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thus varying Tw. However, in the present tests the stagnation
temperature was varied to produce a slight change in Tw/Tt.
This change in the stagnation temperature level may have in-
fluenced the behavior of transition by altering the effect of
other interrelated parameters, such as radiated aerodynamic
noise from the tunnel sidewalls. The metal cone transition
data illustrates the sometimes inconsistent behavior of transi-
tion in conventional wind tunnels.

Conclusions

Transition Reynolds numbers were lower for the ablating
cones as compared to the nonablating cone, indicating an in-
fluence of mass injection on transition. There was a strong-
unit Reynolds number effect on the ablating cone transition
Reynolds numbers. Transition Reynolds numbers obtained
on the metal cone displayed both a weak and strong effect of
unit Reynolds number, depending on the tunnel stagnation
temperature, and thus indicated an influence of small changes
in tunnel conditions on boundary-layer transition.
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Shock-Wave Shapes on Hypersonic
Axisymmetric Power-Law Bodies
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IN this Note experimental observations are reported on the
shock-wave shapes over axisymmetric power-law bodies,

of the form y ~ xmb, situated in a hypersonic flow. These
measurements were made in an attempt to verify certain
aspects of asymptotic hypersonic flow theory, where the term
asymptotic refers to the flowfield at large distances down-
stream of the nose of the body. Although the calculation of
the asymptotic flowfield for power-law bodies has received
considerable attention in the past few years, relatively few ex-
perimental observations appear to have been reported in the
literature. Freeman, Cash, and Bedder1 made observations
on the shock shapes over seven axisymmetric power-law bod-
ies for values of the exponent ra& in the range 0 $= m& < 1,
and concluded that the comparison between theory and ex-
periment was far from satisfactory. Kubota2 reported more
complete data on the asymptotic flowfields, including shock

Received May 26, 1969. This research was supported by
NASA under grant NGR-24-005-063 to the Space Science Center,
University of Minnesota.

* Assistant Professor, Department of Aeronautics and En-
gineering Mechanics. Member AIAA.

shapes, surface pressure distributions and shock layer pressure
traverses, for three axisymmetric power-law bodies with
m*> = \-> f ? and t- Other data on axisymmetric shock shapes
have been obtained by Peckham3 and appear to be similar to
those of Ref. 1. Information on the flowfields and shock
shapes over plane power-law bodies has been reported by
Hornung4 for m& = \ and f.

It is well known that when the freestream Mach number
M is sufficiently large, the hypersonic small-disturbance
equations possess similar solutions for the asymptotic shock-
wave shapes over power-law bodies. These solutions state
that the shock-wave shapes for axisymmetric power-law bodies
are given by y ~ xms, where

for - < < 1 (la)

and
mb = 4 for 0 ^ m& <

The solutions (la) were obtained by Lees and Kubota,5 and
correspond to the situation in which the asymptotic flowfield
is dominated by the shape of the body. The solutions (lb)
are the blast-wave analogy solutions of Lees6 and Cheng and
Pallone,7 and are appropriate to those body shapes in which
the asymptotic flowfield is dominated by the nose bluntness
of the body. The solutions (1) may be used as first approxi-
mations in asymptotic solutions for the shock-wave shapes.
This is discussed by Freeman,8 who shows in particular that
for the range -J-7 < mb < ^ the first correction term to the
blast wave solution is due to the perturbation introduced by
the body shape. The correction to the shock shape and to
the asymptotic flowfield in general for this range of mb has
been computed by Hornung.9

In this work a comprehensive study has been made of
shock-wave shapes on axisymmetric power-law bodies in the
range 0 ^ m& < 1 in an attempt to verify the first-order solu-
tions (1). Comparisons are made with the results of Freeman
and co-workers, and the effects of Hornung's correction term
to the first-order solution for mb = 0.4 are indicated.

The experiments were run in the Rosemount Aeronautical
Laboratory 12-in. X 12-in. hypersonic wind tunnel at a free-
stream Mach number of 7.0. Most of the runs were made
at a stagnation pressure of 115 psia and a Reynolds number
of 6 X 106/in. Several tests were repeated at a stagnation
pressure of 135 psia and a corresponding Reynolds number of
about 107/iri. No evident trends in the final data with
Reynolds number could be detected. Two families of power-
law bodies were used, each family consisting of eight models
with values of mb of 0, 0.1, 0.25, 0.4, 0.5, 0.7, 0.85, and 1.0.
The lengths of the two sets were 7 in. and 4 in., and all bodies
had a maximum diameter of 2 in. Shock shapes were mea-

Fig. 1 Typical shock-wave shapes for 7-in. bodies (M
7.0).
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sured directly from shadowgraphs taken on 11-in. X 14-in.
x-ray plates, which provided very sharp definitions of the
edges of the shocks.

Several shadowgraphs were obtained for each body, and
the resultant shock shapes were plotted logarithmically as in
Fig. 1, where L is the length of the body in the axial direction
x. The slopes of these curves give the values of the exponent
ms directly. Unlike the results of Ref. 1, in which a consider-
able variation of the exponent ms with x was found for any
particular shock, all the shocks measured in the current ex-
periments exhibited constant values for ms after an initial
variation over the front part of the body. The distance for
ms to become constant varied from a value of x/L of about 0.2
for mb = 0.85 to a value of about 0.6 for mb = 0. The constant
values of ras are plotted against the corresponding values of
mb in Fig. 2. The top two parts of this figure show the aver-
age values of ms for a given mb for the 7-in. and 4-in. models,
together with the ranges over which the values were ob-
tained. As observed by Freeman and co-workers1 and
Peckham,3 the experimentally obtained variation of ms with
mb is a smoothed version of that predicted from similarity re-
sults, with the largest discrepancy occurring at mb = 0.5.
This is to be expected since at this value the similarity as-
sumption is no longer valid, and the error terms as computed
by Freeman8 dominate the flowfield.

The present results are compared with those from Ref. 1 in
the bottom part of Fig. 2, where the latter results are plotted
for x/L = 0.5 with the variation over the range 0.2 < x/L <
1.0 also shown. The variation in ms as mb decreases from
about 0.4 to 0 appears to be much smaller for the present re-
sults than for the results of Refs. 1 and 3. This small varia-
tion in ms is consistent with the predictions of Freeman8 that
the error term is of constant order in M ~2 over the range 0 <
mb < JT- Two results obtained by Kubota2 are also shown in
Fig. 2. It has been remarked elsewhere1'8 that the excellent
agreement of these data with theory is probably due in part
to a judicious choice of the shock slope.

Hornung4 suggested a means of correlating shock shapes for
bodies having the same exponent mb. If the body shape is ex-
pressed in the form y/d = (x/d)m*, then for large M the shock
shapes for all bodies having a particular mb collapse on to a
single curve in these coordinates. Such plots are shown in
Fig. 3 for mb = 0.1 and 0.85, and in Fig. 4 for mb = 0.25, 0.4,
0.5, and 0.7. For each value of mb points from several shock
waves are shown. It may be observed from Figs. 3 and 4
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Fig. 3 Correlation of shock-wave shapes; mb = 0.1 and
0.85.

that the shocks for mb = 0.1, 0.25, and 0.4 all appear to col-
lapse very closely onto a single curve.

The aforementioned expansion procedure used by Hornung9

involves a constant that requires for its evaluation a knowl-
edge of the drag of the body in question. In order to give a
qualitative indication of the effect of the second-order terms
derived by Hornung a value of the constant was chosen such
that the first-order solution (i.e. the blast-wave analogy solu-
tion) passed through the last point on the plot of y/d against
x/d for mb = 0.4, Fig. 4. The second-order solution was com-
puted from Hornung's theory, and it is seen that the estimate
for the deviation from the first-order theory is much too small
although it does correct the first-order theory in the right
direction.

0.7 0 0.0107 « 0.0394
0.5 o 0.143 • 0.250
0.4 o 0.273 • 0.397
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Fig. 2 Shock exponent ms vs body exponent mb.

Fig. 4 Correlation of shock-wave shapes; mb = 0.25, 0.4,
0.5, and 0.7.
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Nomenclature

a = speed of sound
M = Mach number
p = pressure
S = surface distance from stagnation point
U = velocity
7 = ratio of specific heats
0 = surface angle measured from stagnation point

Subscripts

I = local conditions
s = stagnation point conditions
oo = free-stream conditions

Superscript

* = sonic conditions

Introduction

HYPERSONIC convective stagnation heating of blunt
bodies has been shown theoretically1 to be dependent

on the square root of the velocity gradient at the stagnation
point. Theoretical or experimental determination of the
stagnation-point velocity gradient is, therefore, required to
predict the stagnation heating of a particular configuration.
Considerable effort has been expended on blunt body flowfield
numerical solutions; however, there is a distinct lack of reliable
experimental data in this area. A particular family of blunt
bodies, the spherical segment, was studied experimentally by
Boison and Curtiss2 at Mach numbers from 2.01 to 4.76.
Additionally, Kendall3 presented data for shapes that corn-
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Fig. 1 Test models.

prise the extremities of the spherical segment family (i.e.,
the flat-nose cylinder and the hemisphere) over a similar Mach
number range. It was the purpose of the present study to
extend the experimental results of these references to hyper-
sonic Mach numbers. Tests at Mach numbers 6, 8, and 10
and freestream Reynolds numbers of about 1.0 X 106, based
on model diameter, were conducted in the von Karman
Facility's 50-in. hypersonic wind tunnels. Pressure distri-
butions were measured on four spherical segment models
(Fig. 1) ranging in bluntness from a hemisphere to a flat-
nose cylinder (the flat-nose cylinder is considered to be a
spherical segment with infinite nose radius). Detailed re-
sults of these tests are given in Ref. 4.

Analysis

When a sphere is cut ahead of the natural sonic point
(6 « 42° at hypersonic Mach numbers), the subsonic flow
over the sphere is forced to adapt to the sonic condition at the
corner. To provide a parameter that is compatible with the
geometric and aerodynamic restrictions imposed by the
spherical segment, the surface arc length S nondimensional-
ized by the surface length to the sonic point S* is used as the
independent variable in this analysis. The variation of the
experimental pressure distributions with this parameter is
presented in Fig. 2. Theoretical estimates of the pressure
distribution, based on the modified Newtonian theory, are
also shown in Fig. 2. The agreement between theory and
experiment is very good for the hemisphere but becomes
poorer as the bluntness is increased. No appreciable Mach
number effects were observed for the range of test conditions
(Mm = 6-10) covered by the present tests. For models A,
B, and C, the sonic point 6* was assumed to be at the shoulder
giving sonic point values of 0, 14.48, and 30.00°, respec-
tively. For the hemisphere, 0* is a function of freestream
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