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Nomenclature
wing span
reference length , c = d f or bodies
dCm/da;Cef3 = dCe/d0
drag,coefficentCz>=Z)/(p00t/i/2)S
sectional drag , coefficient cd = d ' I ( p «, U2, /2)c
maximum diameter for body of revolution
mean diameter, d=\ J

02 rd(x/£)
bio wing momentum, coefficient

body length
forebody length forward of rotation center (Fig. 8)
nose length

= rolling moment, coefficient C, = £/ (p* U^ /2)Sb
vortex wake wave length
Mach number
pitching moment, coefficient
Cm=Mp/(PooUl/2)Sc
yawing moment, coefficient Cn=n/(p00 U2

00/2)Sc
= normal force, coefficient CN=N/ (p^ C/i/2)S
= nose tip roll rate
= pitch rate

Reynolds number based on dmax and freestream
conditions; usually Re = Rd
Reynolds number, Rd = U^d/v^
reference area, S = ird2 /4
reference area ( = projected wing area)
time
velocity
axial body-fixed coordinate (distance from apex)
side force, coefficient CY=Y/(PooU2

x /2)S
angle of attack
da/df, C^ = d C m / d j > ' l 0 / U ( X )
sideslip angle
rotation of plane of symmetry of forebody vortices
(Fig. 8)
cone half-angle

6A = apex half-angle
p = air density
<t> = roll angle
<£' = coning angle (Fig. 8)
</>5 = three-dimensional separation angle (Fig. 15)
a' = total angle of inclination (Fig. 8)
v — kinematic viscosity
oj = angular rate
Subscripts

A = apex
AM = effective apex angle
A V = asymmetric vortices
c = cone
n = normal to body axis
TV =nose
P = port side
s = separated flow
S = starboard
SV = symmetric vortices
UV = unsteady vortices
v = vortex
W =wall
oo = freestream conditions

Introduction

THE continually increasing performance demands on
present day aircraft and missiles have brought on

intensive research aimed at providing the needed un-
derstanding of the vehicle aerodynamics at high angles of
attack where separated flow vortices often have a dominating
influence. Recently there has been a series of papers reviewing
the state of the art for the prediction of these high-a
aerodynamics. M Nielsen1'2 concentrated his attention on the
existing capability of predicting the missile aerodynamics at
high angles of attack where the effects of symmetric vortices
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from the forebody and its canard surfaces on aft body and
fins have demanded major new analytical/experimental
efforts. Wardlaw3 and Jorgensen4 expanded the coverage to
include the large effects of asymmetric forebody vortices on
the lateral missile aerodynamics, which in turn was the prime
topic of the most recent review by Chapman and Keener.5

The present paper extends the scope from the static
aerodynamics considered earlier 1~5 to an in-depth study of the
unsteady aerodynamics associated with symmetric and
asymmetric vortex shedding on aircraft and missiles.

Background
As a slender body is pitched through the angle-of-attack

range 0<a<90 deg, it experiences four distinct flow patterns
that reflect the diminishing influence of the axial component.
At low angles of attack (0<o;<aSF), the axial flow dominates
and the flow is attached. At intermediate angles of attack
(ctsv<a<(xAy), crossflow sweeps the boundary layer to the
leeward side where it separates and rolls up into a symmetric
vortex pair. At high angles of attack (OLAV<OL< uv),
crossflow effects start to dominate and the vortices become
asymmetric thereby producing a side force at zero sideslip.
Finally, at very high angles of attack (auv<a<9Q deg), the
crossflow dominates completely and the boundary layer is
shed in the form of a Karman vortex street or random wake
depending upon Reynolds number, Mach number, geometric
details, and so forth. These different flow regions were
discovered by Alien and Per kins,6 and their gradual
development has been described in detail by Ficenter7 using
exquisite flow visualization results to illustrate the various
flow patterns.

On pointed, slender cones development of symmetric
vortices has been observed when the angle of attack exceeds
the cone half-angle, both for laminar and turbulent flow, and
at all speeds from incompressible flow to hypersonic
velocities. 8>9 In laminar flow the value is OLSV « 1.1 0C, whereas
the turbulent value is aSF«1.3 0C. Asymmetric vortex
shedding starts when the angle of attack exceeds the total
included angle at the apex10'11 (i.e., otAV»2QA ).

Whereas the angle asv seems to be rather insensitive to
Mach number,12 the angle OLAV varies greatly with Mach
number10'13'15 (Fig. 1). For not so slender noses, 6A >20 deg,
OLAy is determined mainly by the body fineness ratio, lid.
Fiechter7 observed asymmetric vortex shedding to start at
station x when a = 4.2 d/x. Thus, one would expect that
QiAy<4.2 d/L This value is approached asymptotically by the
experimental results in Refs. 10 and 16 for large l/d. The
unsteady vortex shedding starts at a < 60 deg.

Asymmetric Vortices in Three-Dimensional Flow
In three-dimensional flow the asymmetric von K£rman-type

vortex geometry can be realized in a steady-state condition, as
has been pointed out by Thomson and Morrison17 and by
Pick.18 The axial flow degree of freedom makes this possible.

The analogy is, however, strictly valid only for blunt-nosed
cylinders. For bodies with slender, pointed noses the first
asymmetric vortex pair is generated by the nose in a manner
quite different from that described in Ref. 17, as will be
discussed in more detail later.

Effect of Reynolds Number and Roughness
As expected, Reynolds number has a dominating influence

on the side force induced by asymmetric vortices. The results
by Keener et al.16 Nelson and Fleeman,11 and Smith19 have
been analyzed to obtain the maximum CY to CN ratio as a
function of the effective Reynolds number20 (see Fig. 2). It
can be seen that there exists a critical Reynolds number giving
the maximum \CY\/CN ratio. It is also evident that this
critical Reynolds number varies from one angle of attack to
the next and from one test to the next (in different wind
tunnels). The maximum side force will be realized at a
Reynolds number where boundary-layer transition can in-
fluence the flow separation aysmmetry the most (see the
discussion of two-dimensional Magnus effects in Ref. 21). It
is clear that this Reynolds number will vary greatly from
tunnel to tunnel due to the well-known problem of tunnel
noise effects on boundary-layer transition.22'23 That the
critical Reynolds number can vary from one a to the next is
less obvious. However, the vortex-generating forebody is
pitched to a different proximity to the tunnel ceiling with its
noisy boundary layer. This may play an important role in
generating the observed a-effect on the critical Reynolds
number.

Considering the large effect of Reynolds number one ex-
pects, of course, that surface roughness will have a large
effect; and it does, as experimental results24 illustrate. It is
apparent that the large effect of forebody roll orientation has
its roots in some form of nose tip imperfections. This effect of
roll angle was observed already by Go wen and Perkins.25 It
has since then been observed by others. 18»26>27it is discussed in
Ref. 28 how one, through small changes of the nose geometry,
can reduce greatly and even eliminate the vortex-induced side
loads.

Effect of Mach Number
Wardlaw and Morrison have reviewed the effect of Mach

number on the vortex-induced maximum side force on cones,
tangent-ogives, and parabaloids29 (Fig. 3). Significant side
forces have been measured on sharp cone-cylinders at M^ = 2
by Atraghji.27 The effect of crossflow Mach number,
Mn =M00 sin a, shows a certain similarity to those for two-
dimensional flow.21 That is, at M/J>0.5 the large vortex
asymmetry, the supercritical/subcritical flow separation
geometry, cannot be established. This fact is also well-
illustrated by Magnus force measurements on cylinders in
three-dimensional and two-dimensional flow30 (Fig. 4), and is
in basic agreement with the observed disappearance of the
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Fig. 1 Angle of attack for starting asymmetric vortex shedding on
cones at subsonic and supersonic Mach numbers.

Fig. 2 Critical Reynolds number for maximum vortex-induced side
force.
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Fig. 3 Effect of crossflow Mach number on maximum vortex-
induced side force.29
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Fig. 4 Comparison of Magnus force data for a cylinder and bodies
of revolution.30

supercritical "drag bucket" at M>0.5 (see Ref. 31 and Fig.
5).

There is also a purely three-dimensional reason for the
transonic falloff of vortex-induced loads, and that is nose-
induced flow separation. It occurs on blunt-nosed bodies
already at a = 0, and will at angle of attack occur even on
moderately slender noses.32'34 This three-dimensional, closed
separation bubble prevents the nose from generating the
vortices associated with open separation regions, that play
such an important part in the vortex induced asymmetric (and
symmetric) loads at lower subsonic Mach numbers. Thus, the
vortices can only be generated by the aft body, and the
generated side force will, as a consequence, be relatively
small. The flow pattern observed at M^ - 2.45 on a flat-nosed
cylinder at high angles of attack35 shows nose-induced flow
separation followed by aftbody vortices, that first are sym-
metric and then become asymmetric, all in agreement with the
vortex geometry specified by Thomson.36 Very similar
characteristics have been observed on a hemisphere cylin-
der.35

On a very slender nose tip the nose-induced separation
phenomenon does not occur, and consequently, nose-
generated asymmetric vortices generate significant side forces
also at supersonic speed, as is demonstrated by Atraghji's 5.7
deg cone-cylinder data,27 and is illustrated further by
Rainbird's 5 deg cone data.14 The increasing importance of
the nose slenderness with increasing Mach number is well
illustrated by the data in Fig. 2 for incipient asymmetric
vortex shedding. One notices that no significant vortex-
induced side loads have been observed at supersonic crossflow

Fig. 5 Effect of Mach number on cylinder drag.31
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Fig. 6 Subsonic and supersonic base drag and wake flow.

Mach numbers. 14>27,3o,36,37 The reason for this is twofold. The
leeside contribution to the total drag decreases fast with in-
creasing cross flow Mach number2 (Fig. 6). In addition, it
becomes more and more difficult to generate a force through
differential (top and bottom side) base pressure. Platou's flow
pictures,30 inserted in Fig. 6, show that there is simply no
effective area over which the asymmetric separation can
generate a significant side load at Mn > 1.

Moving Wall Effects
As in the two-dimensional flow case21 moving wall effects

will be important also for axisymmetric bodies at high angles
of attack.

Effect of Spin
At low spin rates the response of the side force to the

varying roll position of the body-fixed asymmetry is almost
instantaneous, and no consistent effect of the spin rate can be
seen. The data in Ref. 38 indicate that this is also the case at
somewhat higher spin rates, up to 6/3 Hz, but still with
surface velocities only a few percent of freestream speed.
There is a sign of a small time-lag effect in realizing the
vortex-induced side load, and a similar phase-lag effect can
also be deduced from the data in Ref. 27. Experimental data
for a cone39 (Fig. 7) demonstrate the effect of viscous flow
time lag. Using the convective time lag derived in Ref. 40, one
predicts a spin-induced distortion of the transition front that
is in good agreement with the experimental results in Fig. 7.
Combining the methods of Refs. 40 and 41, one finds that
both this transition-front distortion and the flow-separation
geometry are determined by the flow conditions at apex at an
earlier time, t0 — &t. At moderate angles of attack this
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Fig. 7 Effect of spin rate on boundary-layer transition on a 10 deg
cone at a = 4 deg and M^ = 2 (Ref. 39).
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Fig. 8 Effect of coning motion on the vortex geometry of an ogive-
cylinder at M^ = 1.4 (Ref. 42).

phenomenon will play an important role in the generation of
asymmetric flow separation and associated vortices on very
slender noses.

Effect of Coning Rate
How the coning motion affects free body vortices was first

shown by Tobak et al.42 (Fig. 8). The symmetric nose-
generated vortex pair is tilted an angle 7 = tan ~ l (<f>r 10/(/«,),

rpm "d

O 6001 A
D 400 > 0.71 x 106

O 200J
A 6001 ,
k 400 > 0.52x 106

a 200 J

10 3020
o'(DEG)

Fig. 9 Side moment coefficient due to coning motion of an ogive-
cylinder at A/^ = 1.4 (Ref. 42).

c .

.ss 1.0 x 10° 2.4 x 10

Fig. 10 Yawing moment coefficient for a coning 10 deg sharp cone at
Af^ 1.4 and 2.0 (Ref. 43).

the cross wind-induced tilt angle at apex. The angle at which
the vortices are tilted remains the same regardless of x-
station,* i.e., the apex conditions are controlling the
downstream vortex location. By tilting the vortex-induced
pitching moment vector (obtained from static tests) through
the angle 7, the predicted side moment characteristics shown
in Fig. 9 were obtained. It can be seen that the main portion of
the experimentally determined side moment due to coning rate
is predicted in this manner. The remaining difference is
probably induced by vortex asymmetry. Figure 8 shows the
vortex lobe to be larger on the advancing than on the
retreating side. This can be explained by the moving wall
effects discussed in Ref. 21, that promote separation on the
advancing side, resulting in an increased vortex, whereas the
effects are the opposite for the retreating side. The same type
of tests have later been performed for a 10 deg sharp cone43

(Fig. 10). We see again the experimental data deviating from
predictions when the vortices can become asymmetric (i.e.,
for oi/6c>2; see Fig. 1). However, in this case the deviation
goes in the opposite direction from what was the case for the
ogive cylinder (compare Figs. 9 and 10). Going back to the
discussion of Magnus effects in Ref. 21, one finds that this
reversal should occur if the flow conditions were in the critical
Reynolds number range for the cone test, but not for the test
with the ogive cylinder. This would also explain the much
larger deviation from prediction for the cone.

The stated Reynolds number ranges for the tests are
/te = 0.2-0.7xlO6 for the ogive cylinder and Re=l.O-
2Ax 106 for the cone. The maximum reversal effect in Ref.
21 was obtained at/te = 0.35x!06. Results published recently
by Mack44 show that the transition Reynolds number could
increase as much as a factor of 6 when going from the in-
compressible flow conditions in Ref. 21 to the present
supersonic test conditions for the cone43 (Fig. 10).
That is, the maximum reversal should occur at

* Later tests showed this to be true also for body stations down-
stream of the rotation center.
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#e = 6x0.358xl0 6 =2.1xl0 6 , which falls in the test range
used, Re = \.2-2.8xl06. Going back to Ref. 21, one finds
that purely subcritical conditions existed at #£ = 0.358 x 106,
which with a factor of 6 gives Re = 0.215 x 106 for the ogive-
cylinder test42 (Fig. 9), falling in the Reynolds number range
used in the test, Re = Q.2-Q.lx 106. The 600 rpm coning rate
used was high enough to tilt the vortices an angle of 2 deg and
should, therefore, overpower any nose asymmetries on a
carefully made model, as was confirmed experimentally. The
test was run with positive and negative coning rates. No
noticeable differences in the data were observed (when the
rotation direction was accounted for). Even at 600 rpm the
surface velocity ratio Uw/Uao is small, being 0.007 and 0.0055
at apex for a' =30 deg at M^ = 1.4 and Mx =2.0, respec-
tively.

Effect of Pitch Rate
As in the case of spin rate just discussed, the effect of pitch

rate should be large in the critical Reynolds number region.
The results obtained by Smith and Nunn19 show that this is
indeed the case. Figure 11 demonstrates how the subcritical
condition can be reached by pitching the body at the constant
reduced angular rate ad/U^ =2.1 x 10 ~3 at a supercritical!
Reynolds number, Re = Sxi04. This is the reverse moving
wall effect discussed in Ref. 21, that delays transition and
causes a switch from supercritical to subcritical flow con-
ditions. The pitch rate had no effect on the lateral charac-
teristics. This is the expected result when the body is perfectly
symmetric, or when the body asymmetry is in an ineffective
roll position. The results obtained by others45 indicate that
the latter could have been the case. They rolled their model
and found that pitch rate decreased the side moment for one
roll position, increased it for another.

In order to get an appreciation for the magnitude of the
pitch rate effects shown in Fig. 11 one can make the following
comparison. The data give a normal force derivative

'5 /2.7xlO-3 = 1.

eg COL

The slender body value is

dCN

Using crossflow drag for high a. gives a similar magnitude
derivative. That is, even forl/d= 10 the undamping pitch-rate
effect demonstrated in Fig. 11 is two orders of magnitude
larger than the damping effect obtained in attached flow.

Effect of Model Support
It is rather obvious that the support system will interfere

with the vorties that are shed from the model at least for the
standard sting support arrangement.45 The results obtained
by Uselton46 illustrate this effect of support interference. A
discussion of this high-a support interference problem as it
pertains to subscale testing of missiles and high-performance
aircraft is contained in Ref. 47.

Nose-Induced Asymmetric Vortices
The importance of nose-induced asymmetric vortices has

been brought out largely through the investigative efforts
directed by Keener and Chapman. 10,16,24,48,49,50 Not only are
the side loads induced on noses ilone of great magnitude,
capable of exceeding the normal force,24 but also, on bodies
with geometric features typical of many tactical missiles, the
nose-induced side load can often be the dominating load10
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Fig. 11 Effect of pitch rate on the normal force of an ogive-cylinder
in the critical Reynolds number region.19
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may have been responsible for this early subcritical/supercritical
transition.
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Fig. 12 Effect of cylindrical aftbody on vortex-induced side force of
an l/d-3.5 pointed ogive.10

(Fig. 12). The results indicate that the asymmetric vortices on
the aft body have no influence on the flow over the nose, but
that they rather have to "line up" in the pattern set by the
dominating aysmmetric vortex pair generated by the nose.
The dominant influence of the apex conditions is reflected in
the measured side force due to asymmetric vortex shedding27

(Fig. 13). The fineness ratio is the same for the two nose
shapes. However, the apex angle for the tangent ogive nose is
0A = ll.32 deg and for the conic nose 6A =5.12 deg.

This nose-dominated vortex pattern is very different from
that suggested for aft body asymmetric vortices.36 According
to the latter, the (local) generation of side force would be
associated with a (local) lift loss. On the nose, however, the
vortex asymmetry results in an increase of the vortex lift, not
a lift loss. This is documented by experimental results for a
tangent-ogive body26 (Fig. 14). The strakes eliminate the
vortex asymmetry and, as a result, the normal force is
decreased for a>aAy (although the strakes increase the lift
for Qi<aAy). The increased lift at vortex asymmetry ap-
parently is realized because the remaining vortex moves in-
board, under the lifted-off vortex, as is indicated by flow
pictures both for pointed ogives10-51 and slender delta
wings.52
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Fig. 13 Effect of apex half-angle on the vortex-induced side force
distribution.27
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Fig. 14 Comparison of symmetric and asymmetric vortex-induced
loads.26

It is interesting to compare the separation geometries in Fig.
15 for ogival and conical noses.53 Because ot/6A = 1.3, and
thus less than ctAy/0A (Fig. 1), the vortex asymmetry starts
developing first on the aft body for the ogive cylinder. For the
cone cylinder, on the other hand, a/QA =3A>aAy/6A, and
the vortex asymmetry starts developing on the nose. When the
angle of attack is increased (a>aAV), appreciable asymmetry
starts occurring also on the aft body.27

Thus, experimental results indicate that the flow process
leading to vortex asymmetry is radically different in the case
of a pointed, slender nose from what it is on the cylindrical aft
body, the case which until now has received almost all at-
tention, at least in theoretical investigations. It has been noted
by Keener and Chapman54 that the a. boundaries for incipient
asymmetric loads at zero sideslip are very similar for slender
bodies10 and delta wings55 when plotted against the fineness
ratio. They suggest, therefore, that the vortex asymmetry in
both cases is caused by a basic hydrodynamic instability
resulting from the "crowding together" of the vortices. They
further draw the conclusion that in that case the aysmmetry in
the separation points on a body of revolution would not be
necessarily an essential feature of vortex asymmetry. The tuft-
grid pictures obtained by Bird on narrow delta wings52 tend to
support the conclusion drawn by Keener and Chapman.

NONZERO Ct AT/3 = 0

BURST AT MID CHORD©

Fig. 16 Correlation of roll stability, vortex asymmetry, and vortex
burst for narrow sharp-edged delta wings.

It is clear, then, that asymmetric vortices occur also when
the separation point is fixed by the geometry. It is well
documented, however, that the generated forces are very
much dependent upon the separation point degree of
freedom, both in the two-dimensional unsteady case and in
the three-dimensional steady case. In two-dimensional flow
the translatory oscillations do not affect strongly the vortex
shedding unless the separation point is free to move.21 In the
three-dimensional case the separation point degree of freedom
is an essential mechanism in the generation of asymmetric
loads. One would expect the generated asymmetric forces to
be much smaller for the case that the separation point was
fixed by the geometry, in complete analogy with the subduing
effect that a fixed separation point has on the two-
dimensional response.21

A well-known vortex instability problem for delta wings is
the vortex burst.56 In Fig. 16 the roll stability derivative ( C ^ )
measured by Shanks55 is plotted in the normalized form
derived in Ref. 57. Also shown is the angle of attack at which
significant rolling moment was measured at 0 = 0, indicating
starting vortex asymmetry,55 as well as the angle for which
vortex burst occurs at midchord.56 (For narrow-delta wings
vortex burst more or less jumps from trailing edge to mid-
chord.) It can be seen that a loss of lateral stability precedes
the occurrence of asymmetric vortices, which event in turn
precedes the vortex burst. The tiny "fuselage" on the delta
wings tested by Shanks55 is likely to have provided the same
effect as the splines investigated by Maltby and Peckham.58

They found that an addition of a small spline along the
leeward meridian promoted early vortex asymmetry both on
(flat plate) delta wings and on pointed cones with flat-top
cross sections. We have suggested59 that the reason for this
effect is that the flow cannot find a stable stagnation point on
top of the centerline spline, forcing the stagnation point to
move to one side, thereby causing the vortex asymmetry.
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However, even without this center spline, narrow delta wings
will develop the vortex asymmetry.52'56'60 For 0A>15.1 deg
vortex burst will precede vortex asymmetry,60 and the
asymmetric loads will be generated by asymmetric vortex
burst at a/0A >2.25 (see Ref. 61).

Analysis
All theoretical efforts to predict the vortex-induced

asymmetric loads until now have been based upon inviscid
flow modeling of the vortices generated for subcritical
conditions on the cylindrical aft body. In full-scale flight the
asymmetric loads of concern will occur at critical to super-
critical flow conditions and will be produced by asymmetric
vortices generated by a pointed, slender forebody. The
evidence presented so far shows conclusively that boundary-
layer transition plays a dominant role in the generative
process of the asymmetric vortices that cause the large side
loads of special concern.

The impulsively started cylinder flow analogy, first used by
Alien and Per kins,6 and described more recently by Sar-
pkaya,62 who supplies detailed experimental data in support
of his analysis, assumes that the crossflow plane is swept
down the length of the body at the uniform rate U^cosot.
Thus, the developing flow in the crossflow plane is analogous
to a two-dimensional cylinder in impulsively started flow with
velocity U^sina. That is, the downstream distance from the
start of the inclined cylinder is x=U00tcosa. Sarpkaya's
data62 indicate that for incompressible, subcritical flow
(Re< 1.2xl06) the wake asymmetry first develops at
Ut/d = 4, where t/^L^sino: for the inclined cylinder. Thus,
the angle of attack (otAy) for incipient asymmetric vortex
shedding, starting at the base (;c= 1), is

(1)

Sarpakaya's data also show that the first large vortex is
shed at Ut/d= 8.5. This gives

peak = tan~ 7 [8. (2)

According to Wardlaw and Morrison,29 these formulas can
be applied to bodies with nonconstant cross section by sub-
stituting d by f

d=

For the sharp cone Eqs. (1) and (2) then give

OLA v = tan ~ 7 (4tanOc) ~46C

and

apeak = *an

If d = d were used, one would obtain a.AV~26c in agreement
with experiment. However, for pointed ogives with 6A = 20C
for the same lN/d one would still obtain aAy~40A, not
a.AK« 20A the value indicated by experiments.10-16 Ex-
perimental incompressible results define OLAV~ =20C (Fig. 1)
and show that «peak<2av4K for pointed noses, even in
presence of a cylindrical aftbody (Fig. 13).

Following a suggestion by Morkovin, Thomson and
Morrison17'36 applied the time-space equivalence between the
von Karman unsteady, asymmetric vortex wake in two-
dimensional flow and the steady, asymmetric vortex array in
three-dimensional flow. Atraghji63 modified the Thomson-
Morrison method17>36 by allowing the diameter d and
wavelength L to vary with distance x along the body while
keeping the ratio d/L constant. This d/L ratio is found by
trial and error in matching the experimental data. Figure 17
shows that even then it is not possible to match the ex-
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Fig. 17 Comparison between predicted and experimental side force
on an l/d=\l cone-cylinder at M^ = 0.5 and Rd «1.4 x 106 (Ref. 63).

perimental data. Whereas the impulsive flow analogy62

overestimated the experimentally observed angle OLAV for
incipient asymmetric vortex shedding by a factor of 2, the
method based upon the space-time equivalence for the
Karman vortex street 17>36»63 underestimates a.AV by a factor of
Vi to l/3. The remaining characteristics for the vortex-induced
side loads, o;peak and \CY I max» cannot be predicted either.

The mismatch between theory and experiment, as exem-
plified by Fig. 17, is not typical when considering more recent
modifications.64'73 However, in addition to introducing the
area changing neglected in most theories the slender nose
introduces also the dominating-apex feature, which is even
harder to simulate theoretically. Only if one recognizes this
dominance of the apex is it possible to understand the large
alleviating effect of nose bluntness, nose-strakes, nose booms,
etc. discussed in Ref. 28. The observed large effect of the roll
orientation of the nose tip alone or in combination with
various aft bodies further testifies to this nose dominance and
illustrates the futility of trying to predict any one member of
the family of statistically possible CY(a) and Cn(a)
characteristics. Our approach therefore has been to develop
analytic means for prediction of the envelope that encloses the
whole family of such characteristics, i.e., \CY I max =/(«/^x )
and associated side moment.20'74 That the obtained envelope
is not unreasonably conservative is demonstrated in Ref. 75
by use of new results76 and further analysis of old data.77

Coupling Between Vortex Shedding
and Vehicle Motion

Some examples already have been seen where there is a
strong coupling between the vortex shedding and the vehicle
motion, e.g., body spin (Fig. 7), body coning motion (Figs. 9
and 10), and body pitching (Fig. 11). In all these cases the
coupling effects became especially large when boundary-layer
transition was involved. Of course, the static vortex-induced
side loads themselves become of extreme magnitude only in
the critical flow regime (Fig. 2). The transition process is itself
very strongly coupled to the vehicle motion, at all speeds, e.g.,
in the cases of low speed airfoil dynamics,78 shock/boundary-
layer interaction at transonic speeds,79'80 or re-entry body
dynamics at hypersonic velocities.40 It is, therefore, no
surprise that the effect of spinning or coning motions on the
generation of asymmetric vortices and associated side loads
become especially large when transition is one of the flow
mechanisms involved. This strong coupling between vehicle
motion and transition complicates dynamic testing as no
boundary-layer tripping device can be used.80'81

The "frozen" subcritical-supercritical separation geometry
on a cylinder normal to the flow,76'82 that produced the
maximum sectional load74'75 along the full length of the
cylinder, resulted because the short laminar separation bubble
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with turbulent reattachment was established only on one side
of the cylinder. This is the separation geometry for leading
edge stall on airfoils. We have hypothesized that the large
dynamic overshoot of the maximum lift for static leading edge
stall on a pitching airfoil occurs because the wall-jet effect of
the upward moving leading edge wipes out the laminar
separation bubble.83 Recent experiments have confirmed that
this is really what happens.84 The same thing may happen on
the cylinder, especially in view of the effects that translatory
and longitudinal oscillations have on the two-dimensional
flow separation.21 The Reynolds number hysteresis observed
by Kamiya et al.76 lends further support to the existence of
such motion sensitivity. A certain vehicle motion, e.g., a
steady-state turn that generates the *'right" axial distribution
of the local effective flow angle could "lock-in" the
maximum static separation asymmetry over an extended part
of the vehicle, thereby generating the maximum side load
rather than the otherwise expected total load.74 In addition,
one must consider the possibility of oscillatory vortex-induced
asymmetric loads. Dynamic asymmetric vortex effects could
play an important role in wing rock of advanced performance
aircraft48 and possibly be significant also for advanced
missile maneuvers.

One very important effect of the asymmetric vortices is the
coupling mechanism they provide between longitudinal and
lateral degrees of freedom. Forebody pitching generates side
loads on downstream missile body and tail surfaces. As these
cross-coupling effects are large, highly nonlinear, often
discontinuous, and associated with hysteresis effects, and
have especially powerful effects on the vehicle dynamics, they
have recently become of great concern to missile and aircraft
industry.85 A summary of our present capability (or lack
thereof) in handling these new problems is given in Ref. 48.

Work in Progress or Completed
Very Recently

Of the works recently completed the experimental in-
vestigation by Kruse et al.86 provides important new in-
formation. A systematic investigation of the effect of rolling
various components of an ogive-cylinder body reveals the
following. Rotating nose tip alone had as large an effect as
rotating the complete nose, or the complete body. Rotating
only the cylindrical aft body had very little effect, while a
significant change did occur when the body aft of the nose tip
was rotated. When the nose was made of one piece, thereby
supposedly eliminating some of the microasymmetries at the
nose tip junction, rotating the aft body had as large an effect
as rotating the nose, tending to indicate that the dominant
microasymmetry in this case was the nose-aft body juncture.
Very similar results have been obtained for a very blunt ogive-
cylinder body,45 where the nose-body junction provided the
important asymmetry. All these results indicate that even if
there is a basic asymmetry established at the nose tip, be it of
hydrodynamic instability character or of viscous origin,
downstream viscous flow effects play an important role in the

4.0

3.0

N,.,
i.o

0.2 0.4 0.6 0.8 1.0

generation of asymmetric loads. That is, of course, in basic
agreement with the observed large effect of Reynolds number.

Lament's latest results87 (Fig. 18) for a pointed ogive
cylinder, (!N/d=2,l/d=6) add to the already existing data
base showing a CY dip at the start of the supercritical
Reynolds number region (see Fig. 2). In Fig. 19 Lament's data
are compared in more detail with earlier results50 for a more
slender pointed ogive cylinder (lN/d=3.5, l/d=S.5). It can
be seen that Lament's CY results87 for a = 55 deg show the
same Reynolds number trend as the data by Keener et al.50 do
for a = 30 deg. It was earlier discussed that it is the relative
attitude a/QA that determines when the asymmetric vortex
shedding begins. For a pointed ogive 6A is

0,4= tan IN/*
(lN/d)2~0.25. (3)

Thus, with oiAV/6A =2, the asymmetric vortex shedding starts
at aAy = 2S deg for Lament's lN/d = 2 nose and at aAy=l6
deg for the lN/d=3.5 nose used by Keener et al. Although the
CY generation starts on the nose, the aft body carries a
significant portion of the load, as is demonstrated by the
results in Ref. 86. The center of pressure of CY is located at
the nose-body shoulder. Representing the ogive-cylinder body
by a pointed ogive, i.e., substituting 1N by / in Eq. (3) to
determine the effective apex angle, provides the lower bound
for 0A, whereas Eq. (3) provides the upper limit for the ef-
fective 0A value for the ogive-cylinder. The average of these
upper and lower bounds gives the following effective or mean
value

(lN/d)2-0.25.

+ tan- ( l / d ) 2 -0.25 (4)

For Lament's body 0^ = 18.7 deg, and a = 55 deg gives
a/6AM = 2.94. The body used by Keener et al. has 0AM = 11.4
deg, which for a/6AM = 2.94 would require a = 33 deg. Thus,
it appears reasonable that Lament's data for a = 55 deg show
such similarity to Keener's data for a = 30 deg (Fig. 19). The

lM/d = 5, l/d = 8.5 (REF 50)

Fig. 18 Variation with Reynolds number of maximum vortex-
induced side force of an l/d=6 ogive-cylinder at a = 55 deg.87 Fig. 19 Effect of Re and a on CY/CN of pointed ogive-cylinders.
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Fig. 20 Variation with Reynolds number of vortex-induced side and
normal forces.
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Fig. 21 Effect of a spinning nose tip on the vortex-induced side force
of an ogive-cyliner at a = 55 deg and Mx = 0.6 (Ref . 88).

dashed line in Fig. 19 shows how the side force ratio
\CY\max/CN varies with Reynolds number. \CY\max/CN for

the nose itself50 shows the same Reynolds number trends as
the ogive-cylinder body in Fig. 19. Possible reasons for this
data trend are discussed in Ref. 75.

Following up on the suggestion made by Chapman and
Keener5 we examine this Reynolds number effect by studying
the CY(ot) and CN(a) behaviors. It is very apparent that
associated with the starting CY generation is an increase in CN
(see Ref. 50). The liftoff of one vortex should cause a con-
tribution to CY but a loss in CN. Apparently this liftoff allows
the remaining vortex to grow stronger, inducing increased
suction that contributes both to CY and CN, with its con-
tribution to CN overshadowing the CN loss due to the liftoff
of the other vortex. The results for a = 40 deg in Ref. 50 are
cross plotted as a function of Reynolds number in Fig. 20. If
the separated flow geometry remained unchanged with
Reynolds number, \CY\/CN would remain constant. It is
apparent that the flow separation boundaries change with
Reynolds number. It is helpful to compare the results in Fig.
20 with the moving wall effects discussed in Ref. 21. This is
done in Ref. 75, and it is shown that the data trends in Fig. 20

9 h

5830 34 38 42 A6 50 54

a (DEG)
Fig. 22 Effect of windward side nose blowing on the vortex-induced
yawing moment of a cone-cylinder body.93

can be explained in detail by the observed effects of body
rotation and Reynolds number on the flow separation
boundaries on a cylinder in two-dimensional flow.

A more direct application of the moving wall effects is
found when studying Fidler's very interesting results for
ogive-cylinders with spinning nose tips88 (Fig. 21). At a. = 55
deg the critical condition discussed for the group 2 data in
Ref. 21 was apparently realized in Fidler's test. Thus, the
direction of the moving wall dictates the direction of the
asymmetric flow separation, causing a jumpwise change of
Cy, similar to the jumpwise change of lift measured by
Swanson,89 that is discussed in Ref. 21. As in the case of the
effect of pitch rate measured by Smith19 (Fig. 11), very
modest moving wall velocity can cause a large discontinuous
change of the aerodynamic loads. Although the results for a
smooth nose tip shown in Fig. 21 are of great basic interest,
the main purpose of Fidler's test was to demonstrate that
spinning a nosetip that was not smooth, but had large con-
trolled roughness in form of longitudinal grit strips, could
alleviate the vortex-induced side loads greatly. The spinning
roughness strips could embed the nosetip microasymmetries
in a manner somewhat similar to that envisioned for the nose
boom effect.28 Large distributed roughness on the nose tip
should have a similar effect, and besides being an alternate
fix, brings up the question of how well flight hardware nose
tips are represented in subscale tests with a very smooth nose.

Using blowing as a boundary-layer tripping device has been
tried successfully by Wallis and others.90'91 Minute blowing
rates, applied in the form of tangential jets in the leading edge
region between the stagnation and flow separation points,
eliminated the laminar separation bubble and transformed the
airfoil stall from the leading edge type to pure turbulent stall.
As it has been shown by Chapman and Keener5'92 that the
laminar short bubble definitely is present in the asymmetric
vortex shedding process at critical and supercritical Reynolds
numbers, the blowing method used by Wallis90'91 could be
applied also to bodies of revolution at high angles of attack.
That it indeed can has recently been shown93 (Fig. 22).
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Fig. 23 Effect of various types of leeward side nose blowing on a 5
deg cone at M^ = 0.6 and Rd = 2.36 X106 (Ref. 98).

Blowing on the windward side 30 deg below the meridian
between flow stagnation and separation points did sub-
stantially reduce the vortex-induced side moment on an
l/d = 6 cone-cylinder body. And as in WalhY case only minute
blowing rates are required, CM< 0.00005. This symmetric
windward side blowing, through the elimination of the
laminar separation bubble, makes the separation more
securely supercritical, thereby limiting the asymmetry
potential (see Ref. 21 and the discussion of group 3 data).
Conversely, blowing symmetrically on the top side should
cause the separation to change toward the subcritical type
(group 1 data in Ref. 21) and should, therefore, increase the
asymmetry potential. This is also what the data in Ref. 93
show. Blowing symmetrically on the top side (at 30 or 60 deg
above the lateral meridian) did cause an increase in the vortex-
induced asymmetric loads. These blowing results93 reinforce
our argument that the flow separation on a slender body at
high angles of attack can be coupled to the body motion in the
same way as the leading-edge stall is. 94~97

Asymmetric blowing has been investigated as a means of
spin recovery for advanced performance aircraft.98'100 Peake
and Owen98'99 have made a detailed investigation of the effect
of asymmetric blowing near the nose, x/l = 0.12, of a 5 deg
cone. Already the blowing orifice by itself, without blowing,
had a large effect on the side force. As natural transition was
occurring at jc// = 0.20, the orifice at x// = 0.12 could act as a
roughness element, spreading a turbulent wedge down-
stream101 that could cause supercritical separation. Changing
from normal to tangential blowing, upstream or downstream,
had little effect (Fig. 23), again indicating that blowing acts as
a "controllable roughness element," as was also suggested by
the authors,98 although they thought such an explanation was
overly simplistic.

When looking at the effectiveness of the various normal
blowing configurations, the insensitivity to blowing rate for
all but one lends strong support to the roughness hypothesis.
Looking a little closer at the deviating port-side blowing
configuration shows that it too fits the roughness theory (Fig.
24). The result show that all the blowing modes finally give
the expected roughness-induced result, at CM> 0.004. As
expected, upstream blowing is the most effective mode for
turbulence generation, reaching full effectiveness at
CM=0.0015, and downstream blowing is the least effective.
The normal and downstream blowing modes show very
irregular data trends for CM < 0.004. One would be inclined to
ascribe those anomalies to the basic difficulty encountered
when trying to determine the incremental effects of blowing
using nonrepeatable no-blowing data as a base. As the
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Fig. 24 Effect of blowing momentum on the effectiveness of star-
board blowing at ct/0c = 3.2 (Ref. 98).

blowing rate increases its asymmetry potential will finally
overpower that of the basic body. Seen in this light the results
in Fig. 24 support the roughness hypotheses.

The asymmetric blowing used by Skow et al. 10° is similar to
the cone blowing just discussed, but differs in some important
aspects. The angles of attack of interest are much larger,
30<a<60 deg rather than a<20 deg, with correspondingly
less influence of the axial flow component, and the blowing
jet momentum is one to two orders of magnitude larger. The
high momentum blowing was applied in the tangential
downstream direction under the lifted-off vortex. When the
momentum coefficient C^ was high enough the lifted-off
vortex reattached and the opposite vortex lifted off. The
mechanism through which the vortex reattachment was ac-
complished was thought to be mainly entrainment. Ap-
parently, this massive blowing is feasible as a means for (once
per flight) spin recovery. The problem with aircraft ap-
plication of blowing or other devices for control of the vortex
asymmetry is that they cannot be applied near the apex
because of radar requirements. Application of asymmetric
windward mode blowing should provide a much more ef-
ficient means of asymmetric vortex control, at least in the spin
departure process before the full vortex asymmetry has
developed. It is possible that the massive blowing will be
needed for spin recovery. Nevertheless, further research
should lead to more efficient means for departure prevention
and spin recovery.

Conclusions
An assessment of the importance of vortex-induced

asymmetric loads on the vehicle dynamics has led to the
following conclusions:

A blunt-nosed cylinder at high angle of attack generates a
stationary asymmetric vortex array that is similar to the
unsteady von Karman vortex street in two-dimensional flow.

On a pointed, slender body the first asymmetric vortex pair
originates at the apex and the former analogy no longer
applies. The fluid mechanic instability mechanism leading to
the vortex asymmetry instead is likely to be similar to the one
existing on narrow delta wings. As in the case of the delta
wings the apex angle is the correct normalizing unit for the
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effect of angle of attack on the vortex generation. This is true
also when the pointed, slender nose is followed by a cylin-
drical aft body.

The maximum vortex-induced side force occurs at a critical
Reynolds number where fully subcritical conditions are
reached on one side and fully supercritical on the other.

Surface roughness has a large influence on the vortex-
induced asymmetric loads. Invisible, microscopic
irregularities in the nose tip region appear to control the
asymmetric vortex shedding process, according to the ob-
served effects of rolling the nose tip.

Mach number is a significant parameter. The vortex-
induced side loads decrease with increasing subsonic
crossflow Mach number above 0.4, and become insignificant
at supersonic crossflow Mach numbers.

On a pointed, slender body the vortex-induced asymmetric
loads can be reduced greatly and sometimes eliminated
completely by use of small nose bluntness, nose boom, nose
strakes, or body trips.

Body spin has a significant effect on boundary-layer
transition, that in turn plays a dominant role in the generation
of large asymmetric loads.

A coning body motion has the effect of tilting the sym-
metric vortex pair an angle equal to the relative side wind
angle at the apex (induced by the coning motion). At an angle
of attack near the one where vortex asymmetry occurs in the
static case the vortices go asymmetric in a direction deter-
mined by the coning motion and the Reynolds number.

Body pitching, like coning, has a large effect on the vortex
shedding and associated in-plane loads. In the critical
Reynolds number region the pitch rate effects are reversed.
The resulting negative damping contribution can be up to two
orders of magnitude larger than the attached flow (body
alone) positive damping.

Model support interference is often a problem in wind
tunnel tests. It is especially difficult in tests of bodies at high
angles of attack, where the vortices, which often generate the
dominant loads on the model, interact with the downstream
support. This problem, that earlier had been ignored both by
missile and aircraft industry, is presently getting attention.

Existing theories can usually not predict the experimentally
observed aerodynamic characteristics generated by asym-
metric vortices. The impulsively started cylinder analogy
predicts asymmetric vortex shedding to start at aAV~4 6A,
whereas experimental data show aAy~26A. Furthermore, the
analogy predicts the vortex generating the largest asymmetric
load to be shed at o:peak —8.50^, whereas experiments show
apeak<4 6A. In the case of the von Karman vortex street
analogy similar difficulties exist, as there is no means
available to represent the pointed nose. Consequently, the
nose is more or less ignored in the theoretical developments,
whereas experimental evidence shows that it not only
generates the largest side load but also greatly influences the
asymmetric vortex geometry on the aftbody.

A new method has been developed which uses two-
dimensional, unsteady, experimental results to determine the
upper bounds for the vortex-induced side loads on an in-
clined, slender missile body. The boundary determined in this
manner bounds all available, experimental, sectional load
data.

The coupling between vehicle motion and vortex generation
is very significant. When boundary-layer transition occurs,
causing the vortex-induced asymmetric loads to reach their
peak, the coupling becomes especially strong. It is possible
that a particular vehicle maneuver could "lock-in" the
maximum crossflow asymmetry over an extended portion of
the vehicle thereby potentially increasing the stationary
asymmetric loads by 100%. In addition, oscillatory variation
of the vortex-induced side loads could play an important role
in wing rock of high performance aircraft and could also
influence high performance missile dynamics.

One important effect of the asymmetric vortices is to
provide a coupling mechanism between longitudinal and

lateral degrees of freedom, even at zero sideslip. Forebody
pitching generates side forces on downstream missile body
and tail surfaces. These cross-coupling effects have been
found to be very nonlinear, often discontinuous, and
associated with hysteresis effects, with large impact on the
vehicle dynamics. They are, for these reasons, presently
causing missile and aircraft designers great concern.
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