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SUMMARY

To help fill the gap in the knowledge of aerodynamics of shapes
intermediate between bodies of revolution and flat triangular wings, force
and moment characteristics for elliptic cones have been experimentally
determined for Mach numbers of 1.97 and 2.94%. Elliptic cones having cross-
sectional axis ratios from 1 through 6 and with lengths and base areas
equal to circular cones of fineness ratios 3.67 and 5 have been studied
for angles of bank of 0° and 90°. Elliptic and circular cones in combina-
tion with triangular wings of aspect ratios 1 and 1.5 also have been con-
sidered. The angle-of-attack range was from 0° to about 16°, and the
Reynolds number was 8x108, based on model length. In addition to the
forces and moments at angle of attack, pressure distributions for elliptic
cones at zero angle of attack have been determined.

The results of this investigation indicate that there are distinct
aerodynamic advantages to the use of elliptic cones. With their ma jor
cross-sectional axes horizontal, they develop greater 1ift and have higher
1lift-drag ratios than circular cones of the same fineness ratio and volume.
In combination with triangular wings of low aspect ratio, they also develop
higher lift-drag ratios than circular cones with the same wings. For
winged elliptic cones, this increase in lift-drag ratio results both from
lower zero-lift drag and drag due to lift. Visual-flow studies indicate
that, because of better streamlining in the crossflow plane, vortex flow
is inhibited more for an elliptic cone with major axis in the plane of the
wing than for a circular cone with the same wing. As a result, vortex
drag resulting from 1ift is reduced. Shifts in center of pressure with
changes in angle of attack and Mach number are small and about the same
as for circular cones.

Comparisons of theoretical and experimental force and moment charac-
teristics for elliptic cones indicate that simple linearized (flat plate)
wing theory is generally adequate even for relatively thick cones. Zero-
1ift pressure distributions and drag can be computed using Van Dyke'!s
second-order slender-body theory. For winged circular cones, a modifica-
tion of the slender-body theory of NACA Rep. 962 results in good agreement

of theory with experiment.
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INTRODUCTION

Various theoretical studies have indicated that important aerodynamic
advantages can result from the use of elliptic instead of circular cones
for flight at supersonic speeds. At zero angle of attack, the pressure
drag of a cone of given length and base area decreases as the cross sec-
tion is changed from circular to flat elliptical (refs. 1 to 4). At angle
of attack, theory predicts that elliptic cones produce large gains in 1ift
and lift-drag ratio compared to circular cones (refs. 1, 5, and 6).

Although there is a moderate amount of theoretical information appli-
cable to elliptic cones (particularly for the case of zero incidence),
relatively little experimental data have been obtained. Except for some
pressure-distribution data in references 7 and 8, all of the known experi-
mental results have been presented by Rogers and Berry (ref. 9). For a
Mach number of 1.41, they have studied pressure-distribution and force
data for a series of relatively flat winglike elliptic cones having ratios
of major-to-minor axes between 5.4 and 23.1.

In order to provide information for more bodylike shapes, the present
experimental investigation was performed. The aerodynamic characteristics
of a family of elliptic cones having ratios of major-to-minor axes between
1 and 6 were measured. Also included in this investigation is a study of
the effects of adding triangular wings to circular and elliptic cones of
given length and base area. The tests were made for Mach numbers of 1.97
and 2.94%. The purpose of the present report is to discuss the resulting
aerodynamic data and to compare theoretical and experimental results.

SYMBOLS

2
A aspect ratio, Eﬁ—

W
Ay base area of cone, mab
Ap plan-form area of cone
Ay total wing plan-form area (including the part within the body)
a semimajor axis of elliptic cone
b semiminor axis of elliptic cone
c Na2cos2@ + b2sin2(

Cde crossflow drag coefficient of cylinder
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D
drag coefficient, ———
4. b
drag coefficient at zero 1ift
- e 1 L
1ift coefficient, a;;g

1ift coefficient for basic circular cone
pitching moment
qub {7

pitching-moment coefficient about base of basic circular cone

pitching-moment coefficient about base of cone,
e P Py
pressure coefficient, . ol
o0
drag
diameter of cone at base
complete elliptic integral of second kind
length of cone

G

maximum lift-drag ratio

maximum lift-drag ratio for basic circular cone

free-stream Mach number

free-stream static pressure

free-stream dynamic pressure

wing semispan, measured from body center line
Cartesian coordinates as shown in figure 1
center of pressure measured from cone vertex

half the distance between flow separation lines on the cone at
the base

half the distance between vortex traces on the cone at the base




L NACA TN 4045

lo# angle of attack measured between body longitudinal axis and
free-stream direction (see fig. 1)

B NM,2-1

€ wing semiapex angle

Og angle measured around base ellipse from horizontal base axis
to flow separation line on cone

O+ angle measured around base ellipse from horizontal base axis
to vortex trace on cone

A modification factor to take account of finite wing aspect ratios
1) angle of bank about body longitudinal axis (see fig. 1,

The positive directions of the angles and coefficients are shown in
figure 1.

APPARATUS AND TESTS

Wind Tunnels

The experimental investigation was conducted in the Ames 1- by 3-foot
supersonic wind tunnels no. 1 and no. 2. Tunnel no. 1 is a closed-circuit,
continuous-operation type and is equipped with a flexible-plate nozzle that
provides a variation of Mach number from 1.4 to 4,0. The Reynolds number
is changed by varying the total pressure within the approximate limits of
1/5 of an atmosphere to 4 atmospheres. Tunnel no. 2 is a nonreturn,
intermittent-operation type and is also equipped with a flexible-plate
nozzle that provides a variation of Mach number from Tk £01.3.8.  Kixr itor
this tunnel is obtained from the Ames 12-foot wind tunnel at a pressure of
about 6 atmospheres and is expanded through the nozzle to the atmosphere.
Changes in Reynolds number are obtained by varying the total pressure.

Except for vapor-screen tests, the water content of the air in the
1- by 3-foot wind tunnels is maintained at less than 0.0003 pound of water
per pound of dry air. Consequently, the effect of humidity on the flow is
negligible.,

Models

Plan-form and end views of the models studied are shown in figure 2.
Three elliptic-cone bodies (B,, By, and B,) with a/b ratios of 1.5, 3,
and 6 had the same length and base area as the basic circular cone (By).
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Hence, the fineness ratio of Z/d = 3.67 for the circular cone was also
the equivalent fineness ratio for these elliptic cones. In order to check
the effect of fineness ratio on the aerodynamic characteristics, an addi-
tional elliptic cone body (BS) with an a/b ratio of 1.5 and a fineness
ratio of 5 was also studied.

In addition to being tested alone, bodies B, (a/b = 1, 1/d = 3.67)
and By (a/b = 3, 1/d = 3.67) were also tested with triangular wings
(Wl and. W2) of aspect ratio 1 and 1.5. With the major cross-sectional
axis (a) of body B; mounted horizontally in line with the wings, the
configurations are designated as BSHW1 and Bsﬁwa. With the major axis

of B, vertical to the wings, the configurations are designated as
stwl and stw2° The wing sections were flat plates with leading and

trailing edges beveled as shown in figure 2.

All of the models were sting supported from the rear. Bodies B,
and B, had pressure orifices distributed over the surfaces and were
adaptable for both force and pressure-distribution tests.

Tests

Force and pressure-distribution tests.- Force data were obtained in
tunnel no. 2 for all the models at free-stream Mach numbers of 1.97 and
2.9%., The Reynolds number, which was maintained constant for all tests,
was 8x10® based on body length. Measurements of 1lift, drag, and pitching
moment were taken for angles of attack from 0° to about 16°. The elliptic-
cone bodies were tested at angles of bank of 0° and 90° (i.e., for @ =
0° and 90° as shown in fig. 1). The winged elliptic cones were tested
only with their wings at ¢ = 0°, Base pressures from eight orifices
spaced around the inside cf the base periphery of each body were measured
by photographic recording from a multiple-tube manometer board.

Pressure-distribution data were obtained in tunnel no. 1 for bodies
B3 and B, at zero angle of attack and Mach number 1.97. The surface
pressures were measured by photographic recording from a multiple-tube
manometer system. The repeatability of both force and pressure
measurements was checked by making reruns for several configurations.

Vapor-screen tests.- To make the vortices shed from the models at
angle of attack visible, the "vapor-screen" method (ref. 10) was used.
With this technique, water vapor is added to the tumnnel air stream. This
water vapor condenses in the wind-tunnel test section to produce a fine
fog. A narrow sheet of bright light, produced by high-intensity mercury-
vapor lamps, is projected through the tunnel window in a plane perpendicu-
lar to the model longitudinal axis. This plane of light appears as a
uniformly lighted screen of fog particles in the absence of a model. How-
ever, with a model in the stream, the flow about the model affects the
light scattered by the water particles, and vortices shed from the model
are visible as dark spots.
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Vapor-screen tests were made in tunnel no. 1 for various models at
Mach number 1,97 and a Reynolds number of 8x10®. With the models at
several angles of attack, the vortex patterns were photographed with a
camera mounted inside the wind tunnel 9 inches downstream from the base
of the models.

Sublimation tests.- Another method of flow visualization that was
used was the sublimation technique (ref. 11) for determining boundary-
layer transition, flow separation, and vortex traces on the surfaces of
the models. The models of this investigation, which were initially
painted black, were sprayed with a h-percent solution of acenaphthene in
petroleum ether. This solution dries on contact with the model surface
and presents a white appearance., The wind tunnel is operated, and as the
process of sublimation takes place with the model in the tunnel, evidences
of boundary-layer transition, separation, and vortex flow appear on the
model, Regions of high surface shear, such as turbulent boundary layers
and vortex traces, show up as dark areas, whereas regions of laminar flow
and separation remain white. All sublimation tests were made in tunnel
no. 1 at Mach number 1.97.

REDUCTION AND ACCURACY OF DATA

A1l of the pressure-distribution, force, and moment data have been
reduced to coefficient form and are referred to the coordinate system
shown in figure 1. The base drag was computed using the average base
pressure and was subtracted from the total axial-force balance measure-
ment, so that the data presented are for forces ahead of the body base.

The accuracy of the final data is affected by uncertainties in the
measurement of the pressures, forces, and moments, and in the determina-
tion of the stream static and dynamic pressures used in reducing the data
to coefficient form. These individual uncertainties led to estimated
uncertainties which are listed in the following table:

Coefficient|Uncertainty]
Cp +0.004
Ct, .02
Cp +,004
Cm *,02
Xp/1 +,02

The values of angle of attack are estimated to be accurate to within
+0,1°. The variation of the free-stream Mach number in the region of the
test models was less than #0.01 at Mach number 1,97 and less than *0,02
at Mach number 2,94,
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RESULTS AND DISCUSSION

This section of the report is divided into three parts: (l) experi-
mental force and moment characteristics; (2) comparisons of theoretical
and experimental pressure distributions, forces, and moments; and (3)
visual observations of the flow over various models. The experimental
force and moment characteristics are presented in figures 3 through 9;
comparisons of theory and experiment are presented in figures 10 through
17; and photographs and measurements from the visual-flow studies are
presented in figures 18 through 22.

Experimental Force and Moment Characteristics

Effect of axis ratio (a/b).- The effect of change in cross-sectional
axis ratio (a/b) on the aerodynamic characteristics of the elliptic. cones
of fineness ratio 3.67 is presented in figures 3 and 4 for Mach numbers
1.97 and 2.94. Plan-form and end-view sketches of the models tested are
used to identify each curve. For the models banked 90° the curves are
labeled @ = 90°, whereas for the models at zero bank the curves are
unlabeled, a practice followed throughout the report. For the elliptic
cones of figures 3 and 4 the lengths and base areas are constant; hence
increases in a/b result in increases in plan-form area with the major
axis, a, horizontal (¢ = 0°) and decreases in plan-form area with the
major axis vertical (@ = 90°). 1In view of this fact, it is not surpris-
ing that with increase in a/b the lift coefficients (which are referred
to base area) increase appreciably at all angles of attack for @ = 0°
and decrease for @ = 90° (figs. 3(a) and 4(a)). The question arises,
then, of whether or not the aerodynamic efficiency as determined by the
lift-drag ratio can also be markedly increased by increasing a/b. From
figures 3(c) and 4(c) it is clear that, at least throughout the angle-of-
attack range investigated, significant gains in lift-drag ratio can be
realized by increasing a/b from 1 to 6. In fact, by merely changing
a/o from 1 to 1.5 a gain in meximum L/D of about 25 percent results.
Furthermore, increasing a/b from 1 to 3-results in about a (H-percent
increase in maximum L/D at Mach number 1.97 and in about a 60-percent
increase at Mach number 2.9%., It is clear that, in many cases where a
body of given volume is required, it can be aerodynamically beneficial
to deviate from a circular cross section.

The effect of axis ratio on pitching moment and center of pressure
is shown in figures 3(d), 3(e), 4(d), and 4(e). For all of the elliptic
cones the center of pressure moves very little with angle of attack. With
the major axis horizontal the center of pressure changes little with a/b
and, as for the circular cone, is located at about the centroid of plan-
form area for both Mach numbers 1.97 and 2.94. However, with the cones
rotated to ¢ = 90°, the center of pressure moves rearward from the
centroidal position with increase in a/b from 1 to 6.
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Effect of fineness ratio.- The effect of change in fineness ratio on
the aerodynamic characteristics of elliptic cones of a/b = 1.5 is illus-
trated in figure 5. Data are compared for body B, of 1/d = 3.67 and
body Bs of 1/d = 5 tested at Mach numbers 1.97 and 2.94%. For angles
of attack to about 8° there is little effect of fineness ratio on the 1ift
(fig. 5(a)). At higher angles, however, the 1lift coefficients are greater
for the more slender cone (Bs). For all values of Cp, the drag coeffi-
cients for Bg were at least 20 percent lower than for By (fig. 5(b)).
It is not surprising, then, that an increase in fineness ratio also
results in substantially higher values of maximum lift-drag ratio. (See
fig. 5(c).) Although the 1lift, drag, and pitching-moment results were
affected by change in fineness ratio, there was no effect on center of
pressure, xp/l (fig. 5(d)).

It is interesting to note that there is an effect of Mach number on
maximum 1ift-drag ratio which depends upon fineness ratio. For body Bo
of 1/d = 3.67 the maximum value of L/D decreases with increase in Mach
number from 1.97 to 2.94, whereas for body B, of l/d = 5 the maximum
value of L/D increases (fig. 5(c)).

Effect of axis ratio (a/b) and arrangement for winged elliptic cones.-
For conical bodies alone it has been shown that use of elliptic cross
sections results in worthwhile gains in 1lift and lift-drag ratio. It is
not clear, however, whether significant gains also can be realized through
the use of elliptic cross sections for winged conical bodies. The test
results presented in figures 6 through 9 demonstrate that important aero-
dynamic advantages can be obtained through proper arrangement of an ellip-
tic body with a triangular wing. For instance, as shown in figures 6
and 7, gains in 1ift and large gains in lift-drag ratio result from using
an elliptic body (a/b = 3) with the major axis, a, in the plane of an
aspect ratio 1 wing in preference to a circular body with the same wing.
(Compare results for BggW; and B;W;.) However, with the elliptic body
rotated 90° so that the minor axis is in the plane of the wing (model
stwl), a loss in lift-drag ratio results. The gain in L/D for BagWa
and loss in L/D for BgyWi 1is primarily attributable to differences
in drag (figs. 6(b) and 7(b)). Because of less wetted surface area and
hence less skin friction, BgyW, has slightly lower drag at zero 1lift
than the other configurations. With increase in 1ift, BggW; still has
the least drag, but the difference in drag between the models increases,
resulting in a significantly higher value of maximum L/D for Bsﬁwl
than for BiW; or BgyWi. For the same bodies with a wing of aspect
ratio 1.5 instead of 1, the differences between the maximum lift-drag
ratios are diminished. (See figs. 8(c) and 9(c).) However, the results
still significantly favor a body of elliptic cross section with the major
axis in the plane of the wing.

The maximum lift-drag ratios were higher for the elliptic cones with
major axes in line with the wings, primarily because they have less zero-
1lift drag and develop less drag due to 1lift. It is believed that the
lower drag due to 1lift can be attributed to less vortex drag associated
with the formation of vortices at angle of attack. From visual observa-
tions of the flow over the models by the vapor-screen technique, it was
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found that, at least for angles of attack from 0° to about 10°, the
formation of vortices was inhibited more with the major axis of an ellip-
tic cone in line with a wing (model BSle) than perpendicular to it
(model By wl). Vortices appeared to separate from B3VWl and B, W, at
lower angles of attack than from BgyW,. It is interesting to note that,
as shown in the vapor-screen photographs of figure 20(a) to be discussed
later, the vortices shed from BsyW, and B,W, at a= 10° appeared to be
more completely formed and rolled up than those for BgyW,. As shown in
figures 6 and 7, the drag due to 1ift is higher for BayWy and B,W, at
a = 10° than for Baﬁwl. Apparently because of better streamlining in
the crossflow plane, the vortex formation is inhibited and the drag due
to 1lift is reduced with the major axis of the elliptic cone in line with
the wing.

Comparisons of Theoretical and Experimental Pressure
Distributions, Forces, and Moments

In this section of the report, theoretical methods of estimating the
aerodynamic characteristics are assessed by comparison of theoretical
results with experimental data. All comparisons are presented in
figures 10 through 17 and are discussed in the following paragraphs.

Pressure distributions and drag of elliptic cones at zero angle of
attack.- For elliptic cones of a/b of 3 and 6 (B and B,) theoretical
and experimental pressure distributions for a Mach number of 1.97 are
compared in figure 10. The pressure coefficients are plotted as a func-
tion of lateral distance, y/a, over a quadrant of each cone. The fact
that the flow was conical is verified by the multiple experimental points
at several y/a positions which were obtained at different longitudinal
positions. The comparisons show that best agreement of theory with
experiment is obtained through use of the second-order slender-body theory
of Van Dyke (ref. 4). Both the slender-body theory of references 1 and 2
and the not-so-slender-body theory of reference 4 result in pressure coef-
ficients which are lower than those of experiment. Rogers and Berry
(ref. 9) also found the agreement of second-order slender-body theory with
exper}ment to be quite good for elliptic cones having even higher ratios
e g /b.

A study of the effect of change in axis ratio (a/b) onithe zero=1ift
drag of elliptic cones is summarized in figure 1ll. The experimental
results show that for these cones of equal volume and fineness ratio the
drag remains essentially constant with change in axis ratio (a/b) at both
Mach numbers 1.97 and 2.94%. The boundary-layer flow over the models was
mostly turbulent as shown by the sublimation results (to be discussed
later) and as indicated by drag measurements with and without a transition
ring at the nose of models B; and Bz. As seen in figure 11, the zero-
1lift drag is adequately predicted by the addition of turbulent skin fric-
tion (ref. 12) to pressure drag calculated by second-order slender-body
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theory (ref. 4). For the circular cone (B,) the drag is also closely

given by the addition of turbulent skin-friction drag (ref. 12) to pres-

sure drag by Taylor-Maccoll cone theory (ref. 13). It is noted that the 3
increase in skin-friction drag with increase in a/b (because of greater

wetted surface area) is just large enough to nullify the drag saving from

the decrease in pressure drag.

Forces and moments for elliptic cones.- Theoretical and experimental
force and moment characteristics for elliptic cones at Mach numbers % O
and 2.94% are compared in figures 12 and 13. Both slender-body theory
(refs. 1 and 5) and linearized wing theory (ref. 14) have been used in
computing the theoretical values of 1lift, drag, and pitching-moment coef-
ficients shown. In computing the drag coefficient at angle of attack,
the following expression has been used:

dCy,
Cp = Cp, + <}55> a? (1)
where
dcCr, Cr,
dao =

This relationship results from assuming that C; varies linearily with

o and that there is flow separation along the leading edges with complete
loss of suction force. Theoretical values of Cp have been computed by
assuming dCL/da to be given both by slender-body theory and by linearized
wing theory. As discussed in the previous section, the drag coefficient at
zero angle of attack (CDO) was computed from the addition of turbulent '
skin-friction drag (ref. 12) to pressure drag by second-order slender-body

theory (ref. 4). As shown in figures 12 and 13, the agreement with experi-

ment of the force and moment characteristics computed by means of linesr-

ized wing theory is generally quite good, especially for angles of attack

from 0° to about 10°.

In figure 14 theoretical and experimental lift-curve slopes are com-
pared. Results are correlated by plotting the parameter of lift-curve

dac A
slope % <}5§> <F% as a function of the ratio of leading-edge slope to

Mach wave slope @ tan €. Except for bodies By and B, at @ = 90° and
Mo = 2.94, the experimental data agree closely with linearized (flat
plate) wing theory. Bodies B, (a/b = 3) and B, (a/b = 6) banked to

¢ = 90° are very thick in the 1ift direction, and at Mg = 2.94% their
lift-curve slopes are considerably higher than those given by either
slender-body or linearized wing theory.

The nonlinearity of the experimental 1ift and pitching-moment curves
(figs. 12 and 13), which becomes more evident at angles of attack greater
than about 10°, probably results from viscous crossflow separation. Allen
(ref. 10) has shown that for slender bodies of revolution an allowance for Y

Lo T
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viscous effects can be computed. This is done by adding to the 1lift
computed by slender-body or linearized theory an additional crossflow
1ift attributed to the separation effects of viscosity. Flax and Lawrence
(ref. 15) have suggested the same procedure for low-aspect-ratio wings,
and the resulting expression for 1lift coefficient is

i ? A
Cr, = = o+ C a2 2
L <.d@ linear de Ay (2)
theory

where Cdc is the drag coefficient of a two-dimensional cylinder of
equivalent cross section placed normal to a stream at a Mach number of
My sin a. For the elliptic cones of this investigation, the 1lift is
greatly overestimated by the use of equation (2). To illustrate this
fact, the 1ift for the circular cone (B,) computed using equation (2) is
compared with experiment in figure l2(a%. The usual circular cylinder
value of Cg, = 1.2 was used. Rogers and Berry (ref. 9) in their study
of elliptic cones of higher ratios of a/b also found that equation (2)
leads to 1lift coefficients larger than those given by experiment.

Although the 1lift and pitching-moment results of figures 12 and 13
show moderate nonlinearity with increase in a, the data can be simply
correlated as shown in figure 15. Here the 1ift and pitching-moment
coefficients for the elliptic cones are divided by the corresponding
coefficients for the equivalent circular cone, and the ratios are plotted
as a function of «. The results of the correlation demonstrate that, in
general, CL/CL.B1 and Cm/CmBl remain constant with change in a. Except

for the elliptic cone of a/b = 6 (B,) at Mach number 2.94, the 1ift and
moment ratios are given reasonably well by linearized wing theory.

Effect of axis ratio (a/b) on maximum lift-drag ratios of elliptic
cones.- The effect of axis ratio (a/b) on the maximum lift-drag ratios
of elliptic cones can be readily computed. From equation (1) the maximum
lift-drag ratio is given by the relation

(3),- 3L o)

If for cones of given fineness ratio it is assumed that CDo is constant

with change in a/b (as suggested from the results of the present experi-
ments), then the relative efficiency of an elliptic cone to a circular
cone is expressed by the relation

(L/D)y s / CL7a )
(L/D)MBl (Cr/a)p,
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For slender-body theory this ratio reduces to

(L/D)M _[a ® b =
75757;;: “~/; cos®p + = sin®p (5)

since
Cy, = 2a,<% cos®@ + 2 sin2¢>

In figure 16, computed values of (L/D)M and (L/D)M/(L/D)MB are

compared with the experimental results for the cones of finenesé ratio
3.67. The computations were made with values of Cp given both by
slender-body theory and linearized wing theory. Since, as was shown in
figure 11, the zero-lift drag was almost constant with change in a/b,
average experimental values of Cp of 0.086 at M, = 1.97 and 0.073 at
My = 2.94 have been used in the caiculations. In general, the agreement
of theory with experiment is good, the best agreement being obtained with
linearized wing theory. In the lower plot of figure 16, however, the
comparisons show that the relative efficiency of an elliptic to a clrculer
cone can be closely estimated by means of slender-body theory (eq. (5))
for moderate values of a/b (of the order of 3 or less).

Forces and moments for winged circular cones.- For a slender wing-
body combination consisting of a triangular wing mounted on a circulgmn
cone so that their vertices coincide, the 1ift coefficient is given by
the slender-body method of Spreiter (ref. 16) as

Ay
CL:%AOKEG (6)

where
) d
= % B S A 718 R I d ot 5
0'-—l+<2s +2:)t S[l <25>} I:l+<—2—s- s1ln -—Cijz'
1+ (=
2s

It has been shown (refs. 16 and 17) that the slender-body method of
Spreiter can be modified so as to give results comparable to linearized
theory. For winged circular cones this is accomplished merely by multi-
plying equation (6) by a modification factor A. This factor is the ratio
of the 1ift of the wing alone by linearized theory to the 1lift by slender-
body theory and is given by

B tan € S 1

ik
A 3
EN1 - thanze) (7)
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By application of the factor A to equation (6), there is obtained

A
CL=£A07\A—:a (8)

no

Since the center of pressure is at the centroid of plan-form area, the
pitching-moment coefficient is given by the relation

A
Cm=—6J£Ac?\K§-on (9)

In figure 17, theoretical and experimental force and moment charac-
teristics of winged circular cones are compared. Equations (8) and (9)
were used to compute the 1lift and pitching-moment curves, and equations
(1) and (8) to compute the lift-drag polars and ratios. The drag at zero
1lift was estimated by the addition of turbulent skin-friction drag
(ref. 12) for the entire surface to the body pressure drag obtained by
second-order slender-body theory (ref. 4). The agreement of the computed
results with the experimental data is good for angles of attack below
about 10°. As yet, the details of a method for computing the aerodynamic
characteristics of winged elliptic cones have not been worked out.

Visual Observations of Flow Over Models

To supplement the force and moment results with studies that aid in
giving a physical representation of the flow, vapor-screen and sublima-
tion tests were made for the models at Mach number 1.97. Photographs and
measurements of the resultinz flow patterns are presented in figures 18
through 22, As mentioned previously, the vapor-screen pictures were taken
with a camera mounted inside the tunnel just downstream of the models.

The pictures of the models from the sublimation tests were taken
immediately following tunnel shutdown.

Vapor-screen results.- In the photographs of figure 18, base views
of bodies B;, Bs, and Bz showing vortices are presented for o = lOO,
159, and 20°. For these pictures the light plane intersected the model
axis at about x = 0.71, and part of the flow field was in the shadow of
the model. In figure 18 a symmetrical pair of vortices is shown above
each model. These vortices, which originate at the nose, were observed
to grow in size (and presumably strength) with travel from the nose to
the base. At each axial length position, it was found that the sizes and
positions of the vortices relative to the body cross section were practi-
cally the same. In figure 18 it is seen that the sizes of the vortex
regions increase with increase in a from 10° to 20°. The vortex regions
also flatten out and move outboard relative to the body vertical center
line with increase in a/b above 1.

The photographs of figures 19(a) and 19(b) are presented in order to
demonstrate the effect of angle of bank on the vortex regions associated
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with elliptic cones at a = 15° and 20°. TFor all cases studied, as the
models were banked from @ = 0° to @ = -45° the right vortex region
appeared to flatten out and lie nearer to the body surface.

In figure 20 pictures of vortex patterns for the winged cones of
aspect ratio 1 (BiWq, BaygWy, and BSVWl) are shown. These pictures were
taken with the light plane at about the base of each model. As for the
elliptic cones without wings, the vortex regions above the winged cones
increase in size with increase in o from 10° to 15°. With o kept
constant at 15°, the right vortex region flattens out and moves nearer
to the model surface with change in @ from 0° to -45° (fig. 20(b)).
Comparison of these pictures with those for the bodies alone shows that
the addition to a body of even low-aspect-ratio wings results in con-
siderable outboard and downward movement of the vortex regions; for
instance, compare the pictures for B; in figure 18 with those for B W,
in figure 20. From these observations, it appears that body vortex inter-
ference with a vertical fin or air-breathing engine mounted above a body-
can be reduced by extending low-aspect-ratio wings all the way to the nose.

What is believed to be secondary vortex flow below and outboard of
the main vortex regions is indicated in some of the photographs of the
models at « = 20°. This is especially evident for model BgyW, at
o = 20° in figure 20(a). This secondary vortex flow also has been
?bserved for delta wings at supersonic speeds by Drougge and Larson

ref. 18).

Sublimation technique results.- Transition, separation, and vortex
regions for models B;, Bo, and Bg are shown in the photographs of fig-
ure 21. Top, side, and bottom views for the models at an angle of attack
of 15° are presented. As seen in the bottom views, the boundary-layer
flow over the models was mostly turbulent, the laminar region being
limited to the white area near the nose. In the side views a line indi-
cating flow separation is shown for each model, and in the top views
symmetrical vortex traces are visible. Although not clearly evident in
the pictures, the separation lines and vortex traces extended almost
linearly from the nose to the base of each model. Measurements of the
symmetrical separation and vortex positions at the base of all of the body
models of 1/d = 3.67 were taken. In figure 22 the separation and vortex
positions are plotted as a function of a/b. It is seen that for
a/b = 1.5 with the model banked 90° so that the minor axis is horizontal,
the separation lines and vortex traces are close together and near the
top of the body. With the model unbanked (¢ = 0°) so that the major axis
is horizontal, the separation and vortex positions are farther apart and
nearer the sides of the body. For unbanked cones with a/b greater than
3, the flow separation positions are essentially at the sides of the body,
and the vortex traces are about midway between the sides and the top.
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CONCLUSIONS

Aérodynamic characteristics of elliptic cones alone and with triangu-
lar wings have been measured for Mach numbers 1.97 and 2.94 at a Reynolds
number of 8x108, based on model length. Cones having fineness ratios (1/d)
of 3.67 and 5 and cross-sectional axis ratios (a/b) from 1 through 6 have
been considered for angles of bank of 0° and 90°. 1In addition, a study
has been made of cones of 1/d of 3.67 and a/b of 1 and 3 in combina-
tion with wings of aspect ratio 1 and 1.5. An analysis of the results
has led to the following conclusions:

1. Pressure distributions over elliptic cones at zero incidence can
be computed reasonably well by means of Van Dyke'!s second-order slender-
body theory.

2. For a cone of given fineness ratio at zero lift, the pressure
drag decreases with increase in cross-sectional axis ratio a/b. However,
with a turbulent boundary layer, the skin friction increases enough that
the pressure plus skin-friction drag remains practically constant with
increase in a/b. The foredrag can be computed accurately by the addition
of theoretical skin-friction drag to pressure drag predicted by second-
order slender-body theory.

3. With the major cross-sectional axis horizontal, increases in axis
ratio a/b result in large gains in 1lift and lift-drag ratio. These gains
can be computed reasonably well by the use of linearized wing theory.

L. For a given cross-sectional axis ratio a/b, the lift-drag ratio
increases with increase in equivalent fineness ratio.

5. For wing-body combinations, a body with an elliptic cross section
instead of a circular cross section appears aerodynamically advantageous.
With triangular wings (aspect ratio = 1, 1.5) mounted on cones (l/d ="3.67)
so that their vertices coincide, higher lift-drag ratios result from an
elliptic cross section with major axis in line with the wings than from a
circular cross section. However, a decrease in lift-drag ratio results
from an elliptic .cross section with the minor axis in line with the wing.

6. For the cones alone and with triangular wings, shifts in center
of pressure with changes in angle of attack and Mach number are very small.

Te For winged circular cones, the theoretical results of NACA
Rep. 962 can be modified to give good agreement with experimental results
for angles of attack below about 10°,

8. Visual boundary-layer flow studies indicate that, for unbanked
elliptic cones at angle of attack, a pair of symmetrical vortices start
at the nose and trace a linear path to the base. These vortices increase
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in size with travel from the nose to the base. The flow separation lines
from which the vortices are fed also trace an essentially linear path
along the model surface.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., July 17, 1957
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Experiment

® From force measurements
B From pressure distributions
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skin friction (ref.12)
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