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Theoretical Analysis of Vortex Shedding from
Bodies of Revolution in Coning Motion

G. D. KUHN,* S. B. SPANGLER,f AND J. N. NlBLSEN$
Nielsen Engineering & Research Inc., Mountain View, Calif.

A theoretical flow model for the steady asymmetric vortex system shed from a slender body
in coning niotion is described. The model was developed using potential flow methods and
slender-body theory, and provides for the calculation of the strengths and positions of two
unequal concentrated vortices and the resulting force distribution induced on the body. The
vortex motion is determined in the flowfield which consists of a portion described by a velocity
potential plus a portion due to rotation. The method of determining the initial conditions
for the vortex motions is discussed. Comparisons are made between predicted and experi-
mental values of side forces and side moments for slender cones and ogive-cylinder combina-
tions in lunar coning motion.

Introduction

THE nature of vortex formation on an inclined slender body
and its relation to the two-dimensional flow over a cyl-

inder was recognized some 20 years ago.1 Since then a con-
siderable amount of effort has been expended in studying the
nature of the flow over such bodies and the vortex-induced
force distribution on them.2'3 It has been only recently,
however, that the presence of a steady vortex pair on a slender
body in a coning motion has been established.4 The work
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described in this paper is a theoretical analysis of that prob-
lem. The work was reported in detail in Ref. 5.

The coning problem is of importance for spinning bodies
which encounter a pitch-roll resonance condition, from which
a lunar coning motion (roll lock-in) can develop with unac-
ceptably high angles of attack. The reasons for the de-
velopment of this type of motion are not well understood.
Tobak4 has developed a formulation for the aerodynamic
moment system in lunar motion which does not depend on
constructing the nonplanar motion as the sum of two planar
motions. This approach permits coupling of the two planar
motions and identifies two types of "Magnus moments": one
due to spin about the body axis and one due to rotation of the
angle of attack plane (the plane formed by the wind vector
and the body axis). The existence of vortices over the body
provides a potential source of coupling and nonlinear mo-
ments of the latter type.
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Problem Description

A sketch of the motion being considered is shown in Fig. 1.
The analysis of the motion is based on the following assump-
tions:

1) The body center of gravity traverses a straight path at
constant velocity V through a constant density fluid.

2) The body axis is inclined at a fixed angle, a, with the
direction of motion of the center of gravity. The body under-
goes a coning motion in which the angle of attack plane ro-
tates at constant angular velocity co, about the velocity vector.

3) The body spins at the rate co (lunar motion).
4) A steady vortex pair exists over the leeward side of the

body.

Basic Approach
In the real flow, vortex sheets emanate from the separation

lines and roll up over the leeward side of the body to form two
regions of concentrated vorticity (Fig. 1). In the theoretical
approach, the two regions of concentrated vorticity over the
body are replaced by two potential vortex filaments. The
steady three-dimensional potential flow problem is then
solved through the use of slender-body theory. The analysis
is carried out as the unsteady two-dimensional flow in a plane
fixed in the fluid and normal to the flight velocity vector.

In the fixed plane, a rotating y,z axis system is defined,
where the origin of the axis is the center of the circle repre-
senting the body cross section in the plane and the z axis lies
in the angle-of-attack plane. The body nose is considered
to pierce the fixed plane at t = 0. Thus, the angle-of-attack
plane makes an angle co£ with the x',z' plane.§ The two
vortex filaments originate at the nose and move away from
the body and grow in strength with distance along the body.

The flow model in the fixed plane appears as shown in Fig. 2.
The y',zf axes shown are projections of the inertial y',zf axes
into the plane. If all motion is taken with respect to the y,z
coordinate system, then there exists a fluid velocity along the
positive y axis (horizontal crossflow) proportional to o> and a
fluid velocity along the z axis (vertical crossflow) of magnitude
Va.^ In addition there is a solid body rotation of the fluid
past the body so that the flowfield in the y,z system is rota-
tional. In keeping with the small angle assumption, the
body cross sections in the fixed plane are assumed circular to
first order.

The vortices are considered to be fed from points fo on the
body, which are the locations of the separation lines on the
flanks of the body. The separation points are assumed to
have fixed angular relationships with respect to the resultant
crossflow vector [vector sum of Va and u>Va(tcg — 0 ] so that
they and the crossflow vector rotate with respect to the y,z
system at the same angular rate. The vortex strength at a
given vortex position is determined from the condition that
the velocity at f0 is zero relative to the separation point.
The vortex velocity is determined from a condition of zero
net force on the vortex and its "feeding sheet/' a line con-
necting the vortex to the separation point along which vor-
ticity is considered to be transported.

Formulation in the Rotating
Coordinate System

In the y',z' coordinate system, the fluid is irrotational and
is at rest at infinity. Thus, the flowfield satisfies Laplace's
equation and a velocity potential exists.

The absolute velocity of a point in a fluid is equal to the
velocity relative to a moving coordinate system plus the

§ The x',y',zr system is a nonrotating coordinate system fixed at
the body center of gravity.

^ The assumption is made in the analysis that trigonometric
functions of a can be approximated with sufficient accuracy by
small angle relations; that is, sina ̂  tana =~ a, and cosa = 1.

Fig. 1

PLANE FIXED IN
FLUID PARALLEL-
TO y'.z' PLANE

Sketch of the motion of the body through the
fluid.

velocity of the moving system. Thus, the fluid velocity rela-
tive to the y,z coordinate system consists of an irrotational
part, derivable from a potential, plus a rotational part. The
fluid velocity in the rotating system is
v - iw = -*Ta(l + aVf2) - uVa(tea -*)(!- a2/f2) +

ad/f - tXi[l/(f - W - 1/tf - aVfOl -
»X,[l/(f - fn) - V(f - oVfn)] - <«f (1)

where f = y + iz, X = F/27T, and T represents the strength of
a vortex.** The first two terms in Eq. (1) represent the
crossflow. The third term is a source representing the fact
that the body radius is changing with time. The fourth and
fifth terms of Eq. (1) represent the velocity due to the two
external vortices and their images. The assumption has been
made in this work that the net circulation in the plane fixed
in the fluid should always be zero. The last term in Eq. (1)
accounts for the rotation of the coordinate system.

Solution for Vortex Motion and Strengths
The condition that the fluid velocities relative to the mov-

ing separation points at f 01 and f o2 are zero,

j = 1,2 (2)

supplies two algebraic equations for the two unknowns FI and
r2.

The condition for zero net force on a vortex and its "feeding
sheet" is formulated by observing that the force on the ex-

Fig. 2 Flowfield in the
plane fixed in the fluid.

FILAMENTS

** In the mathematical formulation, the sign convention on T
is such that T is positive for a counter-clockwise rotating vortex
when viewed in the coordinate system shown in Fig. 2.
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ternal vortex is equal and opposite to that on the "sheet."
The force on an external vortex is ipT(£v — Vv), where Vv is
the velocity induced at the vortex by all components of the
flow other than the vortex itself, and f „ — Vv is the vortex
velocity relative to the local induced flow. The force on the
sheet is determined from the unsteady Bernoulli equation
applied to the irrotational flow around a vortex. This yields
the pressure difference across the feeding sheet as pF. The
net force on the sheet is then the product of the pressure dif-
ference across the sheet and the length of the sheet.

Thus, the force balance relation for each vortex is

- Vvj) + ^•pi^•(^y - M = 0 = 1,2 (3)

The only unknown is the vortex velocity fvy. Equations
(1-3), after some algebra, yield a set of simultaneous first-
order differential equations, linear in the derivatives, £„,-.
The differential equations and their derivation are presented
in more detail in Ref . 5.

The equations for the vortex motion are to be solved for
given initial values. The vortices cannot be started on the
body because the feeding points are singularities. The de-
termination of the vortex motion in the immediate vicinity of
the feeding points was examined by expanding the equations
in Taylor series in terms of the vortex displacement from the
feeding points. The expansion yielded the trajectories along
which the vortices move in the near vicinity of the feeding
points, but could provide no information about the relation
of the initial displacements of the two vortices. The feeding
points were shown to be unstable saddle points with a single
integral curve passing through each, inclined at an angle of
30° to the downstream tangent to the body at the feeding
point. This result is identical to that of Bryson6 for the case
of planar motion. However, unlike the planar motion prob-
Jem, the a priori assumption of symmetry of initial vortex
displacement is not justified in this case. The analysis of the
initial motion is described in more detail in Ref. 5. In order
to determine if the initial displacements of the two vortices
could be connected using some property of their asymptotic
downstream behavior, the motion of the vortices far from the
body was examined. This behavior will be described in a
subsequent section.

In order to integrate the differential equations for the vor-
tex motion, the angle arguments of foi and f 02 must first be
selected. Data on separation line location for the planar
motion case at moderate angles of attack indicate the separa-
tion lines on the two flanks of the body to be symmetrical
about a vertical plane through the body axis. For the lunar
coning case where no data are available as a guide, the most
reasonable first approximation is to assume that the separa-
tion lines are located symmetrically with respect to the re-
sultant crossflow vector. Since the coVa(tcg — t) component
varies with time (or distance along the body) and its direction
changes at tcg, the resultant crossflow vector will rotate in the
y,z system with increasing time.

Calculation of Forces and Moments

The force distribution on the body was calculated by using
the Bernoulli equation to obtain the pressure distribution,
which was then integrated to obtain the force. In the non-
rotating y'jZ' coordinate system, the force per unit length can
be expressed as

dF' dY' , .dZ' . ., r P— = -r- + * — .= -e~^p I Zdx dx dx Jc p (4)

where the contour c is the periphery of the circle representing
the body, and the body nose is considered to pierce the plane
fixed in the fluid (at t = 0) with the imaginary axes of the
fixed (f 0 and rotating (f) coordinate systems aligned.

While the calculation of vortex motion can be accomplished
in the rotating, f , coordinate system, some care must be
exercised in distinguishing between the two axis systems in
carrying out the force computation. In the f ' system, the
flow is completely irrotational and all fluid velocities are zero
at an infinite distance from the body. A velocity potential
$'(?'>£) exists, which is the real part of TF'(f' ,0, given as
follows:

= Va[i - a(tcg - t)](a*/A) + ad InA -

(5)

where

A = f V»* - iVa(tea - t)

and

B, = A - a + iVa(teg - t)] j = 1,2

The Bernoulli equation for unsteady flow in the f ' system
is given by paragraph 3.60 of Ref. 7 as

5 (6)

where the constant C is uniform throughout the flow at a
given instant of time. The procedure is to obtain the proper
forms of the first two terms on the right-hand side of Eq. (6)
using the real part of Eq. (5) for <j>'($',t) and the derivative of
Eq. (5), dW '(f ',0/df ' for v' - iw'. The contour integration
indicated in Eq. (4) is then performed. With respect to the
integration, it is noted in Ref. 8 for the case of free vortices
external to a body that the contour can be enlarged from the
body periphery to a contour of infinite radius since inclusion
of the force-free vortices within the contour will not change
the computed force. The same is true in the present case
since the vortices plus their feeding sheets are force-free.
The only term that contributes in Eq. (4) is the time deriva-
tive of the velocity potential.

The application of this approach to the problem results in
the following expression for the force per unit length,

dF'/dx = e-^t{2wpadVa[i - <a(teg - t)] +

teo - 01 +

- a2AvO]} (7)

where
11/2

The first two terms represent forces that are derived from
the attached flow around the body due to the body radius
changing with axial distance and the cross-coupling between
the rotational and angle-of-attack motions. The next term
arises from the motion of the vortices in the rotational flow
around the body. The last two terms represent the time
rate of change of impulse of each external vortex and its
image, and are identical to the terms that occur for the planar
motion case.

Computer Program for Vortex
Motion and Forces on Body

The differential equations which must be solved for the
vortex motion are a set of first-order ordinary differential
equations, linear in the derivatives. The expressions for the
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INITIAL CONDITIONS

Fig. 3 Vortex trajec-
tories on a cylindrical
body in planar motion
for different initial con-
ditions, OL = 26° , tolcg/V

= 0.0.

force and the moments about the center of gravity of the body
are of the same form.

Integration of the differential equations and the forces and
moments is accomplished using a fourth-order Adams-Moul-
ton predictor-corrector method9 with starting values de-
termined using a Runge-Kutta integration scheme. Initial
values of ft, f 2, and t are provided as input to the computer
program.

Effect of Initial Conditions on
Asymptotic Vortex Behavior

Cylindrical Bodies

An investigation was conducted to determine the sensitivity
of the downstream behavior of a pair of vortices on the lee-
ward side of a cylindrical body. The initial vortex positions
were defined as

f*t = fo,- + a****'
The values of e? were provided as input to the computer pro-
gram, along with the body radius and the locations of the
feeding points. The angles 0,- were computed from the
first-order analysis mentioned previously. The initial loca-
tion of the right-hand vortex, ei, was always specified as 0.05
whereas the initial value of e2 was varied.

Nonconing case

The first step in the study of the downstream behavior was
to examine the case of planar motion (w = 0) both with sym-
metrical initial values of e and with small deviations from
initial symmetry to gain insight into the effect of initial errors
on the downstream behavior. Some results are shown in
Fig. 3 for the case of a = 26° and 0S = 50° with separation
considered to originate at t = 0. Figure 3 shows the tra-
jectories of the vortices for initial values of e2 of 0.049, 0.05,
and 0.051. For the case of symmetrical initial positions, the
vortices pass outside of and then curve in to asymptotically
approach points at which the vortex strengths and positions
become constant. These points are the Foppl points defined
as the positions where, for a particular vortex strength, the
resultant velocities at the vortices are zero. Since the vortex
strengths in the present problem are determined by the loca-
tions of the separation points on the body, the Foppl points
are uniquely determined. For unsymmetrical initial posi-
tions the Foppl point is never reached, as shown by the dashed
curves of Fig. 3.

It is characteristic of the symmetrical planar motion solu-
tion that the vortex strength will increase to a point about 30
radii downstream of the nose, at which point the vortex begins
to curve towards the Foppl point and the vortex strength be-
gins to decrease; that is, T becomes negative. At this point,

Fig. 4 Vortex tra-
jectories on a cylin-
drical body in con-
ing motion for sym-
metrical initial con-
ditions, eii = €2» =
0.05, ulcg/V = 0.12.

1.2

the solution becomes physically unrealistic since the oc-
currence of negative T implies that vorticity is being fed back
into the body boundary layer rather than being shed from the
boundary layer. This may mean that the feeding sheet is
actually broken, which could result in the freeing of one of the
vortices and formation of an asymmetric vortex configuration.

Coning case

One would expect to find with coning motion a downstream
behavior of the vortices similar to that of the planar motion
case, at least for small coning rates. This result is illustrated
in Figs. 4 and 5 for the case of <jolcg/V = 0.12 and eu- = 0.05.
Several calculations were made for different values of €2;.
The results for e2i = 0.05 are shown in Fig. 4, while the re-
sults for €2i = 0.05320325 are shown in Fig. 5. The behavior
shown here is qualitatively similar to that shown for the
nonconing case, as shown in Fig. 3. Figures 4 and 5 indicate
that the two vortices move away from their feeding points at
similar rates. In Fig. 4, a situation similar to that of Fig. 3
for unsymmetrical initial conditions is found. For the initial
conditions of Fig. 5, the result is similar to the symmetrical
case of Fig. 3. The vortices first accelerate, then slow and
finally approach positions that are essentially stationary with
respect to the resultant crossflow vector. Furthermore, for
the case of Fig. 5, F becomes negative for both vortices at
approximately 30 radii downstream as in the planar motion
case. Thus, the downstream behavior of the vortices with
coning motion is qualitatively the same as that for the planar
motion, at least for moderate coning rates.

The principal vortex-induced force distribution is in the z
direction. The side-force distribution is an order of magni-
tude lower and is quite sensitive to the difference in vortex
positions and strengths caused by small differences in initial
conditions. For example, with e^ = 0.05, a value of €2* =
0.05 produces a large side force to leeward, whereas values of
€2; of 0.054 and 0.05320325 produce small side forces to wind-
ward. These results indicate the importance of obtaining a
reliable method for determining initial conditions.

€,. = 0.05
* 0.05320325 a=26°

Fig. 5 Vortex trajec-
tories on a cylindrical
body in coning motion
for unsymmetrical in-
itial displacements; e^
«= 0.05, c2t = 0.05320325,
coiCfl/F.= 0.12, « = 26°.

24

58

Vt/a

-1.2 -0.8
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Fig. 6 Nondimensional vortex displacement on a 10°
half-angle cone at 34° angle of attack; feed-points at 34°

from resultant crossflow vector.

Conical Bodies

For the case of a slender cone at angle of attack with flow
separation and vortex formation, Bryson6 derived the vortex
motion and forces on the assumption that the flowfield is
conical. Thus, solutions in the crossflow planes are similar
and are scaled according to distance from the cone vertex.
The present formulation of the problem does not employ such
an assumption. Consequently, a number of calculations
were made with conical bodies to check the Bryson results for
the planar motion case and to determine the nature of the
present solution for the coning case.

The behavior of the vortices shed from a slender cone for
both planar and coning motion is shown in Fig. 6. The con-
figuration is a 10° half-angle cone of length Z0 and base radius
«o with the center of gravity at Zca/70 = 0.61 for the coning
case. The cone angle of attack is 34°. In both cases,
the separation lines were specified at angles, 08, 34° from
the resultant crossflow vector. The initial conditions are
indicated on the figure. The starting positions of the
vortices were specified on lines in the crossflow plane inclined
30° to the downstream tangents to the body at the feeding
points. The variation of €1 and €2 for planar motion (co = 0)
is indicated in Fig. 6 by a solid line, while the broken lines
represent the variation for o)lco/V = 0.042. The vortices in
all cases were started at x/lQ = 0.0191. For the o> = 0 case,
the solution immediately converges to a value of e = 0.3976
with the vortices on lines 36.86° from the downstream tan-
gents to the body at the feeding points.

In the coning case, the asymptotic solution is very sensitive
to the initial conditions just as it is for the cylindrical body.
For equal initial values of ci and e2, the solution converges
very rapidly in the same manner as the planar motion case,
but the asymptotic solution is one in which 61 increases ap-
proximately linearly with time and e2 decreases. For e2 =

0.2

• O.I

0 0.2 0.4 0.6 0.8 1.0
Vt/Zo

Fig. 7 Variation of vortex strengths for planar and coning
motion of a 10° half-angle cone at 34° angle of attack.

0.4

0.3

0.2

O.I

0

-O.I

-0.2

• Experiment
— NACA TN 3788

Present theory
A 0S - 10°

10 15 20 25 30
a, deg.

Fig. 8 Side-force coefficient on 10° half-angle cone due
to coning motion; M« = 2.0, Icg/I0 = 0.61.

0.055, the downstream solution is characterized by even
greater asymmetry.

Of the two sets of results for coning motion shown in Fig. 6,
the set using symmetric initial conditions is the most plausible.
In the planar motion case where the initial conditions and the
locations of the separation lines are clearly symmetrical, a
conical solution is obtained, which implies that the vortices
originate on the axis of the cone at its apex. For the coning
motion case, the vortices should also originate on the cone axis
at the apex. At the apex, the velocity due to the rotational
flowfield, which is the principal source of asymmetrical growth
and motion of the vortices, is zero. Thus, the initial vortex
motion and growth at the cone apex should resemble that of
the planar motion case.

The results for the vortex strengths are shown in Fig. 7.
In the planar motion case, the vortex strengths are equal and
increase linearly with time, or distance along the body. In
the coning case, the strengths still increase linearly with time,
but at different rates.

Comparisons with Data

Slender Cones

Unpublished data on a 10° half-angle cone were obtained
from the NASA Ames Research Center. The cone was
mounted on a bent sting such that the sting could be rotated
to produce the coning motion and the cone could be spun rela-
tive to the sting. The angle of attack could be varied using
interchangeable stings. A six-component force balance sys-
tem measured aerodynamic forces in body coordinates and
moments about the center of gravity. Photographs were
taken of the vortex positions at various axial stations using
the vapor screen technique and a camera mounted on the
rotating sting. The cone was mounted with its center of
gravity at the 61% length station. The tests were conducted
in the 6- X 6-Foot Wind Tunnel at a Mach number of 2.0.

In comparing the forces and moments on the cone, it is
useful to consider the forces due to both the attached and the
separated flow around the body. The work of Ref. 10
predicts a linear variation of the total side force coefficient
and the total side moment coefficient with angle of attack.
Figure 8 shows the comparison between theory and data for
the variation of side-force coefficient, Cy/(u>k/V), with angle
of attack. The present theory is indicated by open symbols
while the experiment is indicated by filled circles. Theoreti-
cal results for two values of the separation line location, 0S,
are shown. The linear variation of Cy/(ul0/V) for small
angles of attack is predicted very well by the results of Ref. 10
as shown in the figure. The predicted values at high angles
of attack were obtained by adding to the linear variation for
attached flow, the predicted nonlinear contributions due to
the vortices. In Fig. 9 the theoretical side moment on the
cone is compared with the experimental data in the same
manner as for the aforementioned force coefficient.
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Fig. 9 Side-moment coefficient on 10° half-angle cone due
to coning motion; Moo = 2.0, Icg/I0 — 0.61,.

Figures 8 and 9 indicate that the predicted results are
strongly influenced by the location of the vortex feeding
points. For a given value of Os, the vortex-induced side
force first appears at a larger angle of attack than the data
indicate and increases at a faster rate than the data as the
angle of attack is increased. The figures indicate that it may
be possible to improve the prediction of the side force if B8 is
varied with angle of attack. This result is in qualitative
agreement with the data of Ref. 11, where the angle of
separation, 6S) on inclined bodies in planar motion is shown to
depend strongly on angle of attack. Also, it may be neces-
sary to specify an axial variation of the separation line loca-
tion different from the constant angular displacement from
the resultant crossflow vector as used in the present theory.
It is apparent that knowledge of the separation line location
is an important factor in developing a predictive technique.

Ogive-Cylinders

Some experimental measurements of side moments on a
slender ogive-cylinder body are presented in Ref. 4. As in the
cone experiments, vapor screen photographs were used to ob-
serve the vortices. The total side moment ahead of the
center of gravity was measured. The configuration is a
cylinder 2.5 in. in diameter (a0 = 1.25 in.) with a fineness-
ratio 3.4 tangent-ogive nose. The center of gravity was
2.5 ft from the nose of the body. The tests were run in the

—— Experimental vortex
outline

--o- Theoretical vortex
trajectories_ 3 6

Fig. 11 Side-
moment coefficient
on a slender ogive-

cylinder.

-t.u

-3.0

-1.0

Q

I Experiment
• Theory ^

0S =50° T ^

i.1
i 1 i

0 10 20 30
a, deg.

I

4<

Ames Research Center 6- X 6-Foot Wind Tunnel at a Mach
number of 1.4 and freestream unit Reynolds number of about
2.0 X 106/ft.

Theoretical calculations of the vortex-induced forces on the
ogive cylinder were made based on the assumption that the
vortices started on the ogive nose of the body. Initial vortex
positions were obtained from calculations for a cone based on
the conclusion reached previously that a unique set of initial
conditions can be obtained for the solution for a cone. The
separation points were each assumed to be at angles, 08, 50°
from the resultant crossflow vector, which value corresponds
to measured separation line locations on ogive-cylinders and
cone-cylinders at angle of attack.11 The angle of 50° was
chosen as the best estimate of an average value of the angular
location of the separation line since the location actually
varies along the body, whereas the computer program used
here can only handle constant values of 68. The asymptotic
solution for the vortex trajectories on the cone was then used
to obtain the positions of the vortices on the ogive at the
station at which the ogive was tangent to the 10° cone. The
angle of 10° for the cone was chosen arbitrarily.

The results for the predicted vortex positions for an angle
of attack of 26° and a coning rate (ulcg/V) of 0.12 are com-
pared with sketches made from unpublished vapor screen
photographs for three axial stations in Fig. 10. While the
"centers" of the areas of concentrated vorticity are difficult to
determine, the predicted vortex positions tend to agree
qualitatively with the photographic information. The
theory predicts that the right-hand vortex is further away
from the body than the left-hand vortex. The right-hand
vortex has a greater strength than the left-hand vortex until
a point about 10 radii from the nose, beyond which the
strength of the left-hand vortex becomes larger.

The side-moment coefficient on the portion of the body from
the nose back to the center of gravity is attributable almost
entirely to the vortex-induced side-force distribution. This
conclusion is substantiated by the data presented in Ref. 4,
which is reproduced as Fig. 11. The predicted side moment
is a strong function of the separation angle as it was for the
cone. However, a predicted value for 26°, shown in Fig. 11,
indicates the correct magnitude. In the tests just described,
photographs of the vortex positions were obtained up to 8
diam aft of the center of gravity. Sketches of the areas of
concentrated vorticity for a = 25° and coZcff/F = 0.12 are

Fig. 12 Sketches of vor-
tices on ogive-cylinder in
coning motion from vapor
screen photographs, calcg/V

= 0.12, a = 25°.
Fig. 10 Comparison of theoretical and experimental
vortex trajectories on an ogive-cylinder body in coning

motion; wlcg/V = 0.12, a = 26°.
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shown in Fig. 12. Near the aft end of the body, the photo-
graphs tend to indicate that the right-hand vortex becomes
free, much as occurs on long slender bodies in planar motion
at high angles of attack. Theoretical solutions for the ogive-
cylinder indicate that F qan become negative for certain
combinations of initial conditions, angle of attack, coning rate,
and separation line locations. Such behavior suggests that
the tearing of the feeding sheet of one vortex might occur at
the point where F becomes negative, and a new bound vortex
would be started at the separation point. No calculations
have been made along these lines at the present time.

Concluding Remarks

Based on experimental evidence of the existence of a steady
asymmetric vortex system on a slender body in coning motion,
a theoretical flow model for vortex shedding was developed
using potential flow methods and slender-body theory. The
model provides for the calculation of the strength and position
of each of the two vortices representing the areas of concen-
trated vorticity and the resulting force distribution induced on
the body. The results for vortex motion and forces were
found to be quite sensitive to the initial asymmetry. Upon
specializing the body to a cone, it was found that the full
nonlinear solution rapidly converged to a unique solution.

On the basis of agreement with data for a cone and an
ogive-cylinder in lunar coning motion, the flow model de-
veloped herein is felt to describe reasonably accurately the
nature of the vortex-like separated flow over the body and the
vortex-induced force distribution. The vortex flow is shown
to produce a side force to leeward and a stabilizing side mo-
ment in correspondence with the measured results.

The theoretical solution depends on assumptions regarding
the separation line location. For the lunar motion case, the
body is not spinning relative to the boundary layer, so that
use of separation location data obtained for planar motion
should be a reasonable assumption. The development of a
truly predictive method requires a three-dimensional bound-
ary-layer solution that would predict the location of the
separation lines over the length of the body and the initial
positions and strengths of the vortices. Such a method
would then permit calculation of the general case of coning
motion with nonlunar spin rates.

Finally, the nature of the theoretical solution suggests the
possibility of predicting the asymmetric vortex pattern de-
veloped at high angles of attack. The theoretical results
indicate that at some station aft along the body, the rate of
change of strength of the windward vortex can approach zero
or go negative, which suggests that since vorticity would no
longer be fed to the vortex from the separation line, the sheet
should be cut. This result is in accordance with experi-
mental observations of vortex flow over bodies at relatively
high angles of attack, which tend to indicate the existence of a
steady asymmetric vortex pattern, with sheets being torn
and free vortices formed.
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