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AFERODYNAMIC CHARACTERISTICS OF THE SHARP RIGHT CIRCULAR CONE
AT MACH 20.3 AND ANGLES OF ATTACK TO 110° IN HELIUM

By Dal V. Maddalon
Langley Research Center

SUMMARY

A study of the static longitudinal aerodynamic characteristics of the
sharp right circular cone at a Mach number of 20.3% and a Reynolds number of

0.37 X 106 per inch (14.6 X 106 per meter) in helium has been conducted.
Results of the investigation were compared with exact theory, Cheng's cone.
theory, Newtonian theory, and existing data obtained in air at a Mach number
of about 6.8. Generally, good agreement was obtained with both theory and
data obtained in air except when the total angle (cone half-angle plus angle

of attack) was great enough to promote nonconical flow. The center-of-pressure
location was essentially constant within certain regions of angle of attack.
Also, the normal-force and pitching-moment coefficients obtained in the present
investigation were correlated with cone data at various bluntness ratios and
Mach numbers.

INTRODUCTION

The sharp right circular cone has traditionally been the subject of much
theoretical and experimental research. Interest in this configuration has
recently focused from a general viewpoint to a practical one as a result of
suggestions that the simple cone might be attractive as an entry body at high
velocities where the radiative heating characteristics of a configuration become
important. Calculations in reference 1 show that the total heat entering cer-
tain sharp cones at speeds greater than twice the near-earth satellite velocity
is less than 1 percent of the entry kinetic energy as a result of the low radi-
ative heating properties of this configuration. Results of this reference also
indicate that prohibitive radiative heating would result from the use of blunt
configurations at similar velocities. Furthermore, the sharp cone has inher-
ently desirable static-stability characteristics at hypersonic speeds. Refer-
ences 2 and 3 predict the center-of-pressure location to be rearward of the
center of volume for a cone of semiapex angle similar to 19.5° and rearward of
the cone base for a cone of semiapex angle similar to 35°. This characteristic
could allow considerable leeway (depending on the design cone angle) in the
placement of the body center-of-gravity position.



Many investigations have been conducted on the sharp cone at the lower
hypersonic Mach numbers. (See, for example, refs. 4 to 10.) Only two of
these references (refs. 4 and 5), however, obtained experimental force data
over a sizable range of cone angle and angle of attack. Additional investi-
gations (refs. 11 to 19) have been conducted on the sharp cone at the higher
Mach numbers (M =~ 20); however, these investigations were usually confined to
slender configurations at angles of attack less than 30°. The present investi-
gation was initiated to extend the knowledge of the high Mach number aerody-
namic characteristics of the sharp right circular cone to considerably larger
cone angles and higher angles of attack.

Calculations of Newtonian theory, Cheng's cone theory, and exact theory
were made and compared with various performance parameters. In addition, a
correlation of the data of the present investigation with cone data of refer-
ence 15 for various bluntness ratios and Mach numbers was made by using the
correlation parameters of the same reference. Comparisons between the results
from the present investigation obtained in helium and existing data obtained
in air were also made in order to assess the effects of testing sharp cones
in a helium environment.

The present investigation was conducted on cones of half-angles from 5°
to 90° for angles of attack to 110°. Tests were conducted at a Mach number

of 20.3 and a Reynolds number of 0.37 X 106 per inch (1k4.6 x 100 per meter).
SYMBOLS

Measurements for this investigation were taken in the U.S. Customary System
of Units. Equivalent values are indicated herein parenthetically in the Inter-
national System {SI) in the interést of promoting use of this system in future
NASA reports. Details concerning the use of SI, together with physical con-
stants and conversion factors, are given in reference 20.

The results of the present investigation are referred to both the wind-
and body-axis systems. (See fig. 1.) All pitching-moment-coefficient data
are referred to a point located 0.667 percent of the body length rearward
from the model nose and on the geometric center line unless otherwise spec-
ified. (See table I.)

A base area
a speed of sound, §£
op s
Ca axial-force coefficient, éﬁi@%KEQEES
Cp drag coefficient, Cp cos a + Cy sin «
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pressure coefficient
maximum body diameter
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pressure

dynamic pressure
Reynolds number

gas constant
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velocity

distance from model nose to moment reference location
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_%E center-of-pressure location for nonzero angle of attack,
Xem _ Cm\a
a cy/t
Xe x oC
(——E) initial center-of-pressure location, [|—=¢ - [—= d
1 Ja=0° d CN /=00 ¢
= 1-¢3 1-86
X = (57.296) (2 || (—— —e———E)
30c/I\1 - ¢° Oc
@ angle of attack
o angle of attack for maximum 1ift coefficient or maximum lift-drag
ratio
Y specific-heat ratio
e =21
vy + 1
0 cone semivertex angle

. = (7 + l) 1
7 = Y, 2sin®e,

i dynamic viscosity

13 nose bluntness ratio, ;?

o) density

Subscripts:

c cone surface conditions

max max imum

nose coefficient referred to model nose
s constant entropy

a~=0° parameter at zero angle of attack
o0 free-stream conditions



APPARATUS AND TESTS

Models

Dimensions of the models used for each particular cone angle and angle of
attack are given in table I, and the methods of attaching the model to the bal-
ance are illustrated in figure 2. All models were fabricated from aluminum and
had their external surfaces highly polished.

Tests

The investigation was conducted at a Mach number of 20.3% and a Reynolds

number of 0.37 x 100 per inch (14.6 x 106 per meter) in the contoured nozzle of
the Langley 22-inch helium tunnel, a sketch of which is shown in figure 3. The
pressure in the tunnel stagnation chamber was approximately lOl5 lbf/sq in. abs
(7 meganewtons/square meter) and the temperature was about 540° R (3%02° Kelvin).
A comprehensive calibration and description of this facility is presented in
reference 12.

Several sting-mounted strain-gage balances were used to measure the longl-
tudinal coefficients. The maximum inaccuracies in the coefficients as deter-
mined from a static-balance calibration are presented in table II, where the
pitching-moment inaccuracies have been adjusted to include the error due to
transferring moments from the balance pitch center to the moment reference
position.

No base-pressure corrections were made to the data.
THEORETTCAL CAICULATIONS

The data obtained in the present investigation have been compared with
Newtonian theoretical results obtained from the tabulated values of reference 2
for angles of attack from 1° to 85° and, where avallable, from the charts of
reference 5 for angles of attack from 850 to llO Calculations on the
15° nhalf-angle cone from a = 85° to a = 95° were made by using the method
of reference 21 modified to account for the pitching moment due to axial force.

All Newtonian calculations are based on a value of Cp,max of 2.0.

The exact results for CN@’ CLa, and (CA)a=O° in air were obtained from
reference 22, whereas the exact values for (CA)Q:OO in helium were obtained

from reference 23. Values resulting from Cheng's cone theory (ref. 24) were
computed by using the following equations:
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An estimation of the average skin-friction coefficient has been computed
by applying the T' method given by Monaghan in reference 25 to a sharp cone at
adisbatic conditions. When Cyp was computed by this method, the Reynolds num-
ber on the cone surface was calculated and referred to the free-stream Reynolds
number. The results of these calculations are presented in figure 4 for various
hypersonic Mach numbers. The following equation was used to determine the

ratio Re[R,:
Re  [PeVel\/ Ha | _ Pc\fVe\fHe -
Re ~ \re NeoVol)  \P AV Aiy

Use of the viscosity equation for helium

0.647

N

u = 8.315T X 10~

for 10° R< T < 1300° R (6° K < T < 722° K) and the relation for a thermally
perfect gas

V = Ma = M{RT
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Fach of the values in the final equation for RC/ROQ can be obtained from the

The

results in

charts in reference 2% for a given free-stream Mach number and 7y =

Wi

skin-friction coefficient computed by this method was applied to the theoret-
ical results (summary figs. only) for (CA) o (ec < #OO) and (L&
a=0 D/max

(ec § 200), where the value of Cp computed at a = 0° was assumed to be
Invariant with angle of attack.



RESULTS AND DISCUSSION

For the experimental portion of the investigation, the model base diameter
had to be varied to accommodate the load ranges of the measuring equipment. The
resulting change in Reynolds number wag assumed to have little effect on the
results of the tests, and, in fact, results of reference 5 at M, = 6.83 showed

that a fivefold increase in Reynolds number produced no change in the aerody-
namic characteristics of a 5° half-angle cone except for a decrease in drag due
to reduced skin friction.

Basic data are presented in figure 5 (referred to body axes) and figure 6
(referred to wind axes), and the summary results are included in figures T to
13. Theoretical predictions and results obtained in air at M =~ 6.8 (ref. 4

and the data of ref. 5 for a = 0° to a = 30°) are also included in these
figures. The variations of the center-of-pressure location with cone semi-
vertex angle and angle of attack are presented in figures 14 and 15, respec-
tively, and the normal-force and pitching-moment coefficients are correlated
with data from reference 15 in figures 16 and 17, respectively.

Basic Data

Normal-force and pitching-moment coefficients are well predicted by theory
for total stagnation-line flow-deflection angles (GC + a) less than 50° to 60°.

(See fig. 5.) The anomalies in the pitching-moment data for total angles
greater than 50° were observed on cones and other bodies at lower Mach numbers
in references 10 and 26 and were attributed to a subsonic flow field between the
shock and the model. This explanation could also account for the irregularities
in the results of the present study since the theory of reference 23 shows that
subsonic flow occurs on the cone surface for cones of half-angle slightly
greater than 48° and since shock detachment occurs on cones of a semivertex
angle similar to 52° for the present test conditions.

Figure 6 shows the basic data referred to the wind axes. In general,
agreement between theory and experiment is very good. Exceptions include the
L

overprediction of (5) for 6, < 20° (which would be expected because
max

skin friction has been neglected in the theoretical values) and the disagree-
ment between the theoretical and experimental values of both lift and drag
coefficients for @, 2 50°. The discrepancies between these two parameters

and theory, however, are such that the lift-drag ratio is well predicted by
the theory. It is also interesting to note the rapid increase in the 1ift-
drag ratio which occurs for angles of attack slightly greater than 900. (See
figs. 6(f) and 6(g), for example.) This increase occurs because the 1ift coef-
ficient is greatly increased by the flat model base while the drag coefficient
remains relatively constant.



Summary Characteristics

The variation of normal-force-curve slope with cone angle is shown in fig-
ure 7. The air data points for 0, = 900 in figures 7 and 8 were obtained from
the circular wing of reference 27. Both the exact theory of reference 22 and
Cheng's cone theory (ref. 24) offer good predictions of the experimental data in
figure 7. Newtonian theory is also seen to provide a good prediction of the
normsl-force-curve slope except for the 50° and 60° cone angles, where there is
considerable disagreement between the theory and the data obtained in helium. A
possible reason for this disagreement is the onset of shock detachment for the
helium data. Figure 8, which presents the variation of the lift-curve slope
with cone angle, also shows this sharp divergence between the impact theory and
the experimental helium values at high cone angles. For cones of half-angle
greater than 450, CLa is negative. This fact and the fact that a high initial

drag coefficient is characteristic of large cone angles indicate that the dynamic
stability may be adversely affected, inasmuch as the results of reference 28
indicated that for a reentry trajectory, both negative values of CLa and large

values of Cp are undesirable for dynamic stability.

The maximum 1ift coefficient (and the angle of attack at which it occurs)
is shown in figure 9 and is seen to decrease rapidly with increasing cone angle
and to approach zero as the cone semivertex angle nears 450 [positive CL,max .
Newtonian theory adequately predicts the values of CL,max and oy throughout
the entire angle-of-attack range. The maximum lift-drag ratio with the corre-
sponding angle of attack is shown in figure 10. The dashed curve in this figure
was obtained by including the average skin-friction coefficient (computed for
a=0° 7 =5/3, Mpy=20.3, and R, = 0.37 X 106 per in. (14.6 x 106 per meter»

in the calculations for (lg .
D/max
Figure 11(a) presents a plot of the 1ift coefficient at the angle of attack
for (%) as a function of cone angle. From the helium data and the theory
max
included in this figure, it is seen that the maximum value of 1lift coefficient
at (%) occurs at 6, = 20°. The lift-drag ratio at the angle of attack for
max

maximum 1ift coefficient is shown in figure 11(b) as a function of cone angle.
The point plotted for 8. = 0° was obtained from a circular cylinder of refer-
ence 29. For positive values of L/D at CL,max, Newtonian theory overpredicts
the helium data for all cases. Except for the 6. = 50° cone, reasonable theo-
retical prediction of negative coefficients is shown in this figure. Figure 12,
which presents the axial-force coefficient at a = 09 as a function of cone
angle, generally shows good agreement between the experimental results and the
various theories, the exception being the cone of 5° semivertex angle. It
should be noted that between the cone semivertex angles of 50° and 60°, a cross-
over from theory underprediction to overprediction occurs in the plot for
(CA)@=OO' The crossover probably results from the shock detachment which

occurs between these two angles and which Newtonian theory does not consider.
For this figure, the skin-friction calculations were again computed for the
helium test conditions.
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Figure 135 presents the variation of the pitching-moment-curve slope with
cone angle. Newtonian theory predicts this parameter for cone angles less
than 500°.

Center~of-Pressure Location

The initial center-of-pressure location (determined by measuring the slope

—2 through o = 0° and referring to the model nose) is shown in figure 14

CN

where good agreement is obtained with theory for semivertex angles less than 50°.
In figure 15, the center-of-pressure locations of the wvarious cones are plotted
as a function of angle of attack. Although these locations are well predicted
by Newtonian theory and are essentially constant over a wide range of angle of
attack for the 10°, 15°, and 20° half-angle cones, noticeable variations begin
to occur at o = 35°. For 8¢ 2z 300, the center-of-pressure position is con-
stant only for small increments in angle of attack and significant changes occur
as the angle of attack is increased. These variations are particularly evident
for Bc = 50° and B0g = 60°. The effect that such test errors as sting size,
base pressure, and model-balance orientation have on this sensitive parameter is
not known.

One further point worth noting in this figure is the Newtonian prediction
that the center-of-pressure position of the blunter cones would lie rearward of
the model base. The prediction is seen to be verified when 6c = 40° not only

at o = 0° (as evident in fig. 14) but throughout the entire angle-of-attack
range. Thus, from the standpoint of this design consideration, the pointed cone
with a semiapex angle greater than or equal to 40° appears to be a desirable
reentry body.

Correlation of Normal~Force Coefficients and
Pitching-Moment Coefficients

Correlation parameters from reference 15 were applied to the data of the
present investigation. The normal-force~coefficient correlation parameter along
with the data of the present investigation and the data of reference 15 (for
Yy = 7/5) for various bluntness ratios and Mach numbers is presented in fig-
ure 16. This correlating parameter becomes less valid with increasing cone
angle, until for 6g 2 50° no correlation is obtained. The inset in this fig-
ure illustrates the maximum angle of attack for which data on a given cone fall
on the correlation curve.

The correlation parameter for the pitching-moment coefficient (referred to
the model nose) is shown in figure 17. In this figure, the data obtained in
helium represent values taken at approximately 10° increments in angle of
attack. The good correlation evident in this figure is especially significant
since the maximum angle of attack for most of the helium coefficients approached
110°. 1In addition, for a given cone, values of Cm,nose obtained at angles of

9



attack greater than that for CN,max (indicated by flagged symbols) correlate
with values of Cpy noge ©Obtained at angles of attack less than that for CN,max-
It should be noted that, with increasing cone angle, the pitching-moment coeffi-
cients diverge slightly from the correlation line of reference 15; however, this
divergence is nearly constant for 20° s B¢ s 50°. For the cone with a 60°
semivertex angle, relatively poor correlation is obtained.

The results of the present investigation extend the range of applicability
of the correlation parameters to much higher cone angles than those of refer-
ence 15 and also indicate the degree of correlation to be expected as a function
of cone angle. The correlation for 68, 2 20° obtained with these parameters is
somewhat surprising since they were originally derived for slender conical
configurations.

Air-Helium Comparison

References 30 and 31 have theoretically treated the problem of converting
results obtained in a helium environment to equivalent values in air, whereas
references 11, 13, 16, and 32 to 37 have studied it experimentally to varying
degrees. Inasmuch as comparisons of air and helium data provide a direct method
of determining specific-heat-ratio effects, the present helium data are com-
pared with the available air data of references 4 and 5 whenever possible. Dif-
ferences in the values of Cp max Obtained in helium and air would, of course,
affect these comparisons (Cp,max = 1.815 in air and 1.748 in helium). Values
of Cp,max were computed by using the following equation presented in refer-

ence 38:
7+5> 2
Cmax= 1 ¢ ——,
e <7+l[ (7+5)Mm2:’

Small discrepancies in the normal-force and pitching-moment coefficients occur
between the air and helium data when (Gc + a) > 50°. These discrepancies are
particularly evident in the data for the 50° half-angle cone (fig. 5(g)), for
which angle there exists a considerable difference in the character of the air
and helium flow fields. This difference can be seen from the theory of refer-
ences 39 and 23; the theory of reference 39 shows a completely supersonic flow
downstream of the shock wave for the cone in air, whereas that of reference 23
for the cone in helium reveals a subsonic compressible flow on the surface of
the cone. The difference in flow fields between the air and helium data is a
result of the difference in the specific-heat ratios rather than the differ-
ence in Mach numbers. This explanation would also account for the consider-~
able difference between the air and helium values of Cy, and Cy, obtained

with the 50° cone. (See figs. 7 and 8.)

A likely explanation for the fair Newtonian prediction of the initial
normal-force and pitching-moment coefficients for the 50° cone in air and the
poorer prediction for the cone in helium (fig. 5(g)) is contained in the
Newtonian assumption that the shock lies close to the body. This condition is
seen to be violated by the theoretical values given in references 39 and 23,
which show that for the 50° semivertex-angle cone in air at M, = 6.8, the
shock-wave angle is approximately 59.40 (ref. 39), whereas for the same cone in

10



helium at M = 20.3 the shock-wave angle is approximately 66.6° (ref. 23). 1In
contrast, for a cone of semivertex angle of 400, the difference in shock-wave
angle between the two test mediums is only about 2° and both the initial normal-
force and pitching-moment coefficient data agree very well with theory.

The earlier observation (see Basic Data section) that the helium pitching-
moment coefficients departed from the Newtonian prediction when (ec + a) > 50°
can also be seen in the air data of figures 5(e) to 5(g). The departure occurs
at a slightly higher angle of attack, however, because the shock detachment
angle of the air data is greater than that of the helium data.

Some additional effects of using helium rather than air as the test gas are
the smaller maximum values of the normal-force coefficient (apparent, for exam-
ple, on the 20° half-angle cone of figure 5(d)) and the higher values for Cj

on the 15° and %0° semivertex-angle cones at angles of attack greater than 75°

(figs. 5(c) and 5(e)).

A considerable difference is also evident between the air and helium pre-
dictions of Cheng's cone theory for (CA)a:OO' (See fig. 12.) This difference

is primarily due to the large difference in Mach number (rather than specific-
heat ratio) between the air and helium predictions, but its magnitude decreases
significantly with increasing cone angle.

Except for these discrepancies between the ailr and helium data, there is
generally good agreement between the data of the present investigation and the
data of references 4 and 5 obtained in air.

CONCLUDING REMARKS

The static aerodynamic characteristics of a family of sharp right circular
cones ranging in half-angle from 59 to 90° have been obtained for angles of
attack to 110° at a Mach number of 20.3 in helium. The data have been compared
with Newtonian theory, Cheng's cone theory, exact thecry, and existing data
obtained in air at a Mach number of 6.8. In general, good agreement was
obtained with both theory and air data except when the total angle (cone semi-
vertex angle plus angle of attack) was large enough to promote nonconical flow.

In addition, the sharp-cone data of this investigation have been correlated
with cone data at various bluntness ratios and Mach numbers by means of correla-
tion parameters for normal-force and pitching-moment coefficients. The normal-
force-coefficient parameter proved to have considerably less correlating ability
as the cone half-angle was increased; however, good correlation was obtained
with the pitching-moment-coefficient parameter for cones of half-angle less
than 50°.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 27, 1965.
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TABIE# I.- DIMENSIONS OF SHARP

X

RIGHT CIRCULAR CONES

cm
—+2/3 -] ——{ /4 |+
—
d d@ | a/6
}
d/d«-
g=5° to 60° 8=90°
eC) Qy d A
deg deg ] ] . T
in. cm in. cm sqQ 1n. s cm
5 0 to 30 1.997 5.072 1.429 29.030 3.130 20.194
5 20 to 60 1.000 2.540 5.710 14.503 .785 5.065
10 0 to 30 2.040 5.182 5.668 14.397 3.268 21.084
10 20 to 60 1.500 3.810 4,23k 10.754 1.767 11.400
15 0 to 30 2.008 5.100 3.729 9.472 3.168 20.439
15 20 to 60 1.750 ORIV 3 .26k 8.291 2.405 15.516
15 59 to 95 2.000 5.080 3.770 9.576 3.142 20.271
20 0 to 20 1.999 5.077 2.747 6.977 3.140 20.258
20 20 to 60 2.000 5.080 2.747 6.977 3.142 20.271
20 70 to 110 1.252 3.180 1.719 4. 366 1.227 7.916
30 0 to 20 2.000 5.080 1.7%9 b 437 3.142 20.271
30 20 to 60 2.000 5.080 1.739 hohit 3.142 20.271
30 70 to 110 1.504 3.820 1.301 3.305 1.767 11.400
%0 0 to 20 2.003 5.088 1.193 3.03%0 3.1h42 20.271
40 20 to 60 2.000 5.080 1.193 3.030 3.142 20.271
40 70 to 110 1.750 4, hhs 1.039 2.639 2.405 15.516
50 0 to 20 2.002 5.085 .840 2.13k4 3.1k42 20.271
50 20 to 60 2.000 5.080 .840 2.134 3.142 20.271
50 70 to 110 3.000 7.620 1.260 3.200 7.069 45,606
60 0 to 20 1.749 4 hho .508 1.290 2.405 15.516
60 20 to 60 1.750 4 Lhs5 .508 1.290 2.405 15.516
90 0 to 20 3.000 7.620 J 0 0 7.069 45,606 J
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O,
deg

TABLE IT.- ACCURACY OF AERODYNAMIC COEFFICIENTS

20
20

20
59

70

20
70

20
70

20
70

20

a,
deg

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

30
60
350
60
30
60
95
20

110
20
60

110
20
60

110
20
60

110
20
60
20

I+

HHH+ I+ FEFFEREE O

.006
.0k9
.006
.022
.006
.016
.010
.006
.012
.015
.006
.012
.011
.006
.012
.008
.006
.012
.001
.008
.016
.00k

Accuracy of -

Ca Cm
+0.002 +0.004
+.016 | —eeeem
+.,002 +.002
+.007 +.008
+.002 +.002
+.005 +.005
+.010 +.006
+.006 +.001
.00k +.004
+.015 +.009
*.006 +.001
+.004 +.004
+.011 +.007
+.006 +.002
+.004 +.006
+.008 +.00k4
+.006 +.003
.00k +.007
+.002 +.001
+.008 +.005
+.005 +.012
+.013 +.004
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Figure 1.- Axis systems used. Arrows indicate positive direction.
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Figure 2.- Model-balance mount arrangement,
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MODEL-SUPPORT MECHANISM
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Figure 3.- Langley 22-inch helium tunne! with contoured nozzle,
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Figure 4.- Ratio of cone-surface Reynolds number to free-stream Reynolds number for helium plotted as a function of cone angle.
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Figure 16.- Correlation of normal-force coefficient on sharp and blunt right circular cones in air and helium.
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Figure 17.- Correlation of pitching-moment coefficient on sharp and blunt right circular cones in air and helium. Flag indicates

values of Cp beyond those for Cn, max-
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Figure 17,- Concluded.
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