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Vortex Unsteadiness on Slender
Bodies at High Incidence

L. E. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunny vale, California

Existing experimental evidence of vortex unsteadiness on slender bodies at high incidence is examined. It is
found that, for the high laminar Reynolds numbers at which the tests have been performed, a likely source of the
transient vortex behavior is the transition-promoting effect of freestream turbulence. By considering the similar
effects on transition of Reynolds number, freestream turbulence, and surface roughness, the transition-
promoting flow phenomenon provides a consistent explanation also for the observed large effects of roll angle
on the vortex-induced asymmetric loads. The experimental results of vortex unsteadiness reinforce earlier
established evidence of the existing coupling between body motion and asymmetric vortex shedding, raising con-
cern about rigid and elastic response of long slender bodies.

Nomenclature
reference length, c = d

CY = Y/(PooU00
2/2)S

cy =dCY/d(x/c)
d = maximum diameter
d ' = cross-sectional drag, coefficient cd = d' /(p^ U2

x/2)c
ks = roughness height
/ = total body length
1N = nose length
M = Mach number
p = static pressure
Re = Reynolds number, Re = U^d/v^
S = reference area, S = ird2/4
U = velocity
x = axial body-fixed coordinate, distance aft of apex
Y = side force
Az =translatory amplitude
a = angle of attack
A = difference or amplitude
ACpl =Cp(<p)-Cp(-<p)
ACp = oscillation amplitude of ACp
AP =Cp(t)-Cpmean
6C = cone half angle
6A = apex half angle
v — kinematic viscosity of air
p = air density
<?' = azimuth angle, <p = 0 at windward meridian

Subscripts
A = apex
A V = asymmetric vortices
B = body
c = cone
max = maximum
n = normal to body axis
N = nose
t = transition
UV = unsteady vortices
oo = freestream conditions
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Introduction

T HE intermittent, unsteady character of asymmetric
forebody vortices was observed by Alien and Per kins,1

who found that the asymmetry changed between its two
possible states in an aperiodic manner. Further investigations
by Gowen2 showed that the pressure coefficient difference
AP=C(t)— Cp mean on the leeside of ogive- and cone-
cylinders (<p= 157 deg) varied in a random, aperodic manner
(Fig. 1), and that the asymmetric vortex geometry changed
between its two extreme positions (Fig. 2). That the change
occurs very fast is evidenced by the time histories in Fig. 1.
Frame 5 at a. = 36 deg in Fig. 2 has captured the vortex
geometry in the transient position between the two alter-
native asymmetric states. More recent test results3'4 show
similar intermittent, asymmetric vortex characteristics.

Besides presenting a possible forcing function of the buffet
type, the unsteadiness of the asymmetric vortices also in-
dicates a certain proneness for the coupling with vehicle mo-
tion described in Refs. 5 and 6. A similar concern was
expressed by Gowen and Per kins.7 "It is realized that for full-
scale vehicles in flight there exists the possibility of coupling
between the shedding of the wake vortices and the movement
of the aircraft." It is largely with this concern in mind that an
examination is made in the present paper of the existing
database for unsteady vortex shedding on slender bodies at
high angles of attack.

It should be emphasized that the experimental results to be
discussed were all obtained at zero side slip and subcritical
(laminar) crossflow conditions.

Discussion
The aperiodic vortex shedding illustrated by Fig. 1 could

be expected to occur at the incipient asymmetric flow condi-
tions, i.e., when a^aAy. According to Fiechter's results,8

asymmetric vortex shedding will start occurring at body sta-
tion x when the angle of attack exceeds (o:̂  V)B = tan ~ * (4.2
d/x). On a pointed, slender nose, asymmetric vortex shed-
ding starts when a>2BA) where 6A =6C for a conic nose and
6A=tan-1 i ( l N / d ) / [ ( l N / d ) 2 - 0 . 2 5 ] } for a tangent-ogive
nose.9'10

Figure 3 shows the differential pressure coefficient ACP,
measured by Hunt and Dexter4 for <p = ±15 deg, at x/d=8
on an lN/d=3 ogive cylinder. According to Fiechter's
results,8 at a = 30 deg asymmetric vortex shedding should
have started at x/d = 1.2. Thus, the pressure oscillations are
for incipient asymmetric flow conditions, and the oscillations
occur around ACp = 0. The results obtained in the high tur-
bulence (0.7%) Bristol tunnel (shown in Fig. 3a), are very
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similar to those reported earlier for an lN/d = 2 ogive
cylinder (Fig. 12 in Ref. 3). Decreasing the freestream tur-
bulence from 0.1% to the 0.01% level existing in the RAE
tunnel (see Fig. 3b), essentially eliminated the " flipping" of
the vortex asymmetry (the intermittent changing between the
two extreme asymmetric vortex geometries). The remaining
oscillation is that pertaining to the symmetric vortices. The
results obtained by Yanta and Wardlaw11 are instructive in
this respect (see Fig. 4). At station x/d=5.1, asymmetric

Pressure survey station-

Fig. 1 Pressure variation at <p = l51 deg and x/d=W.6 on a cone-
cylinder body: <* = 23.7 deg, Af^ =1.45, /te = 0.5x!06(Ref. 2).

vortex shedding should start8 at a«37 deg. Thus, it is not
surprising that at o: = 45 deg, when the pressures were re-
corded at two different times, the distribution was symmetric
in one case and asymmetric in the other. At a = 45 deg,
asymmetric flow should start at x/d=4.2, explaining why
symmetric flow conditions were observed at x/d=2.6.

When Hunt and Dexter4 increased the angle of attack to
a = 50 deg, the results shown in Fig. 5 were obtained. The
results for the higher turbulence level are somewhat similar
to what they were at a = 30 deg (compare Figs. 3a and 5a),
whereas the low-turbulence results now are for asymmetric
rather than for symmetric vortices (compare Figs. 3b and
5b). At this angle of attack, the vortex asymmetry starts on
the nose, as (0^)^ = 38 deg for the lN/d=3 pointed ogive.
Apparently, a = 50 deg is close enough to the incipient flow
condition to enable the turbulent flow conditions in the
Bristol tunnel to cause flipping of the vortex asymmetry,
although the bias toward one side is stronger than it was for
a = 30 deg (compare Figs. 3a and 5a). The results obtained at
a = 60 deg for the second asymmetric load cell are similar to
those for a = 50 deg (Fig. 6). The reduced ACp magnitude is
to be expected.

As stated by the authors,4 the results in Figs. 3, 5, and 6
are in basic agreement with the interaction described in Ref.
3 between turbulence-generated freestream vortices and the
body vortices. However, the expectation that this vortex in-
teraction also could explain the effect of roll angle on the
asymmetric loads was not supported by the test results4 (Fig.
7). As the effect was present also in the low-turbulence en-
vironment, the authors4 had to conclude that the source was
some form of body asymmetry rather than turbulence.

The following simple explanation is an alternative to the
somewhat esoteric vortex interaction proposed by Lamont
and Hunt.3 It holds not only for the results in Figs. 3, 5, and
6, but also for those in Fig. 7. The effect of freestream tur-
bulence is simply to cause earlier boundary-layer transition,
with associated large effect on the development of asym-
metric flow separation.9'10'12
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a) a = 28 deg. b) a = 36 deg.

a) Bristol tunnel, 0.7% turbulence.

V^AÎ
0.1 s

b) RAE tunnel, 0.01% turbulence.

Fig. 2 Vapor screen flow pictures of asymmetric vortices on an
ogive-cylinder body at M^ = 1.98 and Re = Q.5x 106(Ref. 2).

Fig. 3 Transient pressure difference at x/d = 8 on an lN/d
ogive-cylinder at a = 30 deg and /&? = 0.11xl06 (Ref. 4).
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Fig. 4 Pressure distributions at two axial locations on an lN/d =
ogive-cylinder at a = 45 deg and Re = 0.11 x 106 (Ref. 11).
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For a circular cylinder normal to the freestream,
roughness has been found to have a large effect on the
critical Reynolds number and the associated decreased drag13

(Fig. 8). The variation of drag characteristics observed be-
tween different test facilities for a smooth cylinder14 (Fig. 9),
has to be associated with different tunnel turbulence levels.
Even when trying to define a roughness Reynolds number
for the critical flow region, the results differ by one order of
magnitude, depending upon whether they were obtained in
the United States or in Europe.15

Thus, wind-tunnel turbulence and surface roughness can
each change the critical Reynolds number by one order of
magnitude. At the high angles of attack where "steady"
asymmetric vortices are generated on bodies of revolution,
the effective crossflow Reynolds number is Re= U^d/v^, as
has been shown.9'10'12 The results in Figs. 3-7 were obtained
at Re=lQ5, which would make the crossflow at a>30 deg
subject to boundary-layer tripping through the effects of
freestream turbulence and/or surface roughness illustrated in
Figs. 8 and 9. The results in Figs. 1 and 2 are for
Re = 0.5x 106, still in the range for boundary-layer tripping,
especially when considering the effect of Mach number16

(Fig. 10).
While it is easy to see how the "vortex flipping" can occur

at OL^CLAV, as in Fig. 3, it is a little more difficult to under-
stand how the same phenomenon can occur at angles of at-
tack far from OLAV) as in Figs. 5 and 6. The results7 in Fig.
11 are illuminating in this respect. For the 4 deg conical

-1

a) Bristol tunnel.
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time
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b) RAE tunnel.

Fig. 5 Transient pressure difference on an fa/d = 3 ogive-cylinder at
a = 50 deg and /te = 0.11xl06 (Ref. 4).

1.
ACp

0 0.1s
b) RAE tunnel.

Fig. 6 Transient pressure difference at x/d = 5 on an lN/d = 3 ogive-
cylinder at « = 60 deg and Re = 0.llx 106 (Ref. 4).

time

Fig. 7 The effect of roll angle on transient pressure difference at
x/d = 4 on an lN/d = 3 ogive-cylinder at a = 50 deg and Re = 0. 10 X 106

(Ref. 4).
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Fig. 8 Effect of roughness on the drag of a circular cylinder (Ref.
13).
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Fig. 10 Effect of Mach number on flat-plate transition Reynolds
number (Ref. 16).

3 4 5 6 8 105

Re
3 4 5 6 8 1 0 °

Fig. 9 Cylinder drag coefficient as a function of Reynolds number in
different ground facilities (Ref. 14).

nose, (OIAV)N~% deg, and for a- 15 deg, a/(oiAV)N= 1.875.
In comparison, for the tangent-ogive in Figs. 5 and 6,
(ouK),v«38 deg, and a/(aA¥)N = 1.31 and 1.58 for cx = 50
deg, and 60 deg, respectively. Thus, rolling the ogive-
cylinder could potentially bring about the three different
vortex geometries shown in Fig. 11. (Note that the crossflow
Mach number is well subsonic, M^O.52.) Based upon the
two-dimensional results shown in Figs. 8 and 9, one can ex-
pect that the tripping effects due to asymmetric nose
geometry and/or surface roughness (the body microasym-
metry) exhibited in Fig. 11 could also be accomplished
through nonuniform tunnel turbulence, both effects being
similar to that expected for a nonuniform, asymmetric local
Reynolds number distribution. Combining this with the
Reynolds number effect on "static" asymmetric loads
measured by Champigny17 (Fig. 12), one can see how
the high level of freestream turbulence in the Bristol tunnel
could generate the large-amplitude unsteadiness shown in
Figs. 3, 5, and 6.

Body motion can also influence the boundary layer
through the so-called moving-wall effect in a manner
equivalent to what would be expected from a nonuniform,
asymmetric distribution of the local Reynolds number.5'6'18

The results for spinning bodies, obtained by Atraghji19 (Fig.
13) and Kruse20 (Fig. 14), illustrate how the moving wall ef-
fect can compete successfully with the body-fixed micro-
asymmetry even at very low spin rates.

The asymmetric loads measured in static tests are the time-
average loads felt by the static balance within its range of
frequency response. Lamont and Hunt3 found this time
average to be 30% below the instantaneous asymmetric load
in their test. The aperiod, intermittent nature of the
unsteadiness can explain the nonrepeatability of static asym-
metric loads observed by Oberkampf et al.21 Hunt and Dex-
ter4 made sure that the body motion due to sting vibration
was negligible in their test. (The amplitude at the nose was
below the resolution of the deflection measurements,
Az/d= 0.0004.) Thus, their results in Figs. 3a, 5a, and 6a are
for a stationary model. However, when they increased the
angle of attack to a = 10 deg, some model motion was

ROLL ANGLE

Fig. 11 Effect of roll angle on asymmetric vortex formation on a
4-deg cone-cylinder at a = 15 deg, M^ = 2, and Re = 0.5 x 106 (Ref. 7).

observed. This was caused by the unsteady Karman-type
vortex shedding occurring on the cylindrical aftbody, as is
verified by their unsteady pressure measurements4 (Fig. 15).
The dominant frequency was in good agreement with that
expected for Karman vortex shedding, and the oscillation
amplitude showed a marked increase at a>60 deg where
Karman vortex shedding on the cylindrical aftbody is ex-
pected to occur. Thomson observed large CY oscillations in
the same a range for a cone-cylinder body22.

At a = 60 deg, Lamont and Hunt3 observed aperiodic
pressure oscillations of the type shown in Fig. 1. They were
measured one caliber downstream of the lN/d=2 ogive nose
(Fig. 16). Comparing Fig. 16 with Fig. 6a, one is, of course,
curious about the difference in unsteady behavior. Following
up on the roughness-turbulence equivalence discussed earlier,
the experimental results for varying roll angle obtained by
Dexter23 in the low-turbulence (0.01%) RAE tunnel will be
examined (Fig. 17). At a = 50 deg, the effect of roll angle is
so regular that it resembles what one would expect to obtain
using a single-nose strake24 (Fig. 17a). In contrast, when the
angle of attack is increased to a: = 65 deg (Fig. 17b), the load
distribution essentially varies between the two mirror states
for IK, lm a x .Why?

The measured effect of freestream Reynolds number on
the side force distribution over an ogive-cylinder body25 (Fig.
18) can be used to illustrate the expected effect of changing
the level of uniform freestream turbulence. The figure
demonstrates that large freestream fluctuations of the local
asymmetric loads (cy or ACp) can occur simply through fluc-
tuations of the freestream turbulence level, causing the load
distribution in Fig. 18 to slide up and down in the axial
direction. When considering in addition that the freestream
turbulence in ground facilities never is perfectly uniform,
one can understand how the experimental results shown in
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Fig. 12 Side-force distribution on an ogive-cylinder through the
critical Reynolds number range at or = 50 deg (Ref. 17).
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Fig. 14 Effect of spin rate on vortex-induced side force on a 10-deg
cone at a = 58 deg, M^ = 0.6 and Re = 10 deg (Ref. 20).
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Fig. 13 Effect of roll angle and roll rate on vortex-induced side force
of a 5.8 deg cone-cylinder at a = 18 deg and Mx =0.5 (Ref. 19).
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Fig. 15 Increase of fluctuating pressure amplitude when exceeding
a = 60 deg (Ref. 4).

Figs. 3a, 5a, and 6a can be generated. In regard to the results
in Figs. 1 and 16, the following applies:

Considering the roughness/turbulence equivalence, the
results in Fig. 18 can also be used to illustrate the effect of
nonuniform surface roughness. Rolling the body will pass
the roughness asymmetry through the wind-fixed body
region where flow separation characteristics are determined.
This will cause a variation of the side-force loading similar
to that illustrated in Fig. 18, explaining the experimental
results in Fig. 17a. In regard to the results in Fig. 17b, they
were obtained in the presence of aft-body Karman vortex
shedding with associated large disturbance levels (Fig. 15).
This presents a disturbance threshold that only very large
roughness perturbations can exceed, resulting in the "flip-

Fig. 16 Aperiodic transient pressure differential at x/d = 3 on an
lN/d = 2 ogive-cylinder at a = 60 deg and /te = 0.06x 106 (Ref. 3).
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Fig. 17 Effect of roll angle on asymmetric load distribution on ogive-cylinder at /?e = 0.13x 106 (Ref. 23).

ping" between alternate vortex asymmetries shown in Fig.
17b. Applying the roughness/turbulence equivalence in the
reverse direction, one can see how the results in Figs. 17b
and 18 can explain the fluctuating pressure characteristics in
Figs. 1 and 16.

Full-Scale Application
Analysis of the experimental evidence of existing basic

unsteadiness in the asymmetric vortex shedding from slender
bodies at high incidence reinforces the concern expressed by
Gowen and Perkins7 in the early fifties and by the present
author and his coauthor at a much later date,6 i.e., the ex-
istence of a strong coupling between the vehicle motion and
the asymmetric vortex shedding. So far, only the rigid-body
response has been considered. The observed moving wall ef-
fects indicate that in free flight the critical flow condition,
resulting in the single asymmetric load cell illustrated by the
results for Re = QA4x 106 in Fig. 12, could exist over a range
of Reynolds numbers for a maneuvering missile. This would
result in the maximum loads described in Refs. 9, 10, and
12. Looking at Fig. 18 and considering that also the moving
wall effects5'6'18 can cause the load distribution to slide axi-
ally, one has to be concerned about the elastic vehicle
response. In addition to the forcing function of the buffet
type that the vortex-unsteadiness generates, there is a poten-

tial for negative aerodynamic damping. The latter could be
expected to be the more dangerous effect, judging by the
flow separation effects observed at lower angles of
attack.26-27

The always-present problem of scaling becomes especially
difficult in regard to the vehicle response to asymmetric
vortex shedding. As was stated in the beginning, all the ex-
amined experimental results are for subcritical crossflow
conditions on the cylindrical aftbody. According to the flow
mechanisms postulated in the present paper, the observed
vortex unsteadiness resulted because, at the subcritical flow
conditions, freestream turbulence, surface roughness, and
moving wall effects could promote boundary-layer transition
to occur at Reynolds number one order of magnitude below
the maximum transition value. Consequently, at the high
Reynolds numbers existing in full-scale flight, the problem
should disappear. This would be true only for the cylindrical
aft body. There will always be a region on the slender nose
where boundary-layer transition can be influenced, and judg-
ing by the results in Figs. 12 and 18, one can expect signifi-
cant unsteady vortex-induced loads also at full scale
Reynolds numbers. If the vortex-asymmetry were generated
by the hydrodynamic instability mechanism proposed by
Keener and Chapman,28 the side-force development on the
slender nose should be relatively insensitive to Reynolds
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Fig. 18 Side-force distribution as a function of Reynolds number on
an ogive-cylinder at M^ =0.4 and a = 50 deg (Ref. 25).

number. The fact that the experimental results in Figs. 12
and 18 show significant side loads on the nose only for
Reynolds numbers high enough to cause transition to occur
on the nose leads one to suspect that the vortex unsteadiness
observed at subcritical flow conditions will be present also at
the supercritical and transcritical flow conditions existing in
full scale. Hopefully, the planned tests of an ogive-cylinder
body in the National Transonic Facility at NASA Langley
Research Center29 will give us the needed answers in regard
to the asymmetric vortex characteristics at very high
Reynolds numbers.

Concluding Remarks
An examination of the experimentally documented vortex

unsteadiness on slender bodies at high incidence reveals the
following.

All the experimental results showing vortex unsteadiness
that the author is aware of have been obtained for flow con-
ditions in the upper laminar Reynolds number region. Thus,
one likely source of the observed vortex excursions between
alternative asymmetric states is the transition-promoting ef-
fect of the tunnel turbulence. Between the angle of attack for
incipient vortex asymmetry, a. = aAV, and the one at which
Karman vortex shedding occurs on the cylindrical aftbody
a = otuv, apparently the vortices can also be symmetric for
brief instances. However, at a/>auv, only the two fully
asymmetric vortex geometries can exist, and the switching
between them occurs in an aperiodic manner.

When considering the similarity in the effects on transition
of Reynolds number, freestream turbulence, and surface
roughness, the transition-promoting flow phenomenon pro-
vides a consistent explanation also for the observed large ef-
fects of roll angle on the vortex-induced asymmetric loads.

In full-scale flight, transition will in general occur on the
slender nose. Tests are needed to determine the magnitude of
the turbulence-induced transition effects on the asymmetric
vortices at full scale Reynolds numbers.

The experimentally documented vortex unsteadiness rein-
forces earlier expressed concerns about the existing coupling

between body motion and asymmetric vortex shedding. In
addition to the rigid body dynamics, one also has to be con-
cerned about the elastic response of long slender bodies.
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