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Thoughts on Conical Flow Asymmetry

L. E. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunnyvale, California 94086

A thorough analysis of experimental results obtained on slender bodies of revolution at high angles of attack
has revealed that conical flow asymmetry does indeed exist, but only for very slender cones, where the asymmet-
ric flow separation starts developing well below an angle of attack of 30 deg. When the asymmetry starts at 30-
deg or higher angles of attack, the asymmetry is not conical even for purely laminar flow conditions, but is very
similar to that occurring on cylindrical afterbodies. Furthermore, it is found that an asymmetric vortex pair can-
not develop from symmetric crossflow separation unless symmetric crossflow attachment is prevented.

Nomenclature
c =reference length, d
d =maximum diameter
L =body length
M =Mach number, M. =M, sin ot
N =normal force, coefficient Cy = N/(p..UZ2 /2)S
n =yawing moment coefficient, C, = n/(p..U..%/2)Sc
Re  =Reynolds number, usvally Re = U, d/v,.,R; =U.L/,,
S =reference area, nd%/4
U =horizontal velocity
X =axial body-fixed coordinate
Y = side force, coefficient Cy = ¥/(p..U2/2)S
o =angle of attack
o,y =angle of attack for incipient asymmetric crossflow
separation
6,  =cone half-angle
Y =kinematic viscosity
P =air density
() =body azimuth
Subscripts
AV  =asymmetric vortices
c =cone
CP  =center of pressure
s =separation
oo =freestream conditions

Introduction

T has long been recognized that asymmetric vortex shedding

can occur on bodies of revolution at high angles of attack.'’
The early concern was the interference of the shed vortices with
downstream tail surfaces. Only later was it realized that large side
forces could be generated on the body itself by asymimetric flow
separation, even at zero sideslip. Experimental results have shown
that the separation-induced side force can exceed the normal force.

The seriousness of the problem was illustrated by wind-tunnel
test results for the F-111, which showed the separation-induced
yawing moment to exceed, by an order of magnitude, the available
control capability through full rudder deflection.® The problem can
be cured by the use of nose strakes and by other types of body
reshaping that cause the flow separation to be symmetric.” There
are, however, many missiles that do not fly coordinated maneu-
vers, in which case the problem is more complex. In fact, vehicle
roll can cause the side force and yawing moment to switch sud-
denly from left to right, or vice versa.

Presented as Paper 92-0427 at the AIAA 30th Aerospace Sciences Meet-
ing, Reno, NV, Jan. 6-9, 1992; received Feb. 26, 1992; revision received
Nov. 30, 1992; accepted for publication Dec. 7, 1992. Copyright © 1992
by Lars E. Ericsson. Published by the American Institute of Aeronautics
and Astronautics, Inc., with permission.

*Retired; currently Engineering Consultant.

1563

Thus, the designer of the rolling missile must be able to predict
the effects of this flow asymmetry for his flight regime. This is no
simple task. In spite of extensive efforts, no reliable theoretical
method has been developed that can predict forces and moments
generated at zero sideslip by asymmetric flow at high angles of
attack.

The asymmetric flow on a slender conic nose has received spe-
cial attention by theoreticians because of the expected pseudoconi-
cal type of flow. The present paper examines available experimen-
tal results in regard to the presence or absence of pseudoconical
asymmetric flow on slender, pointed cones at zero sideslip.

Discussion

In a recent publication,!® it was shown that flow-visualization
results obtained on a 5-deg sharp cone at high angles of attack
defined the topological structure sketched in Fig. 1, where the
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Fig. 1 Crossflow topology of a 5-deg cone at laminar incompressible
flow conditions (Ref. 10).
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Fig. 2 High-alpha vortex pattern on cone-cylinder body (Ref. 11).
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Fig. 3 Crossflow pattern at x/L = 0.70 on a 5-deg cone at M. = 0.6
and Re = 2.2 X 10° (Ref. 12).

angle of attack is increased from 5 deg < o < 10 deg in A to o <40
deg in I For the laminar test conditions, 0.0125 < Re X 1076 <
0.25, the topological structures were all conical at A, B, and C in
Fig. 1, becoming nonconical when more than two vortices existed.
The switch from one geometry to another, e.g., between D and E,
was very abrupt. At the critical angle of attack, the flow structure
actually switched back and forth between the two adjacent vortex
geometries in a random fashion. At very high angles of attack,
“higher than around 60 deg the flow pattern approached that
observed on other slender bodies, with alternate vortex shedding
down the length of the body. However, this remained essentially
steady” (Ref. 10). That is, it looked similar to-that observed at o <
60 deg on a cylindrical afterbody!! (Fig. 2).

Because of the very slender geometry, 8, = 5 deg, the cone in
Fig. 1 starts developing asymmetric vortices already at o0 > 10 deg
(Ref. 7), when there is still a strong axial flow component. Thus,
one may expect a different space-time analogy to exist for a very
slender cone than that observed at o > 30 deg on a cylinder" (Fig.
2). Tests with a 5-deg cone, performed at M., = 0.6 under mainly
turbulent flow conditions,'? Re = 2.35 X 10°, showed that voriex
topology E in Fig. 1 was obtained at o/0, > 3.3 (Fig. 3). Also in
this test the vortex geometry was unsteady at the critical angle of
attack, oo = 3.30,.

Asymmetric Loads

Incompressible laminar test results for an 8.13-deg cone!® show
the asymmetric loading to be conical up to o = 40 deg (0/6,. = 4.9)
but to become nonconical at higher angles of attack (Fig. 4). Fig-
ures 5 and 6 show that the asymmetric loading on a 5-deg cone
becomes noncenical at o 2 25 deg (0/6, = 5) for M_, = 0.51 and
M_,=1.81, respectively. At the high Reynolds number of the test,'*
crossflow boundary-layer transition occurs close to the apex and
its nonconical geometry'> has a very limited axial extent. This
explains why it did not prevent the establishment of global conical
flow asymmetry. At M,, = 2.25 and higher Mach numbers, no sig-
nificant conical-type asymmetric loading was measured, although
the side force was not insignificant at these Mach numbers.!* The
probable reason for this Mach number trend is that, as the Mach
number increases, a higher and higher angle of attack is required
before the initial flow asymmetry is established. This is demon-
strated by the experimental results for slender cones'*!%!7 in Fig. 7
(Ref. 4). Thus, as the Mach number increases a higher and higher
angle of attack is needed before asymmetric flow separation is
established, resulting in a decrease of the axial flow component.
As a consequence, at M,, = 2.94, the flow picture for a 7.5-deg
cone'® (Fig. 8) becomes very similar to that for a cone-cylinder
body!! (Fig. 9).

The similarity between unsteady vortex shedding at o = 90 deg
from slender cones and a cylinder has been investigated by
Gaster'® (Fig. 10). He found that “the vortices peel off with the
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Fig. 4 Asymmetric loading on an 8.13-deg sharp cone at o = 40 deg
(Ref. 13).
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Fig. 5 Center of pressure of side force on a 5-deg cone at Ry =35 X
106 and M., = 0.51 (Ref. 14),
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Fig. 6 Center of pressure of side force on a 5-deg cone at R; =35 X
106 and M., = 1.81 (Ref. 14).
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Fig. 7 Effect of Mach number on incipient asymmetric flow separa-
tion on slender sharp cones (Ref. 4).

Fig. 8 Supersonic flow over a 7.5-deg cone at M, = 2.94 and o = 34
deg, i.e., at 0./6, = 4.53 (Ref. 18).

point of detachment or formation traveling towards regions of
larger diameter and lower frequency. Since the pattern is also con-
vected downstream the vortices are inclined to the axis.” This sug-
gests that at o > 30 deg the unsteady Karman-type vortex pattern
on a slender cone could “freeze” to a steady pattern similar to the
one on a cylindrical aft body. This is in agreement with the results
shown in Figs. 8 and 9, and also with the results in Ref. 10, which
apparently showed steady asymmetric vortex shedding to exist
beyond o = 60 deg, the limiting value for a cylindrical afterbody.

Conical Flow Asymmetry

Thus, a careful review of existing experimental results shows
that conical flow asymmetry does indeed exist, but only up to
moderate angles of attack, o < 30 deg, where the axial flow com-
ponent still has a strong influence on the crossflow-separation
characteristics. The next question is whether or not asymmetric
vortices can be generated when the crossflow separation is sym-
metric. The experimental results shown in Figs. 11 and 12 for 5.8-
deg (Ref. 20) and 5.0-deg (Ref. 16) cones, respectively, show
clearly that the flow separation is asymmetric. These results are for
high test Reynolds numbers where an asymmetric crossflow-tran-
sition geometry could have played a role. However, laminar water-
tunnel results?! for a 7.5-deg cone at /8, = 3.5, shown in Fig. 13,
demonstrate that when the flow separation is symmetric, the vortex
geometry is also symmetric. Thus, symmetric vortex topology was
observed for the cones through the tested o range, corresponding
to 0/0, < 3.5 and 0/0, < 5.5 for the 12.5-deg and 7.5-deg cones,
respectively?! (Fig. 14).

It has been found that assuring symmetric flow separation by
use of lateral strakes effectively eliminates the flow asymmetry
and associated side loads at zero sideslip.” This is also demon-
strated by the experimental results'> for the 8.13-deg cone shown
in Fig. 4 earlier (see Fig. 15). As is discussed in Ref. 9, if the
strakes had been extended forward to the apex, they would have
been even more effective.

In an investigation of the effect of strakes on a 4-deg cone in
incompressible flow,? the crossflow picture illustrated in Fig. 16
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Fig. 9 Effect of crossflow Mach number on the vortex pattern of a
cone cylinder at o, ~ 30 deg and Re < 0.46 X 10° (Ref. 11).

i

= e
3, E =
Iz S o
= =
I"dic__ | i~
(2:54 cm) e
"o
End plate
167 "dia 167 dia
(424 ¢cm) (424 cm)
2 Z
Cylinder Cone | {36:1) Cone 2 (18:1)

Fig. 10 Circular cylinder and cones investigated by Gaster (Ref. 19).

was visualized. In that investigation the main purpose was to use
the strakes to increase the lift. However, spanwise pressure distri-
bution results showed that a strake with a “‘semispan” equal to 10%
of the local body radius eliminated the flow asymmetry present for
the pure cone. The flow sketch for 2 < o /0, < 4 in Fig. 16 shows
the “preseparation” effect?® discussed in Ref. 9. The reattaching
flow from the strake-induced limited separation can withstand sep-
aration farther around the cross section than the crossflow in
absence of the strake. The effect of a strake is, in this case, similar
to that of a boundary-layer trip. The latter, by causing transition to
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Fig. 11 Crossflow separation lines on a 5.8-deg cone cylinder at M, =
0.6 and Re = 1.9 X 106 (Ref. 20).
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Fig. 12 Laser vapor screen picture of asymmetric crossflow separa-
tion on a 5-deg cone at /6, = 2.9 and M., = 0.6 (Ref. 16).

Fig. 13 Crossflow patterns on a 7.5-deg cone at ./0, = 3.5 (Ref. 21).

turbulent crossflow, delays separation when placed sufficiently far
ahead of the lateral meridian, but causes flow separation when
placed at or near it.

Recent static experiments®* have demonstrated that leading-
edge vortices from sharp-edged slender delta wings remain sym-
metric until vortex breakdown occurs at very high angles of attack, -
as long as the crossflow conditions remain symmetric (zero angles
of sideslip and/or roll). Furthermore, careful analysis of dynamic
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Fig. 14 Vortex core positions in water-tunnel tests of 7.5-deg and
12.5-deg sharp cones at various /6, (Ref. 21).
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Fig. 15 Effect of nose strakes on lateral loads on an 8.13-deg sharp
cone (Ref. 13).

test results for slender delta wings describing wing rock oscilla-
tions show also that asymmetric crossflow conditions are required
for asymmetric vortex shedding to occur.? Thus, a careful exami-
nation of existing experimental results reveals that no asymmetric
vortex geometry can be generated from symmetric crossflow sepa-
ration, with one exception. It is shown in Ref. 26 that if the cross-
sectional geometry is such that symmetric reattachment of the sep-
arated flow is prevented, an asymmetric vortex geometry will
result even when the (primary) flow separation is symmetric.

Conclusions

A study of available experimental results obtained at zero side-
slip on slender, pointed noses at large angles of attack has shown
the following: 1) conical flow asymmetry does exist on very slen-
der cones because of the still-present strong axial flow component
at 20, < o < 30 deg. However, on not-so-slender cones, where
asymmetric flow separation does not start until o > 30 deg, the
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Fig. 16 Effect of lateral strakes on crossflow pattern over a 4-deg
sharp cone in incompressible flow (Ref. 22).

asymmetric flow pattern is nonconical and very similar to that
established on cylindrical afterbodies and 2) conical vortex asym-
metry cannot develop from symmetric flow separation unless sym-
metric crossflow reattachment is prevented.
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