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tubes and from a ballistic range. All measurements were made by
calorimetric gauges mounted at the stagnation point of hemisphere
cylinders. The test gas was air. The shock tube data are by Rose
and Stark,10 Rose and Stankevics,11 and Horton and Babineaux.12

Rose and Stankevicscarriedout a speci� c analysis to determineboth
the thermochemical state of air and the effects of catalycity of the
surface of the calorimeter. Their conclusionwas that air was frozen
in theboundarylayerand thewall catalyticeffectwas negligible.The
analysisby Rose and Stark relied on the comparisonwith the results
by the Fay–Riddell correlation formulas. Their conclusionwas that
air was in equilibrium.Horton and Babineaux did not perform such
an analysis.The ballistic range data are by Yee et al.13 The heat � ux
was measuredby launchingfrom a light gas gun small models � ying
throughair.The measurementsweremadeatan ambienttemperature
of 300 K and at an ambient pressure of 0.1 atm. According to the
opinion of Yee et al., for these conditions the stagnation density is
so high (approximatelyatmospheric) that air in the shock layer is in
equilibrium.

The comparison of the normalized heat � uxes is shown in Fig. 3.
The match of the present results with the ones by H2NS is excellent
in the whole range of enthalpypotential.The match with the experi-
mental data is pretty good up to the enthalpydifferenceof 14 MJ/kg
for each state of the gas. At low enthalpy levels, in fact, the dissoci-
ation is not remarkable, and thus it is not really necessary to specify
the state of the gas. The present results show a reasonable good
agreement with the data by Rose and Stankevics. The agreement
with the data by Horton and Babineaux is also good. This agree-
ment indicatesthat the test gas consideredby Horton and Babineaux
should be in nonequilibriumand the wall of the calorimeter should
be fully catalytic.

IV. Conclusions
Fay and Riddell’s classical solution concerning the stagnation

point heat transfer in high-speed � ow was reexamined.The approx-
imations used in the Fay–Riddell work were identi� ed, and some of
them are removed in the present procedure.

Numerical results by the present procedure were validated with
existing ground test data and Navier–Stokes results. Good agree-
ment between the present results and experimental data is noted.
Therefore, the improved Fay–Riddell procedure can be a ready-to-
use tool for researchers in hypersonic wind-tunnel experiments. It
is particularly useful to assess the wall catalycity effects of the test
models.

More generalmodels for the transport coef� cients, e.g., the Yun–
Mason model, and the variability of the vibrational temperature in
the boundary layer can be easily included in the present procedure.
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Nomenclature
L D = lift-to-drag ratio
M = freestream Mach number

s = conical shock-wave angle
= one semivertex angle
= emissivity

Introduction

S INCE the pioneeringwork of Nonweiler1 and Jones,2 wave rid-
ers did not attract researchers’ attention for a long time until,

in 1980, Rasmussen3 proposed a cone-derived wave rider. Later,
Rasmussen and his co-workers designed an optimized con� gura-
tion4 of the cone-derived wave rider. Since then, experimental5 7

and theoretical8 13 studies, including design and evaluation based
on computational � uid dynamics, have been performed extensively
on this con� guration. In these con� gurations, a high-pressure layer
below the body is created with a shock wave attached to the leading
edge. Hence, the � ow� eld on the lower surface is of particular im-
portance.Little experimentalwork has beenperformedon the nature
of the lower-surface� ow� eld, especiallyon the surfaceheat transfer
effect. The purposeof the present study is to investigateexperimen-
tally the characteristicsof the � ow� eld around such con� gurations.
We observethe � ow� eldson the lower surfacesof two generalcone-
derived wave riders, a general cone-derived wave rider (GCWR),
and an optimized GCWR using oil-� ow, wall-tracing, and infrared
thermographic methods. The oil-� ow method makes it possible to
observe the detailed � ow pattern on the lower surfaces whether or
not the compressed � ow has leaked from the lower compression
region through the leading edge. The thermographic measurement
is performed to observe the surface temperature � elds due to the
aerodynamicheating.

GCWR
The GCWR was originally proposed by Rasmussen3 in 1980

based on the hypersonic small disturbance theory (HSDT). Later
such a con� guration was numerically tested9 with the solution of
the Euler equation. Stecklein and Hasen9 designed their con� gu-
rations based on the Taylor–Maccoll equation “cast in hypersonic
small disturbance form.” We design the GCWR based on the exact
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solution of the Taylor–Maccoll equation14 without using HSDT as-
sumptions and keeping in mind our low hypersonic test condition
(M 5.5). Figure 1a shows a typical example of our GCWR
con� guration. A cylindrical upper surface was assumed for con-
venience of the model support. In this study, 19 15 deg and

s 23 5 deg.

Optimized GCWR
By repeated use of the solution procedureof the Taylor–Maccoll

equation, we designed an optimum con� guration of GCWR. The
optimization was made under the constraint of � xed body length,
M 5 5), and s 23 5 deg), by obtaining the body shape hav-
ing maximum L D. The resultingcon� guration is shown in Fig. 1b.
Again a cylindricalupper surface was employed.This con� guration
has shown theoretically an L D improved by about 9% in compar-
ison with its original GCWR.

Wind-Tunnel and Oil-Flow Observations
Experimentswere performed in the Tokyo Metropolitan Institute

of Technology (TMIT) supersonicwind-tunnel system with M
5 5, a freestream unit Reynolds number of 4 34 106/m, and a
maximumdurationof steady � ow of about22 s. Other speci� cations
of this wind tunnel are shown in Table 1.

Table 1 Speci� cations of TMIT supersonic wind tunnel

Type Blow down
Diameter of nozzle at the exit 120.0 mm
Diameter of nozzle at the throat 18.4 mm
Stagnation pressure 860 kPa
Stagnation temperature 850 K
Maximum mass � ow rate 0.3 kg/s
Exhaust Air ejector

a) Typical example b) L/D optimized

Fig. 1 GCWR.

GCWR

Optimized GCWR

Fig. 2 Oil-� ow patterns.

GCWR

Optimized GCWR

Fig. 3 Heat transfer rate obtained from thermograph.

Both the shape of shock wave and the � ow pattern of the lower
surface of these wave rider models were observed in a hypersonic
� ow at Mach 5.5. In particular, � ow� elds on the lower surface of
thesemodelswere carefullystudiedbyusingan oil-� ow observation
method. Some examples are shown in Fig. 2. The results show that
conical � ow is clearlyestablishedon the lower surfaceof themodels.

Thermographic Observations
A thermal video system (Japan Avionics, Inc., Type TVS-110)

was used.The systemwas installedinsidethe test sectionof the wind
tunnel to eliminate the attenuation of radiation through the optical
glass window. The radiation from models was detected through a
plane mirror. The effect of the mirror was calibrated before the
observations. For these observations, models were manufactured
using gypsum with 0 9. The value of is assumed constant
in our temperature range of thermography. An example of the heat
transfer rate of the GCWR is shown in Fig. 3. In the experiment,
modelswere cast into the test sectionusing an injectionsystem after
a uniform hypersonic � ow was established. The heat transfer rate
was estimated according to the method of Jones and Hunt.15

Conclusions
We have shown that a conical � ow� eld has been observed on the

lower surfaces of GCWRs at Mach 5.5.
Thermographic measurements were performed on the lower sur-

face of the GCWR con� gurationusinggypsummodels.Strong aero-
dynamic heating was observed at the leading edge of the lower sur-
faces of the wave rider.
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Introduction

A T the Institute of Space and AstronauticalScience, Japan, the
asteroid sample return mission called MUSES-C is in devel-

opment, aiming for launch in 2002 (Ref. 1). In this mission, a 20-kg
small re-entry capsule has the sample container separated from the
mother spacecraft on the hyperbolic Earth-return trajectory, and it
directly enters the Earth’s atmosphere at superorbital velocity to
save the spacecraft fuel required for orbital maneuvering. The cap-
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sule has an axisymmetric blunt cone con� guration with a nose ra-
dius Rn of 0.2 m, semiapex angle of 45 deg, and base diameter of
0.4 m. To protect the payload from the severe aerodynamic heat-
ing of a superorbitalre-entry, use of a carbon–phenolic-typeablator
is planned. The peak stagnation aerodynamic heating is expected
to occur around 60-km altitude, where the shock layer � ow is in
full chemical nonequilibrium. Consequently, for evaluation of the
heat shieldperformance,we must considerthe chemicalnonequilib-
rium of the freestream and the ablation products through the shock
layer, in combination with the � nite rate chemical reactions at the
ablatorsurface.The objectivesof this studyare to present the bound-
ary conditions at the ablating surface for � ow computationover the
capsuleand to make the trajectory-basedanalysison the stagnation-
point aerodynamic heating environment for the MUSES-C super-
orbital re-entry capsule by using the viscous shock-layer (VSL)
method.

Analysis Model
The stagnationstreamlineequationsfor the laminaraxisymmetric

VSL equations with chemical nonequilibriumand thermal equilib-
rium are solved by the � nite difference method. For the freestream
and ablation products, we consider 11 air species (N2 , O2 , N, O,
NO, NO , e , N , O , N2 , O2 ) and 8 carbon-containingspecies
(C, C2, C3 , CO2 , CO, CN, CO , C ). Details of the present analy-
sis model are given in Ref. 2. The ablating wall is described as the
boundary conditions for the VSL analysis in the following way.

The mass fractionof the i th speciesCi at the wall is determinedby
solvingthe surfacemass balanceequationwritten in the generalized
form

Di
dCi

dy
Ci J cat

i J ion
i J oxi

i J sub
i J pyro

i

(1)

where is the density of gas mixture and Di is the diffusion coef� -
cient of i th species. The � rst and the second terms on the left-hand
side represent the normal (y-direction) � uxes due to diffusion and
ablationinjection , respectively.The mass � ux due to the catalytic
recombination J cat

i is given by the � nite catalytic wall model3

J cat
i Ci

cat
i RT 2 Mi i N O

(2)
J cat

N2
J cat

N J cat
O2

J cat
O J cat

i 0 i others

where T is the wall temperature, Mi is the molecular weight, and
cat
i is the reaction probability for the catalytic recombination.The

noncatalytic wall (NCW) and the fully catalytic wall (FCW) are
described as cat

i 0 and cat
i 1, respectively.The mass � ux due

to recombinationof ions and electron J ion
i is given in the same way.

The thermochemicalpropertiesof the ablatorsurfaceare expected
to be similar to those of graphite because the surface of the carbon-
phenolic ablator becomes a char layer of carbon under the severe
aerodynamicheatingof superorbitalre-entry.Two typesof reactions
involving phase change at the surface, that is, oxidation by atomic
oxygen and sublimation into the C3 molecule, are considered. The
mass � ux due to the surface oxidation by atomic oxygen J oxi

i is
presented as4

J oxi
i Ci

oxi
i RT 2 Mi i O

(3)
J oxi

CO J oxi
O MCO MO J oxi

i 0 i others

where oxi
i is the reaction probability for the reaction C s

O CO. Note that the constraint cat
O

oxi
O 1 exists because

the mass � ux J cat
O J oxi

O never exceeds the mass � ux of the atomic
oxygen striking the wall. The surface mass � ux due to sublimation
is given by the Hertz–Knudsen–Langmuir relation4

J sub
i i pe i pi 2 R Mi T i C3

(4)
J sub

i 0 i others


