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Summary—Tests have been made at a Mach number of 1-41 on six elliptic cones forming two families of models.
In the first, the vertex angle in the plane of the major axes of the elliptic cross-sections was maintained constant at
60 deg and the ratio between the minor and major axes varied; in the second family, the minor axis was constant and
the vertex angle had values of 30 deg, 60 deg and 90 deg.. Two cones from the first family were pressure-plotted at
incidences up to 15 deg, the resulting pressure distributions being integrated to give the lift and pressure drag arising
from the curved surfaces of the cones. Except for one of the pressure-plotting models, lift, drag and centre-of-pressure
position were measured for all models on a strain-gauge balance. ~ For the one cone on which a comparison was possible,
good agreement was obtained for the lift and drag derived from the two methods.

The distribution of pressure on the two pressure-plotting cones was found to be approximately conical in form (i.c.,
constant along the cone generators) and at 0 deg, good agreement with theory was obtained. At incidence, the agree-
ment was worse and deteriorated when, at the higher incidences, transonic-type shock waves appeared on the upper
surfaces of the cones. These shock waves which lay along a cone generator moved inboard with increase in incidence,
and vortices, formed from flow separating from near the leading edges, dlso appeared, with a consequent modification
of the upper-surface pressure distribution. These transonic-type shock waves were observed by using optical systems
of schlieren or shadowgraph type, but with the light beam passing obliquely through the tunnel so that it was approxi-
mately parallel to the shock front; the separation vortices were detected by observing the motion of an oil film on the
surface of the models. ‘

Good agreement was obtained between linear (flat-plate) theory and experiment for the lift of the family of cones
having a 60 deg vertex angle; there is only a small effect on the lift-curve slope due to increasing the cone thickness
(i.e., the minor axis of this family). The surface shock waves and separation vortices were responsible for a change in
the rate at which the drag of the cone family increased with the lift.

The comparatively slender cone of the other family had a lift curve which was markedly non-linear at the higher
incidences and this effect was attributed to the presence of separation vortices.

The inclination of the cone-like shock originating at the vertices of the models and also the distribution of pressure
over the bases of the cones were measured.

1. Introduction.—The elliptic cone (Fig. 1) is a form which has attracted several theoretical
workers in supersonic aerodynamics because of its position intermediate between the body of
revolution and the triangular flat plate of zero thickness. There is little experimental information
on elliptic cones however (only one other test® being known to the authors) and the present
investigation was planned to provide additional information for comparison with theory. In
addition, it was hoped that some understanding would be obtained of the flow conditions present
at moderate and large incidences, when surface shock waves and boundary-layer separations
become important. The latter aspect of the experiment is of particular relevance to the problems
- of supetsonic flow over triangular and swept-back wings having subsonic leading edges, though
for the elliptic cones the flow pattern is simplified by the absence of separation effects of the type
found near the trailing edges of true wings.

The family of elliptic cones having the same plan-form, but different thicknesses (se¢ section 2.2
below) was suitable for an investigation of the effect of thickness on the drag increment associated
with the lift on the model, and hence on the amount of " leading-edge suction ’ that was present.

Published with permission of the Director, National Physical Laboratory.
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Tests were made at one Mach number only (1-41) as it was considered that the cone charac-

teristics would not differ greatly within the rather restricted Mach number range of the tunnel
used.

2. Equipment and Experimental Details.—2.1. The Tummel.—The tests were made in the
National Physical Laboratory 18 in. by 14 in. High-Speed Wind Tunnel’, the working-section
of which had been calibrated previously and found to be free from serious pressure gradients.
In the region occupied by the models throughout their incidence range, the Mach number in the
empty tunnel varies between 1-40 and 1-42; a mean test Mach number of 1-41 was therefore
used in the reduction of the experimental observations. For theoretical calculations, the value

of 4/2 was taken as the free-stream Mach number, since this simplified the computation without
introducing serious error. :

During most of the experiment, the stagnation pressure of the free stream was maintained at
31 in. mercury absolute, giving a Reynolds number of 2:0 x 10° based on the centre-line chord ¢
of the models (Fig. 1). To determine the effect of Reynolds number changes on the model surface
pressures, some tests were made at higher stagnation pressures, Reynolds numbers of 27, 4-0,
and 4-7 x 10° being obtained in this way. ‘

For the measurement of the forces and moments on the cones, a three-component strain-gauge
balance was used, the results obtained being reduced to lift and drag coefficients and centre-of-
pressure positions. The models were supported from their bases by a slender rectangular sting
(I"ig. 2) which also acted as the deflecting beam in the balance system.

2.2. The Models.—Six cones were tested, representing two families of models. The first
family had a constant value of the total vertex angle ¢ in the plane of the major axes of the
elliptic cross-sections (Fig. 1) but different vertex angles in the plane of the minor axes. It is
convenient in referring to cones of this family to denote the tangent of the half-vertex angle in
the minor axis plane by 7/2; = can then be regarded as a thickness parameter for the cone, and is
the ratio of the minor axis of the base ellipse to the centre-line chord of the cone (Fig. 1). This
thickness ratio v was constant for the second family of models, whilst ¢ varied between 30 deg
and 90 deg. Thus for a stream Mach number of 1-41, the leading edge of every model was sub-
sonic in type, though for the cone with e = 90 deg, the component of free-stream Mach number
normal to the leading edge was very nearly equal to unity (0-997)

Further details of the six models are given in the following Table, where x is the ratio of the
major axes of the elliptic cross-section to the minor axis.

TABLE 1

ElZi;btic Cone Models
(a) Family with ¢ = 60 deg

Model
number T ) U Material Type of model
C1 , 0-05 23-10 Steel | For balance tests only
C2 0-10 11-55 Steel 34 pressure-plotting holes on curved surfaces
. C3 0-15 7-70 Brass For balance tests only
C4 0-20 5-77 Brass | 33 pressure-plotting holes on curved surfaces
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b) Family with = 0-1

- Model
number ¢ (deg) u Material Type of model
(O 30 5-36 Brass For balance tests only
C2 60 11-55 Steel 34 pressure-plotting holes on curved surfaces
C6 90 20-00 Brass For balance tests only -

The model C2 is thus common to both families.

The disposition of the pressure-plotting holes on the curved surfaces of the cones C2 and C4
was identical (apart from small inaccuracies in manufacture found in subsequent measurements
and allowed for in plotting the results) and is shown diagrammatically in Fig. 3. These holes
were arranged so that the distribution of pressure close to the leading edge could be determined
as accurately as possible. In addition, the theoretical prediction of constant pressure along rays
which pass through the vertex and along the surface at a constant fraction of the local semi-span %
could be checked at # = 0 (z.e., on the centre-line) and 0-4. :

All models except Cl had pressure holes distributed within the base of the cone, outboard of
the sting support. The readings from these holes were used to supplement the static-pressure
traverses necessary to determine in detail the distribution of base pressure on the models. The
bases themselves were flat, but in one case (cone C8), the base surface was subsequently modified
(see section 6 below).

2.3. Experimental Method and the Reduction of the Observations.—2.8.1. Pressure-plotting
tests (Models C2 and C4).—Incidence « was applied to the models in the plane containing the
minor axes of the elliptic cross-sections (¢.e., in a similar manner to that for triangular wings
having the same value of ¢). Measurements of the surface pressures were made on the two cones
at both negative and positive incidences up to the limits of the incidence gear (about plus or
- minus 15 deg). The agreement between the pressures at negative and positive incidences was
good except at the highest values of «, where the increased blockage in the tunnel associated with
a high negative incidence caused a change in the flow over the sting, an alteration of the model
base pressure and a flow separation from the cone surface upstream of the base. Except in these
conditions, the results at a negative and positive value of « were combined to give a distribution
of pressure which was more closely defined than for a single set of readings.

The surface pressures were reduced to coefficient form C, in the usual way. If the flow over
the curved surfaces of the cone is truly conical, the normal force coefficient for those surfaces
can be found from an integration of the curve of C, against . The pressure was not constant
along the cone surfaces for small values of 5, however (se¢ section 3.2 below), and the integration
was performed for the distribution of C, at the middle of the centre-line chord for this range of 7.

In a similar way, the chordwise force coefficient C g arising from the curved surfaces can be
found by integrating the projection of the surface pressures on the cone base. The coefficient is
given by:

G
m— szedG, .. . (1)

2
Cxs = %tap afq s

where 6 is measured from the centre of the base ellipse. The appropriate lift and Epressure-drag
coefficients Cp 5 and Cpg can be found by resolution from Cy and Cys. ’

Because of the deflection of the pressure-plotting sting under load, a small correction has been
applied to the model incidence. This correction increases with the load on the model and hence
is larger, for a given incidence, at the higher Reynolds numbers. :
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2.3.2. Balance tests.—Using the balance, direct measurements were made of the normal force,
total chordwise force and centre of pressure position for all cones, except C2, over a range of
incidence. For the pressure-plotting cone C4 good agreement was obtained between the normal
force coefficients derived independently from the balance results and from pressure integration;
similarly the chordwise force measured on the balance, when corrected for the base effects
described below and the contribution of the skin friction, agreed closely with the pressure-drag
coefficient determined by using equation (1). Because of this agreement, no balance tests were
made on the thinner pressure-plotting cone.

The highest incidence at which balance measurements could be made was dependent on either
the range of the incidence gear (C5) or the strength of the sting (C1, C6) or limited by the deflection
of the sting causing contact between it and the surrounding shroud. The sting deflection was also
responsible for corrections to the nominal incidence. The balance itself was calibrated before and
after the investigation, and at frequent intervals during the measurements.

For comparison with theory and to simplify the analysis of the experimental results, the drag
coefficient required is that due to the pressure forces acting on the curved surfaces only.
A correction must therefore be applied to the total chordwise force measured on the balance to
allow for the pressure force of the exposed bases of-the models. The distribution of pressure over
the bases was found by detailed static traverses (see section 6 below); integration of these results
gave the corresponding base pressure-force component. In a similar way the contribution of the
- pressure within the narrow annulus between the sting and the shroud was found. Another and
less direct component arose from the pressures on the downstream end of the sting, which effec-
tively.'act on the cone base over the junction of this and the sting. Finally an allowance was
made for the turbulent skin-friction force over the curved surfaces of the cones, and this was
assumed to contribute 0-0030 to the total chordwise force coefficient.

After corrections have been applied for these effects, the residual coefficient is directly com-
parable with Cxs found using equation (1).

All balance tests were made with a fixed transition position near the leadlng edge*.

' 2.3.3. Flow observations.—The pressure- plottmg and balance tests were supplemented by
schlieren and shadowgraph photographs of the flow around the model; surface-film studies were
also made to show the boundary-layer transition and separation.

3. Pressure, Distribution and Surface-Flow Results.—3.1. Spanwise Pressure Distributions at
Zero Incidence (Cones C2 and C4).—Simple conical flow theory suggests that for the elliptic cone
models the distribution of pressure in the spanwise direction is similar at all chordwise positions
if the distribution is plotted in terms of a fraction of the local semi-span %. Since the present
terms were made at zero yaw, only one half of the span need be considered, the experimental
points from both sides being superimposed.

In considering the pressure distribution at zero incidence, it is convenient to expand the region
near the leading edge of the cone by plotting C, against a parameter & equal to cos™ 5. The
results for the two pressure-plotting cones are shown in Figs. 4a and 4b.

The scatter of the experimental points in the neighbourhood of the leading edge cannot be
considered as excessive having regard to the very open scale of 4 in this region. On the centre-
line and at #. = 0-4, there is a progressive decrease in C, towards the bases of the models,
indicating that the flow is not truly conical. -This effect per51sts at incidence and is discussed
further in section 3.2 below.

* Without transition bands on the model, there were, at low incidences, occasional changes in the chordwise force
measured on the balance, which were attributed to alterations in the extent of the laminar flow reaching the trailing
edge. All balance tests were therefore made with transition occurring near the leading edge. It is considered (see
section 3.5.2) that in these tests the flow pattern at high incidence is not greatly affected by the actual boundary—layer
state near the leading edge. .
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The experimental results can be compared with several theoretical predictions of the pressure
distribution, all of which assume a conical type of flow. The earliest theory was developed by
Squire?, who in 1947 used a special set of co-ordinates to obtain a solution of the linearised
supersonic-flow equation. He showed that to the first approximation the pressure was constant
across the span. It was realised by Squire at that time that the solution must fail near the
leading edge, and in 1951, Hurley® improved upon Squire’s solution by inserting a pair of line
sources, each passing through one set of the foci of the elliptic cross-sections. The necessary
surface conditions were satisfied at the cone centre-line, and at the leading edge. The resulting
surface shape is nearly that of an ellipse, being somewhat sharper very close to the leading edge.

An alternative approach is to regard the elliptic cone as a more general case of a circular cone.
Thus Ward’s slender-body theory* can be extended, as Fraenkel® has done, to slender bodies of
elliptic cross-section. The spanwise pressure distribution for elliptic cones is then obtainable
in a particularly simple form. A similar method giving identical results® is due to Kahane and
Solarski’.

. The more complex second-order theory has been worked out by Van Dyke®. In its simplest
form this adds to the slender-body equation for the spanwise pressure distribution a single
second-order term, yielding what Adams and Sears®® have called the ’not-so-slender-body
theory; a more complete analysis, includes further second-order terms*.

If the flow field near the body apex is known, the pressure distribution on slender bodies
without axial symmetry can be obtained by using Ferri’s linearised characteristics method®.
A development of this method' can be applied to elliptic cones, the linearised flow solution for
these shapes being superimposed upon the known, non-linear solution for a circular cone. This
technique (which has the advantage of dealing with the effects of cone incidence) is most suitable
for elliptic cones of a roundish cross-section rather than the wing-like cones of the present investi-
gation. For this reason, and the fact that the method of Ref. 10 is not simple in application, no
comparison has been made between the experimental results and this theoretical solution in the
present paper.

Another method too complex for simple comparison with the experimental data was developed
by Maslen' in 1948. - The required elliptic boundary is obtained by a suitable internal distribution
of sources and sinks, but for an elongated ellipse, the requisite number of sources and sinks is
large and the method becomes tedious. A comparison of Maslen’s method with some experi-
mental pressure distributions obtained on an elliptic conet at M. .= 1-89 is given in Ref. 12.

In contrast with all these theories is one due to Van Dyke'. This corrects the results of thin-
wing theory near round leading edges at which the normal component of the free-stream Mach
number is subsonic, and is thus directly applicable to the elliptic cones. A correction, which
varies with spanwise position, to Squire’s original results can be found quite simply by this
method.

The comparlson between theory and experiment of the spanwise pressure distribution at zero
incidence for cones C2 and C4 is given in Figs. 4a and 4b. The slender-body theory predicts
- pressures which are everywhere too low on both cones and far better agreement is obtained by
using the not-so-slender-body theory. Van Dyke’s second-order theory (omitting triple products)
represents a further stage of refinement, but for the thinner cone, the agreement with experiment
is less good than for the not-so- slender—bodv theory.

The theory developed by Hurley is most satisfactory when applied to the thinner cone, but
even for the other pressure-plotting modelf, the discrepancy between this theory and experlment
is not large. ~ The irregular shape of the theoretical curve close to the leading edge would seem
to be inherent in the type of approach used by Hurley. :

* When this report was written, only the second-order solution, omitting the triple products, was available for
‘comparison with experiment. The inclusion of these terms improves the agreement between theory and experiment
somewhat (see Ref. 8).

1 For this cone, 8~37deg,1_021and,u—3 , .

T Ref. 3 does not contain the solution for an elliptic cone with + = 0-2; the results used in Fig. 4b were calculated
by Mr. W. E. A. Acum. . '
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- Van Dyke’s edge-correction method is a simple modification of Squire’s linearised solution,
the magnitude of the correction becoming greater as the leading edge is approached; con51der1ng
the approximate nature ‘of the method the theoretical curve is remarkably close to the experi-
mental points.

It is interesting to note that the dlfferences between these various theoretical solutions are
relatively small and for the thicker cone at least are comparable with the expenmental scatter.
In general the agreement between theory and experiment is good.

3.2. Spanwise Pressure Distributions at Incidence (Cones’CZ and C4).—As was explained i
2.3.1. above, well-defined spanwise pressure-distribution curves can be obtained by combining

the results for the negative and positive values of a given incidence. These curves are presented
in Figs. 5a and 5b. :

For comparison with theory it is more convenient to consider the increment of pressure
coefficient AC,, caused by the incidence. This increment is well known'* for a triangular flat plate
and this can be regarded as the solution appropriate to an infinitely thin.elliptic cone (r = 0).
Alternatively, Taylor'® has considered the cross-flow about a slender elliptic cone and has derived
an expression for the spanwise distribution of AC,, which includes the effect of changing values
of 7, for a given plan-form. '

The experimental pressure-coefficient increments for typical incidences of 2-0 deg, 5-1 deg,
and 10-2 deg are shown in Figs. 6a to 6¢c, together with some theoretical curves. At the lowest -
incidence, the flat-plate solution agrees well with the experimental distribution except close to
the leading edge, where the finite-edge radius of the cones becomes important. Taylor’s solution,
whilst giving finite values of 4C,, in this region over-estimates their magnitude; for the remainder
of the semi-span, the predicted pressure increment is also too large. This should be expected,
however, since the Taylor theory gives a lift-curve slope equal to the slender-body or small
. aspect- _ratio value, which is considerably higher than that predicted by flat-plate theory. The
ratio between these two slopes is a factor 1 /E where E is a complete elliptic integral of the
second kind, dependant!® on ¢ and M; for ¢ = 60 deg and M = 1-41, E = 1-26. If the results
given by Tay]or s theory are divided by E, thus giving very nearly the experimental lift*, the
modified curve of 4C,, for cone C4 at « = 5 1 deg is in closer agreement with experiment over .
most of the surface than the flat-plate theory (Fig. 6b). At the highest incidence shown (10-2
deg), the experimental results indicate that the low-pressure region has begun to spread inboard
from the leading edge, and a pronounced pressure recovery takes place at about » = 0-7. Asis
shown below, this represents a departure from the conditions assumed by potential theory and as
a result neither of the theories can describe satisfactorily the upper-surface pressure-distribution.
On the lower surface, where the increase in incidence has occasioned no unexpected change in
the flow pattern, the modified theory of Taylor’s agrees remarkably well for both cones.

The decrease in surface pressure, from vertex to base, along the lines represented by # = 0 and

= (-4, already noted at zero incidence, exists at incidence also; the effect is shown graphically

in Figs. 7a and 7b. Though the precise value of the mean pressure gradient is uncertain due to -

the experimental scatter, it would appear to be largely independent of incidence for both cones,

and for the thinner cone, to be similar in magnitude for both values of . With the other pressure-

plotting cone, the pressure gradient decreases-away from the centre-line and at this position is

about double the corresponding value for the thinner cone. Because of this pressure-gradient

effect, the curves shown in Figs. 5a and 5b have been drawn for conditions at one-half of the
centreline chord.

It is perhaps necessary to point out that there is no pressure gradient in the empty tunnel in
this region, and it seems likely that the effect is real, particularly as its magnitude increases with
model thickness.

Owing to the intense spanwise pressure gradient near the leading edge, the existence of similar
pressure changes along lines of constant # cannot easily be investigated. What evidence there is

* There would seem to be little theoretical justification for this procedure,
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(for example from the holes at = 0- 985) suggests that the effect, if it exists, is smaller than the
experimental scatter. '

If the pressure coefficient on the centre-line at 0-58¢ is plotted against incidence (as in Fig. 8),
the variation is seen to be dissimilar for the two surfaces. The lower surface curve is similar
-in shape to that for a family of circular cones of semi-vertex angle equal to that between the
elliptic cone surface at # = 0 and the free-stream direction at each incidence. On the upper
surface up to about 7 deg incidence there is a similarity between the experimental decrease in
pressure with incidence and that predicted theoretically for a flat-plate wing of. the same plan-
form. '

3.3. Surface Shock Waves.—For small values of incidence, the pressure minimum on the upper
surface progressively decreases; the rate at which the decrease occurs is reduced at the higher
incidences until finally, the pressure near the leading edge becomes insensitive to further changes
in incidence (Fig. 9), which produce instead an inward spread of the low-pressure region (Figs. 5a
and 5b). The marked similarity between the development of the spanwise pressure distribution
with incidence for the elliptic cones, and the change with incidence.of the-chordwise pressure
distribution on a two-dimensional aerofoil at subsonic speeds'?, suggests that the rapid pressure
recovery obtained inboard of the leading edges at high incidences on the cones may be due to a
transonic-type shock wave positioned at a constant value of #, and lylng normal to the cone
surface.

The existence of surface shock waves has been demonstrated conclusively by Love and
Grigsby", using an elegant optical technique. If the swept leading edge is regarded as part of an
infinite swept wing, then the shock waves may be considered as arising from the subsonic com-
ponent of the free-stream velocity normal to the leading edge. The cross-section of the cone
normal to the leading edge is an ellipse, and hence it might be expected that shock waves would
appear on the cone surface soon after critical conditions are reached for a two-dimensional
elliptic cylinder of the appropriate thickness 0-7457 and incidence 2« in a stream of Mach number
0-705. The critical value of « may be calculated using Ref. 18, but is much lower than that
found experimentally for both the pressure-plotting cases (C2 and C4.) This suggests that a
two-dimensional analogy of this kind is-unsatisfactory, and it is probably more realistic to regard
the surface shock waves as disturbances originating from the cone apex and propagating along
the cone surface at approximately the Mach angle of the local surface Mach number. The shock
waves turn the flow (which is inclined a little towards the cone centre-line as a result of the
acceleration in the leading-edge region) back in the direction of the main-stream flow, a process
which is continued isentropically to the rear of the surface shock waves.

Since the flow field around the cones is nearly conical, the surface shock waves should lie near
the leading edge at a constant value of #, and hence will not be visible in schlieren photographs of
the conventional type where the light beam passes through the tunnel normal to the stream
direction. They can be seen however if the light beam is made to pass through the tunnel at
angle ¢ to the stream direction so that it is approximately along the shock front (Fig. 10).
Oblique-beam photographs of schlieren and shadowgraph' type were obtained for a range of
incidence on both pressure-plotting cones; small surface shock waves were first observed at
incidences of 7-1 deg and 4-1 deg for cones C4 and C2 respectively.

With increase in incidence, the shock waves grow and move inboard, as shown in Figs. 11la
and 11b, and the flow later separates from the model surface. At the hlgher incidences multiple
shocks appear in the photographs. These arise from the fact that the shock waves lying in the
somewhat irregular flow above the separated layer are probably curved and no longer follow a
line of constant # (see Ref. 39 for an analogous condition on a two-dimensional aerofoil). In
addition, for the constant beam inclination ¢ used in Fig. 11 the apparent separation increases as
the shock front moves inboard*. The light beam also traverses part of the model wake and this

* The curved shock waves hecome visible as apparently discrete waves when the hght beam is nearly tangential to
the local shock front. . :
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obscures some of the details of the flow; in addition, some definition is lost due to scattering from
the glass side walls of the tunnel. By taking photographs at slightly different values of ¢, and
making certain assumptions, an approximate estimate of the mean spanwise position of the shock
waves can be made, though the accuracy is not very great at the highest incidences.

One check on the shock position is possible, however, at an incidence of 10-0 deg. For this
incidence, schlieren photographs were taken with the model mounted upon a cranked sting and
rotated through 90 deg, so that its plan-form was normal to the light beam. The surface shock
waves show up as thin lines in the wake behind the model and intersect the base at = 0-88 and
n = 0-79 for the cones C2 and C4. Corresponding values for the shock position deduced.from
the oblique-beam photographs were 0-89 and 0-82, indicating reasonable agreement.

In Fig. 12, the spanwise shock position is plotted against incidence, together with a diagram-
matic representation of the changes in the spanwise pressure distribution. At low incidences,
just after the formation of the shock wave, the peak suction occurs just outboard of the shock
wave (as for a two-dimensional aerofoil). For the thinner cone (C2) the shock remains approxi-
mately at the rear end of the constant-pressure region at the higher incidences, the main rapid
recompression occurring well inboard of the shock front. The shock wave is similarly outboard
of the rapid compression region for the other cone. '

The inaccuracies in determining the location of the shock wave are insufficient to account for
the discrepancy between the shock position and the main recompression, and it seems probable
that the surface shock waves are not directly responsible for the pressure increase.

3.4. Separation Vortices.—The existence of vortices lying just above the upper surface of delta
wings at incidence is now well-known at low speeds’*~®. These vortices are fed by the flow
separating near the swept leading edge of the wing and are generally situated at an approximately
constant value of . Ornberg® has shown that they also exist at supersonic-flow velocities and
that there is a marked similarity between the surface flow in such cases and that obtained at
low speeds. The theoretical effect of the separation vortices on the wing characteristics has been
discussed by Brown and Michael?®, Adams?®* and Kiichemann®. :

Vortices, formed in a similar manner from the separating cross-flow, also occur with bodies of
revolution when these are at incidence in subsonic and supersonic streams® *.  Since the elliptic
cone is a form intermediate between the delta wing and the body of revolution, separation vortices
are likely to occur on the present models.

To detect their presence, a technique similar to that developed by Ornberg was used.
A mixture of thick oil, titanium oxide and oleic acid* was rolled onto the model surface to form
an even film, which then flowed under the action of the air forces. The mixture tended to
accumulate and move slowly rearward in regions of separated flow and to be removed rapidly
from places where the local velocity is high. On the two cones tested in this way (C2 and C4),
the oil accumulated at the higher incidences in a band situated at a constant value of  some
distance inboard of the leading edge, which is fed from the immediate leading-edge region as a
result of the pressure gradient there, and on its inboard edge by oil transferred outwards by the
rotation of the separation vortex lying above the surface. The oil accumulation thus represents
a region of separated flow, the directions of the separating flow being opposed at the inboard and
outboard edges of the band. The former edge was always well-defined, but the latter tended to be
rather diffuse. ,

The scoured region inboard of the accumulated oil is a trace of the separation vortex lying
- somewhere above it. Within the region, the cone surface was covered with fine sinuous lines of
oil, inclined in the centre of the trace at about 45 deg to the free-stream direction; these-are
presumably the streamlines of the surface flow. The actual position of the vortex in relation to
its surface trace is not known, but if a criterion often employed for low-speed tests is used (namely,

* The titanium oxide, being white, assists-in ill\llst;ating the motion of the surface fluid; the oleic acids act as a
decoagulant and is only used in small quantities. i

N\
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that the vortex is immediately above the point-of inflection of the surface streamlines as indicated
by the oil), then the vortex would seem to be directly above the centre of the trace.

From shadow photographs similar to those shown in Fig. 11b, flow separation appears to occur
near the leading edge at incidences of about 7 deg and 10 deg for the two pressure-plotting cones.
These values are in approximate agreement with the lowest incidences at which an accumulation

“of oil, and inboard of this a scoured region, were observed (6-1 deg and 10-2 deg for cones C2
and C4 respectively), though the boundaries of the trace itself were very diffuse. Itis doubtful
in fact whether a true vortex had formed from the separating flow in these cases. These incidences
also correspond approximately to the beginning of the inboard spread of the low-pressure region
(Figs. 5a and 5b) and the limitation of the peak suction achieved on the upper surface (Fig. 9).

As the incidence is increased, the vortex trace decreases in width and becomes more marked,
whilst the region of accumulated oil is more clearly defined at the inboard edge. The stopping
process of the tunnel often tended to obscure the surface pattern and hence photographs of the
vortex traces were taken whilst the tunnel was running. Typical examples of these are shown in
Fig. 138. From such photographs and visual observations the approximate width of the trace
~ was found and this is plotted, together with the extent of the separation region in Fig. 12. The
~ vortex trace (and hence presumably the vortex) lies just inboard of the rapid recompression zone
observed in the spanwise pressure distribution, which must arise from the action of the pair of
symmetrically-disposed vortices in accelerating the air between them towards the cone surface,
thus creating a quasi-stagnation effect. A similar distribution of pressure in the region of the
separation vortices has been noted in tests on bodies of revolution at supersonic speeds and on
triangular wings at low speeds. In the latter case, a local suction peak is induced on the wing
surface immediately underneath the vortex, which usually lie therefore outboard of the pressure
recovery region, and not inboard, as seems to be the case for the present tests.

Like the surface shock waves, the separation vortices persist in the model wake and hence
showed up as faint diffuse bands in the schlieren photographs taken at « = 10 deg with the
models rotated so that the plan-form was normal to the light beam.

The flow pattern in the cross-flow plane (to which must be added the velocity component
along lines of constant # if the true flow is to be obtained) may be similar to that sketched in
Fig. 14, but more work is required to confirm this. Ornberg®, for example, has suggested for
low-stream speeds, a more complex pattern involving a pair of subsidiary vortices.

The effect of changes in leading-edge sweep on the surface oil pattern at a fixed incidence of
10 deg was investigated on the rotated models mentioned above, the incidence gear now being
used to apply yaws of up to 15 deg. Some photographs of the resulting flow patterns are shown
in Fig. 15. If the two leading edges can be regarded as independent, then the well-marked trace
and separation region for a 75 deg swept leading edge (15 deg yaw) corresponds to the flow over
cone C5 (where ¢ = 30 deg) at 10 deg incidence. The opposite edge is swept at 45 deg and thus
is representive of cone C6. In this case the separation region has moved inboard, the flow
remaining attached to the surface back to about # = 0-85. A surface shock wave may exist at
this position and may be responsible for inducing the flow separation.

The results shown in Fig. 15 suggest that as the leading-edge sweep increases, the incidence .
at which separation vortices appear decreases. This effect has been noted before in low-speed
tests®.

3.5. Boundary-Layer Transition and Reynolds-Number Effects—3.5.1. Zero Incidence.—
At zero incidence and without transition bands, sublimation tests using hexachlorethane* as an
indicator, showed that transition to fully turbulent flow occurred on cones C2 and C4 some
distance behind the leading edge. As can be seen in Fig. 16, numerous wedges of turbulent flow
originating from the leading-edge region were usually present and the position of the transition
front fvas extremely sensitive to both surface conditions on the models and the air-flow in the
tunnel. « :
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For the thinner cone (C2) only, the region between the tully developed turbulent flow. and a
position just inboard of the leading edge was filled with traces of boundary-layer vortices, arising
from the three-dimensional instability of the laminar flow around the swept leading edge. These
traces, shown in Fig. 16, were parallel to the stream and spaced approximately uniformly along
the leading edge at about 70 to the inch. It is apparent that the critical conditions for causing
this type of boundary instability at the Mach and Reynolds numbers of the present tests lie
somewhere between those provided by the two pressure-plotting cones*. Unfortunately no
sublimation tests were made on the cone having an intermediate value of the thickness parameter.

3.5.2. At incrdence.—At small incidences the transition pattern is little different from that
observed at « = 0 deg. Above about 3 deg incidence, the transition front moved forward
progressively with increase in cone incidence. On the upper surface this is probably due to the
unfavourable pressure gradient present inboard of the suction peak (see Fig. 5), whilst on the
lower surface the three-dimensional instability of the laminar boundary layer is aggravated by
incidence®. At higher incidences, when surface shock waves are present on the upper surface,
‘the transition front seems to be at the shock position but the nearness of this to the leading edge
before flow separation occurs makes the sublimation pattern difficult to interpret. This problem
is even more acute when the flow finally leaves the model surface not far from the leading edge. -

A transition band placed near the leading edge of ‘pressure-plotting cones would unfortunately
interfere with the numerous pressure holes in that region and hence the pressure distributions
were measured with the transition taking place at its natural position. A few check measure-
ments were made (with .a restricted number of holes) for some incidences on both cones with a
leading-edge transition band in position. No significant change in the surface pressures was
found, however. It was concluded from this that the state of the boundary-layer immediately
upstream of the flow separation or shock-wave system did not seriously affect the overall flow
pattern and the forces on the model. S

This view was strengthened by the good agreement obtained between the lift and drag deduced
from balance readings and pressure distributions on cone C4 (see section 4 below) and from tests
made at an incidence of 10-2 deg at Reynolds numbers greater than those of the bulk of the
tests. Because the turbulence in the tunnel tends to increase with tunnel total pressure (and
hence test Reynolds number for a given model), it is probable that the pressure distributions
shown in Figs. 17a and 17b were obtained with a turbulent boundary layer starting at the leading
edge. The results shown in Fig. 17 are somewhat complicated by the increased sting deflection
as the tunnel total pressure is increased, but in general change in the shape of the pressure distri-
bution is small. There would seem to be an increase with Reynolds number in the magnitude of
the pressure rise caused by the separation vortex (an effect noted elsewhere), but the position of
the rise is not altered appreciably.

4. Force and Centre-of-Pressure Measuvements—4.1. Lift.—The lift curve for cone C4
derived from integrating the surface pressure distribution was in good agreement with that
determined from strain-gauge-balance measurements (Fig. 18a), thus indicating the reliability
of the two methods. :

For the family of cones with vortex angles of 80 deg, the lift curves are approximately linear
(Fig. 19a). There is a small thickness effect on the slope of the curves, that of the thinnest cone
(v = 0-05) being in almost exact agreement with linearised flat-plate theory. For comparison,
the small aspect-ratio (or slender-body) curve is included in this Figure. =

A similar set of curves for the cone family with constant thickness (r = 0-10) is presented in
Fig. 19b. Cone C6 (¢ = 90 deg) has a leading edge which is almost sonic at the Mach number of
the present tests, and, as in other experiments on triangular wings with similar leading-edge
conditions, the lift-curve slope is rather less than that predicted by theory. ‘ :

* Ref. 27 includes an equation suitable for determining the critical conditions on a swept wing at low speeds; this is
not suitable for applying to elliptic cones. :
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The curve for the cone having a 830 deg vertex angle, unlike the others, is markedly non-linear.
Up to about 7 deg incidence, the experimental results agree closely with the flat-plate theory
(but not the small aspect-ratio theory which is some 7 per cent greater in slope), but thereafter the
lift increases with incidence at a greater rate. This non-linearity is due to the separation vortices
shed from the upper surface, a similar effect having been noted for bodies of revolution®. A simple
cross-flow approximation to allow for the non-linear lift characteristics of small aspect-ratio wings
- has been given by Flax and Lawrence®, who suggest the following equation: -

=

do )lineartheory * + CDC 062 ’ o o o o (2)
where Cp, is the drag coefficient of a two-dimensional cylinder of the appropriate cross-section
~ when this is placed normal to an oncoming stream at a Mach number M sin «. For an approxi-
mate value of Cj, for elliptic cylinders, the low-speed* drag coefficients given by Delany and
Sorenson® may be used; Cj,is about 1-7 for cone C5. The substitution of this value in equation
(2) leads to a non—lineayr effect somewhat larger than that found experimentally.

- Legendre® has given an approximate theoretical treatment for the effect of separation vortices
on the lift of slender delta wings having sharp leading edges. This theory was improved by
Adams?*, who also calculated the lift by a different method based on the work of Munk®. Both
theories predict an increase in lift above the small aspect-ratio value proportional to «°/% the
coefficient of this term being different in the two cases. More recently, Kiichemann® has evolved
a lifting-surface theory for wings with sharp leading edges which gives a non-linear term pro-
portional to «*”.

The leading edge of the cone C5 is not sharp and hence the theoretical predictions of Adams .
and" Kiichemann would not be expected to. be in.agreement with experiment (Fig. 19¢). For
round leading edges, Kiichemann suggests that the value of « in the non-linear term should be
measured not from zero-lift conditions but from the onset of flow separation and the formation
of vortices. The drag results suggest that some flow separation (perhaps only locally) takes
place at a very small incidence. The lift curve, on the other hand, departs from linear theory
at about 5 deg incidence. If the latter valueis used as an indication of the formation of separation
vortices and used in the way suggested by Kiichemann, a curve in reasonable agreement with
eXperlment 1s obtained.

It is perhaps of interest to note that the expenmental points differ from linear theory at the
: hlgher incidences by an amount which is proportional to about «*®. If the non-linear contribution

is considered to be proportional to incidences measured above 5 deg, then the non-linear term
varies like (@ — 5)*°.

- The accuracy of the theoretical prediction of the non-linear lift curve must depend, in the end,
on the closeness of the mathematical flow model to that actually present on the wing (this point
is discussed in Refs. 23, 24 and 38). On these grounds, Kiichemann’s method of approach would
seem to be preferable. :

~ The lift results for all six cones are given in Table 2.

4.2. Drag.—In Fig. 18b, a comparison is made between the pressure drag of the curved
surfaces of the cone C4, as found by integrating the experimental pressure distribution, or deduced
from the balance readings. The agreement between the two sets of points is remarkably good in
view of the difficulties inherent in both methods.

The zero-lift values of Cp¢ for the two cone families are plotted in Figs. 20a and 20b. For the
cones having a 60 deg vertex angle, Cpg0 1s proportional to ¢* and some 25 per cent greater than
that predicted by slender-body theory®. This difference would be expected, as the theoretical

* For o« = 15 deg, M = 1-41, the value of the cross-flow Mach number (M sin «) is 0-365, which is sufficiently small
to justify the use of low-speed data. '
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values of C, for the cone surface are smaller than those found experimentally (Figs. 4a and 4b).
For the family 4b with constant-thickness parameter, Cpg, is rather unexpectedly proportional
to e.

These zero-lift drag coefficients can be expressed as a fraction of the theoretical drag® of a
semi-infinite circular cone having the same base area (Fig. 21). This ratio is less than unity for
all the cones tested but it approaches this value as ¢ decreases. S

At incidence, it is convenient to consider the increment in the pressure-drag coefficient (4C )
from the zero-lift condition. This increment will therefore be the streamwise component of the
additional resultant force coefficient caused by the application of incidence. If this force acts
normal to the stream direction, the drag due to lift will be zero; if it acts normal to the chordline,
the increment is then Cy sin «, or Cp5 tan «. Curves of 4C, against C;5 tan « are plotted in
Figs. 22a and 22b, for the two cone families. Also shown are the curves for the condition where
the resultant force due to lift is normal to the chord (i.e., no ' leading-edge suction '), and the
drag increment obtained when the full ' leading-edge suction " predicted by linear theory* for a
flat-plate triangular wing is developed. :

For the cone family having a constant value of 7, the experimental curves lie close together at
small incidences with a slope approximately equal to that obtained with the full theoretical
suction. At higher incidences, there is a change in slope, the curves now becoming nearly parallel
to the ' no leading-edge suction ’ line. '

By plotting these results on a larger scale it is possible to represent the curve for each cone
satisfactorily by two straight lines, as shown diagrammatically in the upper half of Fig. 23.
The incidence at which these lines intersect («,) when plotted against thickness as in Fig. 23, is
in agreement with the values of incidence at which shock waves were first observed on the upper
surfaces of the cones. The drag curves can be analysed more carefully for the two pressure-
plotting cones by considering the variation with C;gtan « of the contribution to AC g of each
surface alone, where AC ¢ is the change in chordwise force coefficient from that observed at zero
Iift. The results for cone C4 are shown in Fig. 24. ‘

Both surfaces are now seen to have curves to which a simple two-line representation is a
reasonable approximation, «, being about 6-0 deg and 7-6 deg for the lower and upper surfaces
respectively (the mean value found from the drag-increment curve was 7-3 deg). The change in
slope of the upper-surface curve would seem to be caused by a slowing down of the rate at which
the peak suction increasing with « (see Fig. 9), which first takes place when the surface shock
waves form (about 7 deg incidence). With the loss of the appropriate low pressure néar the
leading edge, the chordwise force on the surface decreases at a less rapid rate, till by 10 deg, the
peak surface suction has been limited and the only decrease in chordwise force can come from the
inboard spread of the low-pressure region. Low pressures at stations inboard from the leading
edge are less effective however in reducing 4C ¢ as the incidence is increased, because of the
consequent increase of 6 in equation (1) on page 3. Briefly then, the transition region in the
slope of ACxscurve for the upper surface corresponds to a change in the spanwise pressure
distribution from the low-incidence type (having a peak suction near the leading edge) to the
high-incidence type (with a large constant-pressure region spreading inboard from the leading
edge). _ '

The failure of the upper-surface flow to maintain the rate of decrease of chordwise force for
that surface is offset to a considerable extent by a similar (though opposite) change in slope of the
lower-surface curve shown in Fig. 24, caused in this.case by an inboard spread of a high-pressure
region, originally limited to the leading-edge region, with incidence. As is shown in Fig. 6¢, the
development of the lower-surface pressure distribution with incidence is closely in accordance
with the predictions of a modified slender-body theory and it therefore seems reasonable to
suppose that the shape of the lower-surface curve shown in Fig. 24 is independent of the non--
potential. flow phenomena which occur at higher incidences on the upper surfaces*.

* This implies that either the drag due to lift is reduced at the higher incidences because of the lower-surface pressure
changes, or that there is a compensating change on the (potential) upper-surface pressure distribution to maintain a
constant slope in the AC ,5vs. C; ¢ tan o curve, : '

12



- The sum of the chordwise force increment contributions from the two surfaces is the change
in C g from its zero-lift value. This is also shown in Fig. 24. At the higher incidences, 4Cxs
reduces very slowly, indicating that its capacity to modify the Cy sin « term in the drag equation
is small. ‘ .

In the other cone family, the model having a vertex angle of 90 deg has a curve with a slope
appreciably lower than 45 deg (Fig. 22b), despite the fact that with an almost-sonic leading edge,
there should be little theoretical reduction due to leading-edge suctions. Moreover, surface shock
waves should be present at all incidences with a consequent increase in drag.

The slender cone (C5) should, however, benefit from its highly swept leading edges in the rate
at which its drag increases with lift. The experimental results suggest that the theoretical
reduction in drag is not attained even at very small incidences, the drag-coefficient increment
being almost exactly equal to Cys tan «. This may be due to local flow separations present near
the leading edges at low incidences, which limit the peak suctions attained on the upper surface.
As the incidence is further increased, these separation bubbles develop into separation vortices
with a resultant non-linear lift curve.

For a slender body at small incidence, the drag-coefficient increment caused by the lift is
approximately 3C;e, or half the 'no leading-edge suction’ value*. The difference between this
line and that obtained experimentally for cone C5 illustrates the magnitude of the drag increase
caused by the separation phenomena.

~ The drag results for the six models are tabulated.

4.3. Centre-of-Pressure Position.—Together with C,¢ and Cpg, the centre-of-pressure positions
for the models are tabulated in Table 2, where they are given as a fraction f of the cone centre-
line chord downstream from the theoretical position'* at two-thirds of this chord. For all cones
tested on the balance, fis less than 0-01, which suggests that the theoretical assumption of conical
flow is obtained in the experiment. There is a small thickness effect for the family with
¢ = 60 deg, the centre-of-pressure tending to move forwards with increase in thickness (Fig. 25a),
but this change is of the same order as the possible experimental error, and should be regarded
with some caution. ‘

5. The Inclination of the Cone-Vertex Shock—The inclination o between the free-stream
direction and the cone-like disturbance originating from the model vortex can easily be found in
the plane containing the minor axes of the elliptic cross-sections ¢’ from schlieren photographs
taken with the light beam normal to that plane. Results for the two families are shown in Fig. 26;
for clarity the experimental points have been omitted. ’

On the upper surface, ¢’ reaches a minimum for all cones except C6 at about the incidence at
which the cone surface on the centre-line becomes parallel to the stream. The curve for the lower
surface has a similar shape for most cones, with a point of inflection at a moderate incidence.
Only with cone C5 (¢ = 30 deg) is the curve different in shape, the values of ¢’ varying only
slowly with .

In Fig. 27a, the shock inclination at zero incidence is plotted against = and ¢. In the plane of
the minor axes, the measured values agree well with those predicted theoretically for circular
cones of the same base area. The value of ¢ in the plane of the major axes of the elliptic cross-
sections can be estimated approximately from schlieren photographs by means of the nearly
hyperbolic intersection of the disturbance with the tunnel window (this method is only strictly
applicable when the disturbance in the plane is truly conical, but the error is probably not large
within the incidence range of the present tests). '

The value of ¢ in the minor-axes plane is smaller than that in the major-axes plane when
the models are at zero incidence, though this difference is small except for the cone with
¢ = 90deg. As a result, the shock profiles around the models are almost circular in shape.
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In the case of the 90 deg cone, the leading edge is almost sonic and the shock is probably highly
curved close to the leading edge®®. : ‘

‘The shock inclination in the major-axes plane could be measured directly only in the tests
made on the cranked sting at 10-deg incidence. The variation of o around the model at this
incidence is probably similar to that shown in Fig. 27b. There is some distortion from the truly
circular form and from the zero incidence profile.

6. Base Pressures.—As was mentioned in section 2.3.2, the distribution of pressure over the
bases of all cones except C2 was determined to allow for the contribution of this region to the total
chordwise force measured by the balance. The transition bands near the leading edges of the
model, used during the balance tests to ensure a forward transition position, particularly at low
incidences, were retained during the measurement of the base pressures. -

The variation of base pressure in a direction parallel to the minor axis of the base ellipse was
small for all the models tested and was therefore neglected. The spanwise distribution for cone C4
at different incidences is shown in Fig. 28a. The supporting sting and balance shroud extend
to about # = 0-2 for this particular model, but their influence seems to be felt well outboard of
this position. The broken curves represent the mean of the pressures on the exposed base above
and below the shroud. The actual difference in pressure was small, except at the highest
incidences.

There is a characteristic minimum in the ratio of the base pressure to the free-stream static
pressure 4 which occurs at about # = 0-8, and which is more pronounced at incidence. A similar
minimum was observed by Chapman, Wimbrow and Kester® near the tip of a rectangular wing
of single-wedge section at # = 1-50*, and has also been reported in other N.A.C.A. tests.

‘The measurements made on cone C4 and shown in Fig. 28a only just extend into the incidence
range in which separation vortex traces were observed (« > 10deg). The extent of the rapid
recompression region on the curved surfaces of the cone (see Fig. 5b) is denoted by the line A
in Fig. 28a, and the width of the vortex trace by B. Together the zones A and B occupy the
region of increasing base pressure. It was noticed that in the few cases where a comparison of
this type could be made, the spanwise position of the vortex trace was near the outboard end of
the region of approximately constant base pressure.

The base-pressure distribution curves at zero incidence for the five cones are plotted in Fig. 28b.
From this, the mean base pressure (with respect to %) can be found for the region between
7 =0-3 and 0-9 (v.c., neglecting the effects of the support, and the extreme tip, where the curve
is not defined clearly). These mean values of 4 are plotted in Fig. 28c in terms of the ratio of the
minor axis of the base ellipse to the major axis 1/u. For the cone family of constant plan-form,
the points fall on a curve which can be regarded as of a satisfactory form to connect the appropriate
base-pressure ratios of a two-dimensional model and a body of revolition®~3%. The results for
the other cone family show a smaller decrease in the mean value of 2 as the base ellipse approaches
a circle. Thisis consistent with the arguments of Ref. 33, which imply that for a given value of 4,
an increase in vertex angle should give a mean base pressure which is nearer the two-dimensional
value. :

The results so far discussed were obtained on models whose bases were flat. The effect of a
cavity in the base of cone C3 is shown in Fig. 28d. This cavity was about the local base thickness
in depth around the sting junction, but decreased in depth towards the tips of the model. It had
a considerable effect in reducing the variation of base pressure both with spanwise position and
incidence, presumably by increasing the volume of the dead-air region. The complete drag of the
cone (z.e., including the base drag) was increased by about 4 per cent at zero incidence but was

* Ref. 32 associated this local region of low pressure with the shedding of tip vortices from the wing even at zero lift.
No such vortices were detected in the present tests, however, though some aperiodic eddies causing a lower mean
pressure near the tip might be present. Alternatively the low-pressure region may be associated with the reduction in
the effective Reynolds number of the flow over the base as the tip is approached (see Ref. 33).
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reduced at « = 3-6deg. A cavity base might prove useful in other tests similar to those
described in the present report, by reducing the extent of the traverses required to determine
the base pressure dlStI'IbutIOIl

7. Concluding Remarks.—In this experiment an analysis of the forces experienced by the
model in terms of the pressure distribution over the curved surfaces of the cone was restricted
to two models of 60 deg vertex angle. The accuracy with which the surface pressure distribution
can be predicted at zero incidence is reassuring. At incidence, the position is not so satisfactory.
Because of its elegance and comparative simplicity, an extension of Van Dyke edge-correction
method® to the incidence case would be valuable. -

When surface shock waves and separation vortices are present, there is an appreciable modifica-
tion of the spanwise pressure distribution, with the vortices causing steep pressure increases.
Existing theories deal mainly with the effect of the shed vortices on the characteristics of a
model having sharp leading edge and predict a non-linear lift curve. This was only observed
with the smallest cone (C5) and a simple cross-flow representation or a modification of the theory
of Ref. 38 give theoretical lift curves in moderate agreement with that found experimentally.
For the cone family having a 60 deg vertex angle the lift curves are linear over the incidence
range of the experiment, and depart little from that predicted by flat-plate theory, even for the
thickest cone of this family.

One interesting effect of the upper-surface flow phenomena on this cone family is the alteration
in the rate at which the drag changes with lift. Surface shock waves and flow separation near
the leading edge cause a transition from a state where the full theoretical leading-edge suction
is attained to one where the chordwise force remains almost constant as the incidence is increased,
the consequent drag rise being due almost entirely to the Cy sin « component. A similar pro-
gression of events probably occurs for true delta wings. The present tests indicate the 1mportance
of leading-edge radius in determining the range of low-drag flow.

The true delta wing will exhibit a more complex flow pattern than was found for the elliptic
cones and more complete understanding of the relative importance of the separation vortices
and surface shock waves must be obtained before the aerodynamic characteritics of such wings
can be predicted with any confidence.
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LIST OF SYMBOLS

c Chord of cone on centre-line

f Centre-of-pressure position rearward of 2/3c¢
Co. Drag coefficient of elliptic cy‘ﬁnder with major axis normal to stream
Cos Pressure-drag coefficient of curved surface of cone
Cpso Pressure-drag coefficient of curved surface of cone at zero incidence
A4Cps = Cps— Cpso
Cis . Lift coefficient of curved surface of cone
Cy Normal-force coefficient
C, Pressure coefficient
4c,, Increase in C, above zero-lift value
Cxs Chordwise force coefficient of curved surface of cone
ACxs Increase in Cyg above zero-lift value
E Complete elliptic integral of the second kind (see Ref. 14)
M Mach number |
R Reynolds number, based on centre-line chord
o Cone incidence, with respect to free-stream direction
oy Incidence at which change in drag due to lift is assumed to occur
e Total vertex angle of cone, in plane of major axes of elliptic cross-sections
7 Ratio of spanwise position to local semi-span
6 Angle, measured around base ellipse from rhajor axis (see Fig. 1)
A Ratio of local base pressure to free-stream static pressure

Ratio of major axis of elliptic cross section

- § —  cos™! N
¢ ' Inclination of vertex shock to free-stream direction (¢’ in plane of minof axes of
' elliptic cross-sections)
T Ratio of minor axis of base ellipse to centre-line chord
¢ Inclination of light beam to free-stream direction in oblique optical systems
7 Angle in plane normal to stream dii*éction"méasured from cone vertex (see Fig. 27b)
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TABLE 2

Lift, Drag, and Centre-of-Pressure Positions for Elliptic Cones

(@) Cone Cl (e = 60 deg, = = 0-05): Balance Readings

Centre-of-pressure
position, rear of
o Cpp o Cy, 2/3 centre-line
(deg) (deg) chord position
(f)
0 0-0042 0 0 —
2.2 0-0082 1-4 0:075 0-0080
4.6 0-0206 2-8 0-146 0-0072
7-1 0-0416 4-9 0-216 0-0068
5-5 0-277 00066
7-0 0-356 0-0058
8-5 0-422 0-0038

{6) Cone C2 (¢ = 60 deg, 7 = 0-10): Pressure Integrations

o CLV 7 CDp o Cr ’ CDP
(deg) (deg)

0 0 0-0162 8-1 0-327 —
1-0 - 0-057 —_ 9. 0-456 0-0767
20 0-100 0-0178 10-2 0-489 0-0893
3-0 0-147 — 11-2 0-551 0-1103
4-1 0-202 0-2057 12-2 0-595 0-1290
5-1 0-244 0-0310 13-2 0645 0-1560
6-1 0-298 0-0414 14-3 0-695 0-1786
7-1 0-347 0-0498 15-3 0-730 —

(¢} Cone C3 (¢ = 60 deg, = = 0-15): Balance Readings

o CL Con, f o
(deg) (deg)
0 0 0-0305 — 0
1-2 0-060 0-0315 —0-0046 1-1
24 0-120 0-0330 +-0-0006 2-2
3-6 0-172 0-0360 *0-0018 33
4-8 0-219 0-0417 00006 44
6-0 0-290 0-0497 0-0020 5-5
7:2 0-347 0-0596 0-0024 66
8-4 0-406 0-0738 0-0034 77
9-6 0-466 0-0907 0-0030 8-8
10-8 0-527 0-1127 0-0018 9-9

-+0-0016 11-0
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(d) Cone C4 (¢ = 60 deg, v = 0-20):

(i) Balance Readings

o o Cp,
(deg) CL f (deg)
0 0
1-1 0-054 — 0 .0-0575
2-2 0-103 —0-0048 2-4 0-0599
3-3 0-161 —0-0030 4-8 0-0701
4-4 0-209 —0-0018 72 0-0865
"~ 55 0-251 —0-0006 9-6 0-1136
6:6 0-305 —0-0020 10-8 0-1335
7-7 0-362 —0-0014
8-8 0-410 -+0-0008-
9-9 0-465 0-0006
11-0 0-520 0-0010
12-1 0-577 0-0004
18-2. 0-618 0
+0-0018
(ii) Pressure Integrations
o oL
(deg) Ce Cop (deg) Cr Cpyp
0 0 0-0560 81 0-387 0-0946
1-0 0-056 — 9-2 0-428 0-1075
2-0 0-098 0-0581 10-2 0-488 0-1230°
3-0 0-152 0-0620 11-2 0-534 0-1393
4-1 0-194 0-0659 12-2 0-590 0-1586
51 0-241 0-0704 13-2 0-630 0-1763
6-1 0-293 0-0780 14-3 0-675 0-2009
7+1 0-330 0-0834
(¢) Cone C5 (¢ = 30 deg, 7 = 0-10): Balance Readings
24 o
(deg) Cr f (deg) Cpy
0 0 ' — 0~ 0-0086
10 0-028 —0-0022 2-1 0-0108
2:0 0-050 — 4.2 0-0161
3-0 © 0-084 +4-0-0006 6-3 0-0261
4-1 0-109 0-0012 84 0-0423
5-1 0-141 +0-0004 10-5 0-0681
6-1 0-166 —0-0006 12-6 0-0972
7:2 0-198 —0-0020 14-8 - 0-1345
8:2 0-233 0
92 0-270 +0-0010
10-3 0-310 0-0028
11-3 0-350 - 0-0040
12-3 0-381 0-0012
13-4 0-419 -+0-0036
14-4 0-444 ~—0-0020
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(f) Cone C6 (¢ = 90 deg, = = 0-10): Balance Readings

[e4 - o
(deg) Cz f (deg) Coyp

0 0 — 0 0-0238
1-3 0-091- - —0-0008 1-3 0-0242
2.6 0-173 —0-0028 - 246 0-0277
3-8 0-255 —0-0042 - 3-8 0-0335
5-1 0-334 —0-0044 5-1 0-0424
6-3 0-414 —0-0052 6-3 0-0524
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Fic. 1. Elliptic cone model.

Shroud*1 Lj—i—éting

()  Eliptic _cone family with T= 0-1.

L. 4B
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= B¢
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wer surface holes
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{a) Pressure hole positions on both pressure plotking models (e =60°)
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(b) Elliptic cross-sections of 60° verkex angle family (b) Disposition of pressure holes in terms of n
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Plan-forms and cross-sections of elliptic cones.
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a =8.1° a=9:2° a=11-2°

a=61°

F1G. 11a. Oblique schlieren photographs of surface shock waves on cone C2 (¢ = 60 deg, r = 0-1).

@ =23°

F16. 11b.  Oblique shadow photographs showing flow separation near leading edge (¢ = 23 deg).
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(@) Zero Yaw

© 158’ Yaw

Fics. 15a to 15¢c. Effect of yaw en vortex traces at incidence of 10 deg (Cone C2, ¢ = 60 deg, v = 0-1).

Instability vortices

Fully turbulent flow

a) Hexachlorethane indicator pattern b) Microphotograph of instability traces

[F1Gs. 16a and 16b. Three-dimensional boundary-layer instability at « = 0 deg on cone C4
(e =60 deg, v = 0-2).
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