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Comparison of Free-Flight Experimental Results with Theory
on the Nonlinear Aerodynamic Effects of Bluntness

for Slender Cones at Mach Number 17
GERALD N. MALCOLM* AND JOHN V.

NASA Ames Research Center, Moffett Field, Calif.

Free-flight tests of 12.5° half-angle cones with bluntness ratios (nose radius to base radius)
from 0 to 0.5 have been conducted at Mach numbers 17 to 18. Conventional wind-tunnel tests
were also conducted on 10° half-angle cones with bluntness ratios from 0 to 0.25 at Mach 10.6.
Results from both of these tests are compared to recent theoretical calculations as well as to
existing theories and data. The results show that the strong dependence of initial moment-
curve slope on nose bluntness known to occur for Mach numbers near 10 is found to be even
more pronounced at M = 17. This effect is accurately predicted by recent theoretical calcula-
tions using method of characteristics both at zero angle of attack and angles up to 5°. Other
theoretical results are also shown which give good agreement, including Ericsson's theory
based on the embedded Newtonian flow concept and Clay and Walchner's empirical correla-
tion. The present paper shows, in addition, that strong nonlinearities in the pitching mo-
ment occur with angle of attack which tend to decrease stability with increasing angle for
small nose bluntness and increase stability with increasing angle for large nose bluntness.
Experimental results and some comparisons with theory are also presented for normal force
and center-of-pressure location.

Nomenclature

A = reference area (model base area)
Cm = pitching-moment coefficient
Cma = pitching-moment-coefficient slope, dCm/da at a = 0°
Cmal = quasi-linear pitching-moment-curve slope, Eq. (3)
CNa — normal-force-curve slope
d = reference length (model base diameter)
ly = moment of inertia about a transverse axis through the

center of gravity
K"i,2,3 = constants in Eq. (1)
I = model length
lc = virtual length (length of basic sharp cone)
M = Mach number
p = roll rate about axis of symmetry of model
R = Reynolds number based on freestream conditions and

cone virtual length lc
n = model base radius
rn = nose radius i
x — distance flown
xcg = axial distance from model base to center of gravity
xcp = axial distance from model base to center of pressure
a. = angle of attack (in the vertical plane)
am = average maximum resultant angle of attack
amin = average minimum resultant angle of attack
/3 = angle of sideslip (in the horizontal plane)
»?i,2 = damping exponents in Eq. (1)
X = wavelength of pitching oscillation
p = freestream air density
«i,2 = rates of rotation of vectors that describe the model

oscillatory motion in Eq. (1)

Introduction

"PkURING the last few years aerodynamicists have ob-
-LJ served that a small amount of nose blunting can have a
significant effect on the static and dynamic stability of slender
cones at hypersonic speeds. Newtonian theory, which has
provided many insights into hypersonic aerodynamics, does
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not predict this effect. Other theoretical methods have been
developed, however, to attempt to explain the observations.

The first definitive treatment of static and dynamic sta-
bility of slightly blunted slender cones was given by Clay and
Walchner.1"3 They developed an approximate analytical
method based on an empirical correlation4 of the zero-lift
pressure distribution on blunted cones with Cheng's5 distance
parameter. Reasonably good agreement with experimental
results was obtained for the static-stability rise with bluntness
but not the change in dynamic stability. A better analytical
prediction of the dynamic stability and a comparably accurate
prediction of the static stability was obtained by Ericsson,6 >7

using embedded Newtonian concepts originally developed by
Seiff.8 This method attempts to account for the loss of
dynamic pressure on the afterbody which results from the
strong shock (blast) wave created by the blunt nose. For
unsteady cases, it also takes intp account the time lag before
a translatory movement of the nose results in translation of
the inviscid shear-flow profile to downstream body elements.
Exact numerical results have also been obtained for the static
stability at zero angle of attack by Rakich9 and for both static
and dynamic stability by Brong10 and Rie, et al.11 The
numerical methods develop the angle of attack or unsteady
flowfield as a small perturbation of the exact nonlinear zero
angle-of-attack flow. They properly account for both the
overexpansion of the bow shock and the loss of dynamic
pressure in the entropy layer which envelops the afterbody.

The approximate methods described have been shown2'7-12

to provide reasonably good estimates of static stability at
Mach numbers of 10 and 14. However, significant Mach
number effects not predicted by the approximate methods
(which are essentially independent of Mach number) have
been found by recent calculations with the exact numerical
method of Ref. 9. This effect was corroborated by a small
amount of data available from tests in the Ames Supersonic
Free-Flight Wind Tunnel (SSFF) in 1963. Figure 1 shows
experimental and theoretical results for 12.5° blunted cones
at Mach 10 and 17 and includes a comparison with Newtonian
theory. Small perturbation theory indicates a difference in
static stability due to Mach number of approximately 25%
for bluntness ratios near 0.17. Comparison of the three
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- M = 171 SMALL PERTURBATION
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Fig. 1 Theoretical calculations of static stability coeffi-
cient at a = 0° for blunted 12.5° cones.

experimental points with the M = 17 theory showed such
good agreement that further tests at Mach 17 for other blunt-
ness ratios seemed desirable.

The present work was therefore undertaken to test the
theoretical calculations and to investigate the dependence on
Mach number. Additional free-flight tests were performed,
and since the original SSFF Wind Tunnel was no longer
operational, they were conducted in the Ames Hypervelocity
Free-Flight Aerodynamic Facility (AHFF), a ballistic facility
with 16 shadowgraph stations spaced at 1.52 meter intervals.
Models were gun-launched into a shock-tube-driven counter-
current flow from a deformable-piston light-gas gun having a
bore diameter of 2.54 cm.

In order to investigate the extremes of the theoretical curve
for M = 17 in Fig. 1, tests were performed with cones of
bluntness ratios rn/r& = 0.09,0.16,0.20, and 0.3. In addition,
a limited number of tests with model bluntness ratios the same
as those of the earlier tests shown in Fig. 1 (rn/rb = 0, 0.125,
and 0.5) were performed to demonstrate repeatability of those
results. Wind-tunnel tests with sting-mounted models were
also performed in the Ames 3.5-Foot Hypersonic Wind Tunnel
at Mach 10 on 10° cones ranging in bluntness ratio from 0.0
to 0.25. These data are compared to available theoretical
and experimental results for 10° cones.

Although they will not be shown here, data were obtained
for lift, drag, and dynamic stability from the free flight tests
and are reported in Ref. 13.

Theoretical Calculations

The observed variations in static stability of blunted cones
are caused mainly by the displacement of the bow shock wave
due to the blunt nose.9 The shock first over-corrects for the
presence of the nose but then slowly approaches the shock
position of the pointed cone far downstream from the nose.
The numerical computation of such flows is difficult for small
bluntness ratios. One must start with a solution for a spheri-
cal nose and calculate the flow along the afterbody for a
distance of 100 to 200 nose radii. Gare must therefore be
taken to insure that numerical roundoff errors do not build
up to destroy the over-all accuracy of the calculation.

Two different methods have been used for these calculations
and are described here. The first is a small perturbation
technique applicable near zero angle of attack, and the second
is a general three-dimensional method of characteristics.

Small Angle of Attack

Methods employing a small perturbation in angle of attack
have been well established for calculating force and moment
derivatives at zero angle of attack. For nonconical bodies
the method is also known as the linearized characteristics
method (actually a misnomer). The exact nonlinear flow
around the body at zero angle of attack is calculated and the

perturbation field due to a small angle of attack is concur-
rently determined. The method therefore gives the "exact"
derivative of the pressure, forces, and moments with respect
to a at a = 0. Of course, the degree of exactness depends on
the size of the finite difference mesh used in the calculation.
One difficulty associated with this method is that the char-
acteristic network becomes very nonuniform far downstream
from the nose. The mesh size becomes too coarse in regions
of rarefaction and may cause an overprediction in the peak
value of Cma.

Because of these inherent difficulties, calculations were per-
formed with different mesh-point densities. It was found
that 20 starting points on the spherical nose were needed to
obtain a converged solution for a bluntness of about rn/r& =
0.16. Numerical results from this small perturbation method
were shown in Fig. 1, and will be compared with the static-
stability results at a = 0 obtained from the present free-flight
experiments. For angles of attack greater than zero, a
different method is required and is described next.

Large Angles of Attack

The general three-dimensional program for large angles of
attack is a more recent development,14 and is a complete de-
parture from the small perturbation method. The new
method maintains a uniform distribution of mesh points and,
therefore, a better control of accuracy. However, this
program is more time-consuming since the calculations are
performed on several planes spaced around the body. The
time for the computations is typically about 30 min per
case on an IBM 360-67. Some results are shown later in the
paper and were obtained with 15 mesh points between the
body and shock wave on each of 7 meridional planes.

Free-Flight Tests

Test Conditions

Models were gun-launched at a nominal velocity of 1980
m/sec into a countercurrent airstream with a velocity of
1370 m/sec for a combined velocity of 3350 m/sec. The
freestream temperature was 83° K, which resulted in an
average flight Mach number of 18. (Previous tests were at
Mach numbers nearer 17; for simplicity all free-flight results
will be referred to as Mach 17 results.) The Reynolds number
based on cone virtual length lc and freestream conditions was
1.35 million for the present tests, as compared to 5.6 million
for the previous tests. The difference is principally caused
by the lower freestream density required for the present tests.
Angle and position measurements were made from the shadow-
graph pictures to within 0.5° and 0.01 cm, respectively, and
flight time at each station was recorded with electronic chrono-
graphs accurate to within 0.01 jusec.

Models

Models were either aluminum with hollowed bases or were
bimetallic with steel noses and hollowed aluminum after-
bodies. The center of gravity for all models was 0.35 lc
(0.79d) from the base, where lc is the virtual cone length.
Model diameter was 1.525 cm. Small steel pins were in-
stalled in the base to enable roll angles to be read from the
shadowgraphs and the roll rate to be thereby determined.

Reduction of Data

The data-reduction techniques used to deduce the aero-
dynamic coefficients of static and dynamic stability, drag,
and lift from free-flight data at the Hypersonic Free-Flight
Branch of the Ames Research Center are presented in Ref. 15.
Only the basic equations and a brief description of the tech-
niques for extracting static stability data will be presented
here.
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Static- Stability Derivatives

The stability derivatives were determined from analysis of
the pitching and yawing motions experienced by the models
during free flight. The analysis consisted of fitting the
following well-known tricyclic equation, derived by Nico-
la ides,16 to the measurements of a and ft of each flight:

a = -f (1)

where 171,2 and coi,2 are functions of the aerodynamic stability
coefficients and £1,2,3 are functions of the initial conditions.
The most important assumptions inherent in this equation
are linear aerodynamics (restrictions implied are discussed in
the next paragraph), small angles of attack, constant roll
rate, and small asymmetries. In the present analysis it was
further assumed that the Magnus moment was zero. A least-
squares procedure using differential corrections was used to
determine optimum values of the constants. The static-
stability parameter is related to the constants in Eq. (1), as
follows. The wavelength of oscillation is given by

X = 27T/(C01C02)1/2 (2)

The quasi-linear pitching-moment-curve slope Cma is com-
puted from the relation

Cmai = -SvVJKpAd (3)

Although the assumption of linear aerodynamics is in-
herent in Eq. (I),1 this does not prevent its use for bodies with
nonlinear stability coefficients. Each individual flight is re-
duced as if the governing pitching moment were linear with
angle of attack; the resulting wavelength of oscillation (which
is necessarily constant) represents a quasi-linear value for the
pitching-moment-curve slope or static stability. Quasi-linear
values for static stability from several flights at various angle-
of-attack amplitudes can be used to obtain the nonlinear
pitching moment coefficient as a function of angle of attack.
The method is derived in Ref. 17 and illustrated in some detail
in Ref. 18. Basically, for a pitching moment equation of the
form

-Cm = P2a3

. . . (4)

the equation for the quasi-linear value of the pitching-mo-
ment-curve slope Cm(Xl can be written

(f)P5/ (5)

where

- [(a.

c = am + amin

,

e = 7am
4 + 10aw

2«min
7 + 7a

(<*m* + QWn9)/2 - [(am* + Q

Fig. 2 Sketch of average maxi-
mum and minimum angles in

the a-p plane.

Fig. 3 Static stability coefficient vs average maximum
angle of attack for blunt 12.5° cones at M » 17.

g = 3am
6 + 5cem

4amin
2 + 5am

2amin
4 + 3amin

6

and am and amin are the average maximum and minimum re-
sultant angles, respectively, in the a — ft plane (see Fig. 2).

Values of Cmai, am, and amin from several flights are fitted
by a least-squares procedure using as many terms of Eq. (5)
as desired (a computer program has been written to ac-
complish this systematically18), and the resulting coefficients
P0, PI, P2, etc., are determined. These coefficients then pro-
duce an expression for Cm vs a.

Wind-Tunnel Tests

Wind-tunnel tests with sting-mounted models were con-
ducted in the Ames 3.5-Foot Hypersonic Wind Tunnel on a
series of 10° cones with bluntness ratios ranging from 0 to
0.25. The nominal Mach number was 10.6, and the nominal
total temperature was 1100°K. The total pressure was
varied between 27 and 109 atm to vary Reynolds
number based on virtual length and free stream conditions
from 0.18 to 1.3 million. Axial forces, normal forces, and
pitching moments were measured with a three-component
strain gage balance. Data were recorded at fixed time inter-
vals as the models were slowly traversed through a complete
angle-of-attack cycle between a — ±5°. The time span for
each one-cycle traverse was approximately 30 sec which al-
lowed the recording of about 80 to 100 data points.

Models were constructed of aluminum with removable
noses to provide convenient changes in nose bluntness. Two
different model sizes were used with base diameters of 5.08
cm and 10.16cm.

Experimental Free- Flight Results

Static Stability

The static-stability results of these tests are shown in Fig.
3, where the quasi-linear static-stability coefficient Cmai is
plotted vs the average maximum angle of attack of each flight.
All the flights exhibited nearly pure pitching motions (i.e.,
«min « 0). Each set of data points was fit with a poly-
nomial, Eq. (5), as described earlier. [Note that since
«min « 0, Eq. (5) is nearly a polynomial in am alone and
thereby justifies plotting Cm{Xl vs am.] The solid curves for
rn/rb = 0.09, 0.16, 0.20, and 0.30 are fits to the present data.
The dashed curves for rn/rb = 0, 0.125, and 0.50 are fits to the
previous data, and the few new data points for these blunt-
nesses are shown for comparison. It is very apparent that
there is a large variation of static stability near am = 0 with
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Fig. 4 Pitching-moment coefficient vs angle of attack for
blunt 12.5° cones at M « 17.

bluntness and for most bluntness ratios the static stability is
very nonlinear with angle of attack. Starting with the
pointed cone, the zero-angle static stability increases with
bluntness until rn/rb = 0.16 then decreases to a value below
that of the pointed cone for rn/rb = 0.5. The zero-angle
values will be compared later to the theoretical curve of
Cma vs rn/rb. If we examine the nonlinearity of the static
stability with angle of attack, we find that it varies greatly
depending on bluntness. The pointed cone shows linear
static stability in the small angle range, that is, Cma is con-
stant with angle of attack. The curves for rn/rb = 0.09 and
0.125 indicate nonlinearities which are of similar nature to one
another but differ slightly in magnitude. The curves for
Tn/n = 0.16 and 0.20 are extremely nonlinear with the static
stability being highest at am = 0 and dropping rapidly with
increasing angle of attack. The pattern of the nonlinearity
changes for rn/rb = 0.3 and 0.5, with static stability initially
increasing with angle of attack. The resulting variation of
pitching moment coefficient with angle of attack for each of
these seven bluntness ratios is shown in Fig. 4. The pointed
cone curve is shown repeatedly for reference. In Fig. 5 the
initial slopes of the pitching-moment curves, the zero-angle
values of Fig. 3, are compared to small perturbation theory.9
Excepting rn/rb = 0.09, there is good agreement between
theory and experiment at all bluntness values tested including
the maximum value near rn/rb = 0.16. The theory ap-
parently underestimates the stability in the region between
the pointed cone and the 12.5% blunt cone, probably

• SSFF FACILITY
o AHFF FACILITY

— SMALL PERTURBATION THEORY
(ref. 9)

<V -.4 '

SMALL PERTURBATION THEORY (ref. 9)

SMALL PERTURBATION THEORY (ref. 9)

.2 .3 .4 .5

Fig. 5 Comparison of theory and free-flight experimental
results on static stability for blunted 12.5° cones at M « 17.

Fig. 6 Comparison of theory and experiment for normal-
force-coefficient slope and center-of-pressure location at

a = 0° for blunt 12.5° cones at M « 17.

due to viscous effects neglected in the theory. The scatter
bars on the values for rn/rb = 0.16 and 0.20 indicate the esti-
mated maximum uncertainty in the intersection of the curves
with the vertical axis in Fig. 3.

Normal Force and Center of Pressure

Figure 6 shows the normal-force-coefficient slope, CWa, at
a = 0° and the center-of-pressure location, xcp/d, as functions
of bluntness ratio. Measured values of CD and CLU at
a = 0° (see Ref. 13) were used to compute CNa(CNa =
Cifa + CD) and xcp/d was computed from the relation Cma =
~^Na [(xcg/d) — (xcp/d)], where xcp and xcg are measured
from the model base. Also shown are theoretical predictions
by the small perturbation method. Although there is some dis-
agreement between theory and experiment, trends are similar,
and the differences are such that they are self-compensating
for calculating C«a. That is, for example, at rn/rb = 0.3,
CN(X is higher than the theory but the center-of-pressure loca-
tion is also farther forward reducing the static margin. The
product of the two produces a Cmct value that is very close to
the theoretical value as we saw earlier.

Comparison of Theories and Data for 10° Cones

As described in the introduction, other theoretical methods
have been developed for predicting bluntness effects on sta-
bility. All of them have been applied to 10° half-angle cones
and can therefore be directly compared, including present
numerical results. Figure 7 shows the theoretical results of
Clay and Walchner,1"3 Ericsson,6'7 and Rakich.9 Although
there are some differences especially near rn/rb = 0 and 0.35,
the three theories give very similar results. Shown also are
all available data for blunted 10° cones. These include the
data from Refs. 2 and 12 and present results from conven-
tional wind-tunnel tests conducted in the Ames 3.5-Foot
Hypersonic Wind Tunnel at M = 10.6. The data for M ~ 10
show some scatter, but appear clearly higher than the the-
oretical predictions at small bluntness ratios (rn/rb < 0.1).
These data were obtained over a range of Reynolds numbers
from 0.18 to 1.3 million, and there is no apparent variation of
static stability with Reynolds number within the scatter.

It is evident in Fig. 7 that the differences between the M =
10 and M = 14 data for a given bluntness ratio are consistent
with the predicted effects of Mach number shown in Fig. 1.
Where the static stability is maximum, the greater values are
associated with the higher Mach numbers. At bluntness
ratios of 0.3 and larger, lower values of static stability ac-
company the higher Mach numbers. Note, however, that the
M = 14 wind-tunnel data agree better with the M = 10
theory than do the M = 10 data. Earlier we observed (Fig.
5) that at Mach 17 with 12.5° cones, theory and experiment
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—— GLAY AND WALCHNER (M = HYPERSONIC)
—— ERICSSON (M=HYPERSONIC)
—— RAKICH -SMALL PERTURBATION (M=IO)

o M = I4, R= .19 xiO6 (ref. 2)
a M= 10, R = .85xl06 (ref. 12)
o M=I0.6,R= I.3xl0f|

AMES 3.5
HWT

- SMALL PERTURBATION (a =0e)(ref. 9)
- 3-D CHARACTERISTICS (a = l°)(ref. 14)
- 3-D CHARACTERISTICS (a = 5°)(ref. 14)

M=l0.6,R = .77xl06

M = I0.6, R = .66xl06ff f

M = l0.6,R=.38xl06

I0.6, R=. l8xl06J

Fig. 7 Comparison of theoretical and experimental effects
of nose bluntness on static stability at ex. = 0 for 10° cones.

agreed. This would suggest that perhaps the agreement be-
tween theory and experiment is enhanced either by a higher
Mach number or larger cone angle or both.

Figure 8 shows a comparison between the 3.5-ft wind-
tunnel data and theoretical results from both small perturba-
tion and three-dimensional characteristic calculations for
normal-force-coefficient slope CNa at a .= 0° and center-of-
pressure location, xcp/d, as functions of bluntness ratio.
Although there is some disagreement between the theories
and experiment, the trends are similar. The differences in
Cma between theory and experiment at low-bluntness ratios
in Fig. 7 appear to be caused principally by the differences in
CNa shown in Fig. 8.

Comparisons of Theory and Experiment
at Angle of Attack

The experimental data in Fig. 3 showed large variations in
static stability with angle of attack. In this section we will
examine the nonlinear effects of angle of attack on the static
stability and compare the experimental results with theoreti-
cal calculations briefly discussed previously in the section on
Theoretical Calculations.

Using the three-dimensional characteristics method, calcu-
lations were performed for angles of attack of 1° and 5° for
both 10° and 12.5° cones. The results for the 10° cone at
M = 10 are shown in Fig. 9. Plotted for each of the two
angles is a parameter (Cm/a)/(Cma)rn=o', that is, the pitch-
ing-moment coefficient divided by its associated value of a
and normalized by Cma of the pointed cone at a = 0°.J
Also shown in Fig. 9 is the small perturbation curve (as shown

——— 3-D CHARACTERISTICS,
a=i°, ref. 14

——— SMALL PERTURBATION,
ref. 9

o R=l.30xi06

o 0.77XI06

O 0.66 xiO6

O 0.38XI06

0.18 x I0b

AMES 3.5 FOOT HWT
M = 10.6

Fig. 8 Normal force coefficient slope and center-of-
pressure location at a = 0° for blunt 10° cones.

t The ratio Cm/a, of course, tends to Cma as a approaches zero.
It should be emphasized that this parameter is not the local slope
of the pitching-moment curve unless Cm is either linear with angle
of attack or a is very near 0.

Fig. 9 Theoretical calculations of static stability for blunt
10° cones for several angles of attack.

in Fig. 7) for a = 0. These small perturbation results agree
with those from the three-dimensional characteristics solution
for a = 1° except for the region near maximum stability.
The general three-dimensional method of characteristics
program is believed to be the more accurate of the two meth-
ods. It should be noted, however, that the peak value of
Cma may be sensitive to the size of the finite difference mesh.
The general program was run with only one mesh size, 15
points between the body and shock wave on 7 meridional
planes. Numerical results with this mesh size agree with
experimental pressures14-19 for bluntness ratios greater than
Tn/Tb — 0.08 and to angles of attack up to approximately 10°.

In Fig. 10, the parameter Cm/a for 12.5° cones at M = 17
has been plotted for both a = 1° and a = 5° along with the
small perturbation curve shown earlier in Figs. 1 and 5.
The 3-D characteristics curve for a = 1° agrees with the small
perturbation curve except in the regions near the minimum
and the peak. The most significant fact is that at a = 5°
theory and experiment are in good agreement just as they
were for a = 0°. (The experimental data points for a = 5°
were obtained in the same manner as were the theoretical.
The value of Cm at a = 5°, shown in Fig. 4, was divided by 5°
and multiplied by 57.3 to express the result in radians"1.)
The good agreement at both a = 0° and a: = 5° indicates
that the theory is yielding accurate results in the small angle-
of-attack range. Values of Cm/a (actually Cma since a = 0°)
for 12.5 cones based on Ericsson's hypersonic theory7 are
also shown. Values using Ericsson's theory were calculated
at six bluntness ratios (rn/rb = 0.004, 0.05, 0.10, 0.15, 0.2, 0.3)
and a curve faired through these points is shown. Although
there are some small differences in the low-bluntness region,
the agreement is quite good, especially with the three-di-
mensional characteristics method for a = 1°.

Conclusions

Free-flight tests of blunted 12.5° cones at M = 17 to 18
and conventional wind-tunnel tests for 10° cones at M =

—— SMALL PERTURBATION, a =0°, (ref. 9)
——— 3-D CHARACTERISTICS, a= 1°, (ref.14}
——— 3-D CHARACTERISTICS, d = 5°,(ref.l4)
—— ERICSSON HYPERSONIC, a=0°,(ref. 7)

a = 0° 5°
AMES SSFF WIND TUNNEL
AMES AHFF FACILITY

Fig. 10 Comparison of static-stability theory and experi-
ment for blunt 12.5° cones at several angles of attack.
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10.6 along with recent theoretical calculations studied to de-
termine the aerodynamic effects of bluntness on slender cones
have indicated the following significant conclusions.

1. The strong dependence of initial moment-curve slope
on nose bluntness for slender angle cones as predicted by
several recent theories and shown previously at Mach num-
bers generally near M = 10, is found to occur experimentally
at a Mach number of 17 and is, if anything, more pronounced
at this higher Mach number.

2. The method of characteristics predicts this effect with
relatively good accuracy, both at zero angle of attack and
angles up to 5°. Some local and presently unexplained dis-
agreements between characteristics theory and experiment
occur, principally with small ratios of nose radius to base
radius (<0.1).

3. Other more approximate theories also give good agree-
ment with characteristics theory and experiment, including
Ericsson's theory based on the embedded Newtonian flow
except and Clay and Walchner's empirical correlation.

4. Strong nonlinearities in the pitching-moment curve
with angle of attack occur with blunted cones, and the static
stability diminishes with increasing angle at small nose blunt-
ness and increases with increasing angle at large nose blunt-
ness.
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