distinct pumping groups are used. At the lowest � ow densi-
ties (� rst and second set of � ow conditions), the exhaust system is
composed of rotary piston vacuum pumps, Roots pumps, and oil
diffusion booster pumps, withstanding volume � ow rates of air or
nitrogen of about 40 m3/s under working pressures up to 10 4 atm.
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At higher � ow densities (third set of � ow conditions), the exhaust
system includes rotary sliding vane pumps and Roots pumps.

Heating rate measurements are performed at hypersonicand rar-
e� ed � ow conditionsfor three rarefaction levels. The nominal oper-
ating conditions are indicated in Table 1. Nitrogen � ows are issued
from three different nozzles supplied with an electrical graphite
heater. Divergent sections of the nozzles are conical and continued
by cylindricalextensionsprovidingthe junctionbetween theconical
parts and the test section. Reynolds numbers Red and rarefaction
parameters [V Ma Red

0 5] have been calculated assuming, as
a reference, the 5-cm base diameter.The Sutherlandviscosity law is
applied for gas temperatures down to 100 K, and then a linear vis-
cosity law is used at lower gas temperaturesbetween 0 and 100 K.
Mach numbers indicated in Table 1 are the freestream Mach num-
bers at the nose locationof the blunted cone, where � ow parameters
are assumed to take their nominal values.

Results and Discussion
Tabulated values of heating rates are presented in Tables 2–4 for

the three � ow conditions.In each table one will � nd successivelythe
thermocouple references, the corresponding nondimensional dis-
tances S Rn , the angles of attack of the model, and the measured
heating rates. The tables are composed of three parts covering the
forebody region (thermocouples1–4), the base region (thermocou-
ples5 and 6), and the rear sting region (thermocouples7–9). Heating
rates are given for the angles of attack of 0, 10, 20, and 30 deg.

The overall heating rate distributions along the blunted cone
have been plotted in Figs. 3–9 as a function of the nondimen-
sional distance S Rn measured along the surface from the forebody

Table 1 SR3 wind tunnel experimental test conditions

Flow conditions Gas Ma T0, K p0, bars Red V

1 N2 20.2 1,100 3.5 1,420 0.53
2 N2 20 1,100 10 4,175 0.31
3 N2 20.5 1,300 120 36,265 0.11

Fig. 1 Thin-wall test model for heat transfer measurements. All di-
mensions are in millimeters.

Fig. 2 Thermocouple locations along the test model.

stagnationpoint.At an angleof attackof 20degand for the three� ow
conditions, heating rate distributions are successively presented in
Figs. 3–5. Maximum over the forebody region, heating rates range
from about 7 to 46 kW/m2 , depending on the � ow rarefactions.On
the base surface, the measuredheating ratesare extremely low. They
are found to be less than 0.02 kW/m2 for the most rare� ed � ow and
of the orderof 0.6 kW/m2 for the highest� ow density.Along the rear
sting, the highly expanded � ow still leads to low values of heating

Table 2 Heating rates (test conditions 1: Ma = 20.2, Red = 1420)

q , kW/m2

Thermocouple S Rn 0 deg 10 deg 20 deg 30 deg

1 0 10.23 9.89 7.59 6.60
2 0.52 8.39 8.07 6.78 5.81
3 1.04 6.33 6.93 6.93 5.72
4 1.56 5.12 6.63 7.53 7.23
5 2.68 0.02 0.02 0.02 0.02
6 3.32 0.02 0.02 0.02 0.02
7 5.06 0.13 0.20 0.33 0.59
8 6.50 0.33 0.46 1.22 2.04
9 7.94 0.43 0.82 1.58 2.70

Table 3 Heating rates (test conditions 2: Ma = 20, Red = 4175)

q , kW/m2

Thermocouple S Rn 0 deg 10 deg 20 deg 30 deg

1 0 17.16 17.82 15.84 14.19
2 0.52 13.56 16.46 15.17 14.85
3 1.04 10.24 14.16 12.95 14.46
4 1.56 9.64 12.05 13.56 15.06
5 2.68 0.04 0.04 0.04 0.04
6 3.32 0.04 0.04 0.04 0.04
7 5.06 0.43 1.06 1.95 3.79
8 6.50 0.99 2.18 3.00 5.94
9 7.94 1.75 2.38 3.83 8.58

Table 4 Heating rates (test conditions 3: Ma = 20.5, Red = 36,265)

q , kW/m2

Thermocouple S Rn 0 deg 10 deg 20 deg 30 deg

1 0 67.97 59.39 46.19 44.87
2 0.52 50.35 49.71 43.57 45.19
3 1.04 34.94 44.59 42.17 44.58
4 1.56 27.71 42.17 42.78 46.39
5 2.68 0.59 0.53 0.59 0.73
6 3.32 0.46 0.46 0.66 0.89
7 5.06 1.65 2.77 7.59 14.19
8 6.50 3.10 7.92 14.19 19.80
9 7.94 3.79 11.22 14.19 18.81
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Fig. 3 Heating rate distribution:Ma = 20.2,Red = 1420,and = 20 deg
(� rst set of � ow conditions).

Fig. 4 Heating rate distribution:Ma = 20, Red = 4175, and = 20 deg
(second set of � ow conditions).

Fig. 5 Heating rate distribution:Ma = 20.5, Red = 36,265, and = 20
deg (third set of � ow conditions).

rates; however,valuesare slightly increasedwhen one moves farther
downstream.

Considering different angles of attack of the blunted cone from
0 up to 30 deg, heating rate distributionsare indicated in Figs. 6–8
for the three rarefaction levels. When increasing the angle of attack,
heating rate distributionsbecome more uniform along the forebody
region and, also, heating rate values increase quite markedly along
the rear sting surface. Last, at 0-deg angle of attack, heating rate
distributions are plotted in Fig. 9 considering the three rarefaction
levels of the � ow. Along the forebody region, the heating rate is
maximum at the stagnation point and then decreases when moving

Fig. 6 Heating rate distributions: Ma = 20.2, Red = 1420, and 0
30 deg (� rst set of � ow conditions).

Fig. 7 Heating rate distributions: Ma = 20, Red = 4175, and 0
30 deg (second set of � ow conditions).

Fig. 8 Heating rate distributions:Ma = 20.5, Red = 36,265, and 0
30 deg (third set of � ow conditions).

aft of the stagnationpoint. Maximum heating rates vary from about
10 to 68 kW/m2 according to the � ow rarefaction.

As part of AGARD, the Fluid Dynamic Panel and its Working
Group 18 assumed the coordination of blunt-body investigations
for hypersonic conditions. Studies have been conducted both for
high-enthalpy tests obtained with impulse facilities4 5 and for rar-
e� ed testsperformedin rare� ed low-enthalpyfacilities.1 6 In parallel
to the present experimental work, a number of calculations using
a direct simulation Monte Carlo solution were executed by an in-
ternationalgroup of researchers. An extensive number of computa-
tions have been made over the blunted cone for SR3 test conditions
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Fig. 9 Heating rate distributions: = 0 deg and 1420 Red 36,265.

Fig. 10 Experimental and calculated heating rates (SR3 � rst set of
� ow conditions, NASA Langley Research Center computations).

Fig. 11 Experimental and calculated heating rates (SR3 second set of
� ow conditions, NASA Langley Research Center computations).

because it was one of the test cases at the Fourth European High-
Velocity Database Workshop. Some results were included at the
workshopandwere indicativeof goodagreementsachievedbetween
computation and experiment.3 7

Comparisons between computed heating rates and experimental
heating rates have already been presented.7 9 To illustrate some
of these comparisons, heating rates calculated by Moss et al. 8 and
heatingratesmeasuredin theSR3 wind tunnelareshownin Figs. 10–

12 for the three sets of experimental conditions.

Accuracy of Heating Rate Measurements
Data uncertainty in heating rate measurements may result from

different causes: uncertaintydue to the determinationof the model-
wall heat capacity, uncertainty in the measurement of the wall tem-
peraturederivative,and uncertaintydue to possibleheat conduction
effects through the thin wall at the time of the measurement. The
ARMCO steel used for manufacturing the model has a well-known
heat capacity, and the wall thickness is measured at each thermo-
couple location with an estimated uncertainty of 2%.

The determinationof the wall-temperaturederivativecontributes,
in a larger part, to the measurementuncertainty.Its level dependson

Fig. 12 Experimental and calculated heating rates (SR3 third set of
� ow conditions, NASA Langley Research Center computations).

the signal amplitude and, in most cases, the uncertainty is less than
5%. ConcerningCh/Al thermocouples,they deliver an output sig-

nal of about 41 V/K at room temperature, the output voltagebeing
slightly decreased for lower temperatures (40 V/K at 280 K) and
slightly increased for higher temperatures (41.5 V/K at 320 K).
All measurementsare made during a fractionof a second following
the model injection through the test section and, consequently, the
wall-temperature variation remains within the range 290–310 K.
This justi� es the use of 41 V/K when calculating the wall temper-
ature from the measured thermocouple signal.

Regarding conduction effects, they are negligible for most of the
presentconditions.That is the case for the � rst set and the secondset
of � ow conditions (Red 1420 and 4175) and all investigatedsur-
faces (forebody, base, and rear sting). Measured wall-temperature
variations are less than 10 K/s at the time of the measurement and,
consequently, temperature differences through the wall do not ex-
ceed a couple of Kelvin during the � rst fractions of a second corre-
sponding to the heating rate determination.For the third set of � ow
conditions (Red 36 265), also small variations of wall tempera-
tures are recorded in the base and rear sting regions and negligible
conduction effects are expected. However, on the forebody, wall-
temperature variations as high as 37 K/s are recorded, leading to
larger temperature differencesalong the thin wall with possible lo-
cal conduction effects. Heat conduction is dif� cult to quantify; it
depends on temperature gradients along the thin wall and is cer-
tainly maximum in the peripheral region linking the forebody to the
base region. Consequently, for the third set of � ow conditions,heat
measurements performed with thermocouple 4 may lead locally to
underestimatedvalues of heating rates.

For the reasonsmentionedbefore,at practicallyall test conditions
(except for the thermocouple4 at the highest � ow density), heating
rates have been measured with a global uncertainty less than 10%.

Concluding Remarks
Experimental heating-rate distributions are presented over a 70-

deg bluntedcone located at rare� ed and hypersonic� ow conditions.
The � ow is characterizedby a freestream Mach number close to 20
and three levels of gas rarefaction. Freestream Reynolds numbers,
calculated on the cone base diameter, range from 1420 to 36,265.
Local heating rates, measured by means of the thin-wall technique,
are recorded for various angles of attack of the blunted cone be-
tween 0 and 30 deg. Heating rate distributions are presented along
the forebody surface, the base surface, and the rear-sting surface.
The present investigationprovidesquantitativeinformationfor code
validationby making comparisonsbetween experimental and com-
putational data.
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