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Asymmetric Vortex Effects on Missile Configurations

J.E. Fidler* and M.C. Batemant
Martin Marietta Aerospace, Orlando, Fla.

An engineering procedure for estimating the effects of asymmetric lee side vortices on siender missile con-
figurations is described. A computerized model is used which incorporates both theoretical and empirical bases.
Vortex locations and strengths are defined on mainly empirical grounds. Forces and moments are calculated
from potential flow considerations. The procedure may be applied to bodies with or without tails. Among the ef-
fects calculable are: induced side forces, yawing moments, tail forces, and rolling moments. Comparisons bet-
ween predicted and experimental effects are shown. Procedure accuracy is generally suitable for preliminary

design purposes.

Nomenclature

A =reference area

a =body radius

R =tail aspect ratio

Cy =axial force coefficient

Cye =cross-flow drag coefficient

C; =lift coefficient

C, =rolling moment coefficient

Cy =normal force coefficient

=yawing moment coefficient

=side force coefficient

=missile body diameter

=axial extent of base influence

=vorticity flux

=axial distance over which boundary layer is shed
to form vortex

=vortex street lateral dimension

=coefficient in vortex strength equation

=length

=vertical distance between vortices of like sign

=Mach number

=number of vortices in wake at a given axial
location on the body

=frequency with which vortices of like sign are
shed

=spanwise distance from tail root to tip

=radial limit of vortex influence on a body

=Reynolds number

=radjal distance from center of body

=Strouhal number =nd/V sin o

=circumferential velocity at edge of boundary
layer at separation

=freestream velocity

=velocity induced normal to tail leading edge in the
y direction

X =axial distance along body

Y =side force

y =lateral distance normal to body
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= distance above and normal to body axis
=angle of attack
=nose half angle
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g =angle between growing vortex cores and body
axis
=circumferential separation point angular orien-
tation
=angle between street vortex cores and body axis
=vortex strength
(x) =local value of strength in a growing vortex
=freestream density
=roll angle
=separation angle parameter
=tail taper ratio
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Subscripts

=axial direction
=body
=cross flow
=induced; vortex indicator
R =left and right sides of body, respectively
=initial condition
=vortices, starting with third from missile nose
=tail
= conditions at axial station x
.2 = first and second vortices, respectively

Y =R

~—

Introduction

N recent years, increased maneuverability require-

ments for air-to-air missiles have dictated corresponding in-
creases in angles of attack, particularly for those vehicles
which perform slewing maneuvers. Maximum angles for such
missiles can now reach 180°. As a result of these develop-
ments, the flowfields with which the aerodynamicist has to
deal are much more complex, and traditional methods for
predicting aerodynamic characteristics are inadequate to deal
with all the problems involved. One example of method
deficiency is found in the angle of attack range 25-50°. Here,
steady, asymmetric vortex patterns which usually develop in
the body wake, can induce large side forces and yawing and
rolling moments, which are detrimental to missile con-
trollability. Few methods are currently available for pre-
dicting these forces and moments or for analyzing the com-
plex flowfields which produce them. The effects are par-
ticularly acute in the subsonic-transonic speed range. At Mach
numbers greater than about 1.5, however, they tend to
diminish rapidly.

The flow phenomena involved and their effects have
received considerable attention recently,!” although wake
vortex effects and asymmetry have been reported by earlier
authors.'®13 Among the earliest studies were those of Allen
and Perkins'® and Perkins and Jorgensen,'! in which some of
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the basic flow structure in the wake was investigated and the
onset of vortex asymmetry observed. More recent work by
Thomson and Morrison! and Thomson??® determined details
of the wake flowfield and the associated vortex characteristics
through direct flow probing. In that work, attention was
drawn to the strong similarities between the three-dimensional
asymmetric wake and its two-dimensional counterpart, the
von Karman vortex street. Measurements were made of vortex
strengths, spacing, and shedding frequency. The data of Ref.
1 have often formed the basis for follow-on work to deter-
mine vortex effects on slender missiles8 or for the com-
putation of wake flow charateristics.® The measurements
form part of the basis for the present work, with suitable
modifications for various flow parameter changes.

Recent wind tunnel investigations performed by Martin
Marietta showed marked evidence of asymmetric vortex ef-
fects. The magnitudes of typical induced quantities are shown
in Figs. 1 and 2. In Fig. 1., pitch and yaw plane moment data
up to 60° angle of attack are shown for an isolated body com-
posed of an ogive/cylinder of 10:1 total slenderness ratio.
Beginning around 25° angle of attack, considerable yawing
moments were induced due to asymmetries. The addition of
tails to the body (Fig. 2) results in the generation of yawing
moments which are almost as large as the pitching moments.
In addition to the problem of magnitudes is that of un-
predictable sign.!3* Random changes in direction of forces
and moments have been observed, sometimes related to
changing flow conditions, but often interpreted to be caused
by small manufacturing imperfections near the missile
nose.»>* In fact, significant changes in induced force and
moment magnitudes and signs can be produced by rotation of
all or parts of the body.'** This has further, serious im-
plications for missile controllability.

It is clear that techniques are required for calculating the
forces and moments induced by asymmetric vortex wakes.
Some work has already been done in this area®® for slender
bodies at subcritical crossflow Reynolds number. The present
work deals with that case, also, but goes further in con-
sidering supercritical cross-flow Reynolds and Mach number
effects for bodies with and without tails. The technique to be
described is semi-empirical, drawing upon the experimental
evidence referred to above, but modifying it for different flow
conditions and supplementing it with analytical results and
techniques. The work is confined to steady-state flow con-
ditions. The procedure has been programmed for digital com-
putation. Descriptions of the various bases and procedures
used are given, and program predictions are compared with
experimental data. It is shown that the technique provides
preliminary design level accuracy for the calculation of these
vortex-induced effects.

Flowfield Description

When a slender missile body is placed at angle of attack in a
uniform flow, the boundary layer generally separates on
either side of the body and forms a lee side wake. Separation
usually begins near the rear when the missile reaches about 6°
angle of attack. The wake takes the form of a pair of sym-
metrically disposed, counter-rotating vortices fed by vorticity
shed from the separating boundary layer. As angle of attack
increases, the axial extents, sizes, and strengths of the vortices
increase also.

In general, vortex size and strength also increase toward the
rear of the body. Several authors have formulated descrip-
tions of vortex development along slender bodies in terms of
two-dimensional, impulsively started flows around cylinders.
These formulations relate flow development with time,
measured either from the beginning of impulsive two-
dimensional motion or from the instant a fluid particle makes
contact with a three-dimensional body. In the latter case, time
is defined by distance traveled along the body and the axial
component of freestream velocity. For the two-dimensional
case, the motion of the vortex cores as time passes (i.e., vortex
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size and strength increase) theoretically follows a path known
as the Foppl line.!* Use has been made of this result in the
present work, as will be described later.

When the body angle of attack reaches about 25°, the sym-
metric nature of the wake disappears. The two vortices are
joined by a third, beginning again at the body rear, and the
wake becomes asymmetric. As angle is increased further,
more vortices join the flow until the wake contains several
which have been shed from the body. An idealized model of
the flowfield is shown in Fig. 3. A section taken through the
wake shows it to resemble the von Karman vortex street, well
known in the literature on 2-dimensional flows. Not all of the
vortices are fully shed, however; two usually remain close to
the body, receiving vorticity from the shedding boundary
layers. If angle of attack continues to increase, these too will
be fully shed into the wake when their strength reaches some
critical value. Their places will be taken by yet other growing
vortices.

While a growing vortex is receiving vorticity from the
boundary layer, i.e., before it reaches full strength, it tends to
stay close to the body. Thomson and Morrison! showed
schlieren photographs which implied that the vortex core is
somewhat curved while it is forming. Not until full strength
has been reached does the core become straight and parallel to
the rest of the vortices in the street. This core behavior is in-
dicated in Fig. 3.

It has been determined that a marked similarity exists be-
tween the manifestations and effects of two- and three-
dimensional asymmetric vortex wakes.! In fact, the von Kar-
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man street stability criterion that the ratio of lateral street
dimension (%) to the distance between vortices of like sign (¢)
is given by 2 =0.281 ¢, has been shown to apply to both cases
(Fig. 3). However, in the wake of Fig. 3 no lateral motion of
the vortex cores relative to the body takes place. The two-
dimensional phenomenon of increasing distance between vor-
tex core and body as time increases is analogized in the same
way as for the symmetrical vortices. That is to say, the wake is
steady and the motion of a fluid particle along a (stationary)
vortex core may again be described in equivalent time by its
axial velocity and distance traveled. Through use of this
analogy, Thomson? and Thomson and Morrison! were able
to deduce the strengths of asymmetric wake vortices as well as
their effects upon body cross-flow drag. Thomson? recently
extended this work to deal with induced side forces and
yawing moments on bodies at subcritical cross-flow Reynolds
numbers.

At still higher angles of attack, say greater than 50°, the
wake begins to display unsteadiness. The vortex cores show
definite lateral displacements relative to the body and the in-
duced forces and moments become time-dependent. This case
will not be considered here. Consideration will be given only
to the phenomena in the angle range 25-50° and their effects
upon missile aerodynamic characteristics.

The first task to be performed is that of constructing a
realistic flowfield model. This has been done semi-empirically
based upon experimental data'>%!¢ and theoretical re-
sults. 415 Model construction is described in the next section.

Construction of Flowfield Model

The flowfield model has been constructed to reflect the
aerodynamic state-of-the-art, including potential flow theory
plus several of the findings of Ref. 1. Vortex strengths and
locations have been made compatible with that work and
suitably scaled to broaden their ranges of applicability. In ad-
dition,theoretical results on the locations of wake vortices and
their images have been introduced and the contribution of
nose potential lift to vortex strength has been considered.
Both shed and growing vortices are treated, making use in
part, of a vorticity-conservation concept.® Each of the above
components of the model is described in detail beginning with
vortex strength.

Vortex Strength

Detailed flow surveys have shown!? that not all the wake
vortices are of the same strength. Generally, the first vortex
from the nose originates near the nose/body junction and has
the smallest strength in the wake, I';, say. The second vortex
separates soon after the first and has a somewhat higher
strength, T',. From the third vortex onwards, all have ap-
proximately the same strength, I'; (>T',), and their spacing
and strength are analogous to those of the vortices in a von
Karman street. While the first and second vortex strengths
will contain contributions from the (potential) nose lift, the
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Fig.3 Schematic of lee side vortex pattern
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“‘street’” vortices are wholly fed with vorticity from the
separating body boundary layer. Reference 8 presents detailed
information on dimensionless vortex strength I'; for various
angles of attack at subcritical cross-flow Reynolds number.
For the first two vortices, strength is calculated using concepts
from potential flow theory.

Now the first and second vortex strengths must contain a
contribution from the potential flow lift of the nose. The
strength of the first vortex, I';, may be estimated if it is
assumed that the nose is replaced by a horizontal lifting line of
constant strength (T';), located at the nose/body junction
(Fig. 4). All of the nose lift is assumed to be generated by this
line, and the associated trailing vortices will have its strength,
provided they receive no further vorticity from the shedding
boundary layer. The first vortex shed, near the nose
body/junction, will probably contain only potential- flow-
generated circulation. To calculate vortex strength, T,
is straightforward. It can be shown!® that the coefficients of
normal and axial force acting on the nose are predicted by
slender body theory to be

Cy=2sina C,y=Cyy—sin’a
where the reference area is that of the body cross section.
Converting these quantities to lift coefficient yields

C; =Cpycosa—Cysina

If C,4, is assumed negligible (as it will be, compared to the
axial forces generated at the high angles of attack here) this
expression becomes after some manipulation

L=(p/8)V?nd? (2sin xcos o+ sin3a)
=pI';dV

The latter expression is the well-known Kutta-Joukowski
theorem. Finally, the equation may be rearranged to yield

T',/Vdsino= (7/8) (2cos a+sin?a) e

This dimensionless vortex strength may be compared with
measurements from flowfield surveys.! Using an angle of
30°, Eq. (1) yields a dimensionless strength of 0.78. The
corresponding measured strengths from Ref. 1 show a range
of values from 0.3 to 1.1, with a mean value of 0.7. This com-
pares quite well with the predicted value. Where it is found
that the first vortex is shed forward of the nose/body junc-
tion, its strength is simply determined by using the local nose
diameter in Eq. (1).

There should be little or no effect of Reynolds number on
I', since the strength is determined by potential flow con-
siderations. On the other hand, T'; is wholly produced by
viscous flow and is strongly affected by crossflow Reynolds
number (R,.), which influences the characteristics of the
boundary layer shed to form the street vortices. The second
vortex, being shed downstream from the nose/body junction,

LIFTING LINE

Fig. 4 Schematic of flowfield model.
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is modeled here as a ‘‘“mixed vortex,”’ i.e., a potential flow
vortex which receives additional vorticity from the shedding
boundary layer just aft of the nose (Fig. 4). Formally, T, is
expressed as ', =T, +KT';. K was found empirically to be
about 0.22 from the wake survey data of Ref. 1.

For street vortex strength at subcritical R, , the data shown
in Fig. 5 were used.? To scale T, for supercritical R,., use was
made of von Karman’s result'* that cross-flow drag coef-
ficient (C,.) is approximately proportional to the street vortex
strength, T'; (the expression for Cy,. contains terms in I'; and
T'2; however, the latter accounts for less than 10% of the
total; hence, C, is approximately proportional to T,). Data
obtained from Martin Marietta investigations into cross-flow
drag!'é produced the information of Fig. 6, which shows that
for low cross-flow Mach number, cross-flow Reynolds num-
ber has a strong influence on cross-flow drag. Above the
critical cross-flow Reynolds number (about 10%), C,,. shows a
significant decrease below the subcritical value. Hence, T,
too, will be significantly reduced. An increase in cross-flow
Mach number (M,) is required to increase both C,. and T;.
Accordingly, for R, > 10° the subcritical R, values of T
from Fig. 5 are scaled in the same ratio as C,. from Fig. 6.

To illuminate further the mechanisms underlying the
relationship between cross-flow Reynolds number and vortex
strength, recent work by Fidler® will be briefly described. It
may be shown that the strength of a lee side asymmetric vor-
tex can be related to the flux of cross-flow vorticity leaving the
body at the circumferential separation point defined by ..
Further, the vorticity flux shed over axial distance g (at fixed
angle of attack) in unit time is

&g
Fy=const SO UZdx

The vorticity thus shed diffuses through the vortex to
produce the circulation I';. Equating the flux Fy to that
flowing along a wake vortex of core velocity V, yields an ex-
pression for vortex strength

const g
S

U2dx
v, 0

a

Now U,, the circumferential velocity at the boundary-layer
edge at separation, is a function of 4,. In the two-dimensional
case!” it has been found experimentally that when cross-flow
Reynolds number is subcritical, 6, lies near the meridian of
the cylinder and the associated separation velocity (U,) is
larger than in the supercritical Reynolds number case, where
the separation point lies far over on the cylinder lee side. Con-
tinuing the analogy between two- and three-dimensions in-
dicates that cross-flow Reynolds number affects T'; through
its effects; first upon 6, which in turn determines U,, which
defines the vorticity flux flowing from the body, and diffuses
through the vortex to produce T';. Hence, subcritical R..
produces larger T values than does supercritical R,., provided
cross-flow Mach number is low.

The foregoing discussions deal with fully developed vortices
which have left the immediate vicinity of the body and joined
the asymmetric wake pattern. However, consideration must
be given to the street vortices while they are forming close to
the body. As previously discussed, these growing vortices are
fed by vorticity from the separating body boundary layer.
Assuming rapid diffusion of vorticity, the local vortex
strength I'(x) formed by shedding a boundary layer over
distance x may be written (see previous equation).

I'(x) = const SO UZdx

Furthermore, it has been experimentally determined* that,
for those portions of the body where street vortices are being
formed and for given flow conditions, the circumferential
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location of boundary-layer separation (6,) is approximately
constant with x. Hence U the circumferential velocity at the
boundary-layer edge at separation is also constant. Thus the
local vortex strength is seen to be directly proportional to x,
i.e., I'(x)=T,; x/g where g is the distance over which
boundary-layer fluid is shed to form a street vortex.

One final item affecting the strengths of forming vortices
has been considered. It has been shown by Thomson?® that, as
a growing vortex nears the base of the body, the rate at which
its strength increases is reduced, due to base proximity.
Thomson’s data indicate that the growth rate is only 40% of
normal. The axial extent of the region over which the base in-
fluence is felt is given by e=d?/2S ftan «. The model contains
this feature.

At any body axial station, then, the strengths of all the vor-
tices are calculable from the combined theoretical/empirical
procedures described above. The next stage in flowfield
model construction is to locate the vortices relative to the
body so that their effects may be calculated.

Vortex Location and Spacing

The problem of locating vortex cores in space relative to the
body must be handled separately for vortices growing near the
body (i.e., those being fed with vorticity from the separating
boundary layer) and for shed vortices which can be considered
part of the wake street. In the former case, use is made of
theoretical results from two-dimensional potential flow
theory; in the latter, systematic experimental evidence,
suitably scaled for flow parameter changes, is employed. The
case of growing vortices will be described first.

Growing Vortices

In order to model the trajectory followed by a growing vor-
tex, two reference points are required. The first is the cir-
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cumferential location on the body at which the boundary
layer separates. The second is the point in space at which the
vortex has reached full strength and can be said to have joined
the street.

The first point is located by the empirical relationship 6, =
sin=7 (3 tan §/2 tan «). The angle thus defined places
separation in the general region typical of laminar/turbulent
boundary layers. Since the means of determining vortex
strength does not rely upon an exact knowledge of the
separation point location, the above approximation is suf-
ficient for present purposes. If the determination of vortex
strength had required use of the Kutta condition, or some
estimate of vorticity flux leaving the body, the angle §; would
have been required with some accuracy. In the present method
however, vortex strength is defined otherwise and a rough
estimate of the separation angle is sufficient.

The second point for anchoring the growing vortex trajec-
tories was taken as the intersection of the Féppl and von Kar-
man lines along which the symmetric and asymmetric vortex
cores were known to move respectively. Use of this point was
justified as follows.

As discussed earlier, the appearance of vortices in the wake
shows, at the earliest stage, a symmetric pair. At any axial
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Fig. 7 Comparison between predicted and experimental point where
vortex is shed into street.
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station, increasing angle of attack produces increased vortex
size and strength as well as an outward movement of the core
approximately following the Féppl line. It was reasoned that,
at the first appearance of asymmetry, one of the vortices on
the Féppl line would change its trajectory and proceed out-
wards along a new path defined by the von Karman stability
relationship described earlier. The second vortex would per-
form similarly and this would then set up the spacing of vor-
tices in the street. It was hypothesized, then, that in order to
continue the spacing pattern, the intersection of the Féppl and
von Karman lines would denote the point at which all vortices
reached full strength and were shed into the street. To test this
hypothesis, the schlieren photographs of Thomson and
Morrision! were examined to determine the distance from the
body where vortex feeding from the boundary layer ceased,
i.e., the point at which the growing vortex cores became
straight and joined the street (see earlier). It was found that
the points thus defined covered a band of values from 2 to 2.5
diameters above the body and at a lateral distance defined by
the von Karman stability criterion. To determine the
theoretical location of the shedding point, the following
procedure was used. With the equation,'* 2 ry=r? —a?, the
Foppl line was drawn relative to the cylinder of Fig. 7. The
data of Ref. 1 were used in the equation d/¢=S5/x to deter-
mine ¢, the spacing between street vortices of like sign for sub-
critical cross-flow Reynolds numbers. Then the von Karman
relation 2= 0.281 ¢ was used to superimpose the street vortex
location line on Fig. 7. The intersection of the F&ppl and von
Karman lines was found to lie within the experimentally deter-
mined range given above. It was concluded then, that this in-
tersection point provided a good estimate of the location at
which the vortices stopped growing and were shed to form
part of the street. For the purposes of this engineering flow
model the growing vortex core was assumed to move linearly
between the two anchor points. The resulting core trajectory
model is shown (foreshortened) in Fig. 8.

Street Vortices

From the F6ppl/von Karman line intersection the vortex
cores stream back into the wake as straight lines, making
angle £ with the body axis. This angle was measured by Thom-
son and Morrision,' related to the rate at which a fluid par-
ticle flowing along the core increases its distance from the
body, and thence analogized to the two-dimensional von Kar-
man street. £ is related to missile angle of attack through the
parameter x=tan £/tan « (Ref. 1). If the point on the body
from which a vortex emanates is known, then its core location
in space may be partly determined using x. For the purposes
of this work x was assumed unaffected by changes in cross-
flow Reynolds number. :

Vortex starting points on the body were estimated in Ref. 1
as being the intersection point of the body axis and the ex-
trapolated street vortex cores. Since these positions were ob-
tained for tailless bodies, the present work assumes that, in
the presence of tails, body vortex formation ceases at the
body/tail leading edge intersection. Provided the Strouhal
number (S) is known, the starting points of wake vortices can
be determined. Further, using the relation' d/¢ =S/x, the
lateral spacing (f) between vortices of like sign, and hence
0.281 ¢, the von Karman-deduced criterion for lateral spacing
can be determined. The vortex cores can now be located in
space relative to the body at any point along their lengths. At
this stage, however, the information is sufficient only for sub-
critical cross-flow Reynolds numbers.

The gquantity on which attention must be concentrated when
scaling vortex locations for cross-flow Reynolds number is the
Strouhal number (S). This measure of the rate at which vor-
tices of like sign are shed from the body has been shown to
exhibit strong similarities between the two- and three-
dimensional cases. In Ref. 1, S was determined experimentally
to have values near 0.2 for a wide range of cross-flow Mach
numbers. This compares well with the 2-dimensional value at
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subcritical cross-flow Reynolds number. It is known, how-
ever,® that, for cylinders, S varies with cross-flow Reynolds
number and increases to values in the range 0.3-0.5 at super-
critical R,.. This has a direct effect on vortex spacing, both
longitudinal and lateral. For bodies alone then, S=0.2 is used
for subcritical R,,. It has been found that a value of $=0.35
gives the best results for supercritical R,.. For bodies with
tails, the rate of vortex formation is influenced by the pre-
sence of the tails. Experimental evidence indicates that the ef-
fect is to reduce the rate of formation to that defined by S=
0.2 regardless of whether the cross-flow Reynolds number is
subcritical or supercritical. Accordingly, for bodies with tails,
S$=0.21is used throughout.

At this stage, then, the strengths, numbers, and locations of
the vortices on the body lee side are available, suitably scaled
for the effects of cross-flow Mach and Reynolds numbers.
Both growing and shed vortices have been considered and the
place of experimental and theoretical inputs to their models
described. The next stage is to consider their effects on the
missile. This will be done separately for bodies alone and then
for bodies with tails in the next section.

Force and Moment Calculations

The basic approach to calculation of the induced forces and
moments involved integration of incremental effects on the
bodies and tails. In order to preserve the tangency condition
on the body at each axial station, image vortices are in-
troduced. This raises a problem because of the inclination of
the vortex cores relative to the body axis. A cross section nor-
mal to the street cores shows an elliptical body section, inside
of which the location of image vortices is not simply ac-
complished. In keeping with the simple nature of this model,
it was decided that, if possible, image vortices should be
located by means of the circle theorem.!'* This was ac-
complished by resolving the vortex circulation vectors normal
and parallel to the body axis. By ignoring the former as
having no relevance in the two-dimensional section model, the
latter components plus their images could then be used to
determine forces and moments. The use of images was not
necessary for body quantities; but was, however, mandatory

“for tailed regions of the missiles. These points are discussed
below.

Body Forces and Moments

The calculation of body forces and moments begins with
the determination of the incremental force on each body
segment. In order to calculate this force, the local net cir-
culation of all the vortices in the wake must be known. Fur-
ther, these vortices must have their circulation vectors
resolved parallel to the body, as described above. At any axial
station from the nose, there are usually several wake vortices
of strength I'; and two growing vortices, one on the left side,
having strength I'; (x) and another on the right, of strength
T'z (x). Since g is the axial distance over which a vortex grows
to full strength, then xp =x; +g/2, assuming T >T';. To
resolve the strengths parallel to the body axis, the angle o for
growing and the angle £ for street vortices were used, respec-
tively. Side force on unit length of the body was calculated
using the Kutta-Joukowski expression

6Y=pVsina !:{ Fr(x)—T;(x)}coso

m+1 R—,—
S ) e

i=1

+( I‘;nl { R-r,

R

FSL,' } cosé ] V)]

where it has been assumed, for illustration, that there are
(m+ 1) fully developed vortices on the left side of the body
and m on the right. The term (R —r;) /R is an empirical factor
accounting for the attenuation of fully developed vortex ef-
fects on the body as their distances from it increases. r; is the
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actual distance of the vortex from the body, and R is an ar-
bitrary distance at which vortex effect is assumed to have at-
tenuated to zero. The smallest value of r; is defined by the
Féppl/von Karman intersection point. This formulation was
an attempt to model the expected vortex attenuation effect
empirically. As will be shown later, it was found that the best
representation of forces and moments was obtained when the
street vortex strength was allowed to attenuate to zero im-
mediately after shedding. Total side force Y and yawing
moment YM were calculated by numerically integrating along
the body length.

Tail Forces and Moments

Induced side forces, yawing moments, and rolling moments
due to the presence of tails can arise even when no asymmetry
exists in the wake vortex pattern. This is because of varying
net angles of attack of the various tails when the missile is
rolled at arbitrary angles. Hence, in order to be certain that
experimental data indicate the presence of vortex asymmetry,
it is necessary to be selective in choosing missile roll attitudes.
For a cruciform missile, roll angles of 0 “plus’” and 45°
““cross’’ are the only attitudes where, in the absence of wake
asymmetry, zero side forces, rolling moments, and yawing
moments occur (assuming, of course, no tail deflections). The
present model has been compared against experimental data
from cruciform missiles and hence the above two roll angles
will be referred to exclusively.

The procedure for calculating induced tail forces will be
described for a vertical lee-side tail such as could be used on a
cruciform missile in “‘plus’’ attitude. The major elements of
the treatment are most expeditiously described for this case,
although the complete procedure will handie tails at any roll
angle so that the program can treat bodies at arbitrary roll or
whose tails number other than four.

The first step in the process is to determine, for each vortex,
the sidewash velocity induced normal to the tail leading edge
at each spanwise station. Since the effects of image vortices
must be considered and it is preferred that the circle theorem
be used, the wake vortex circulation vector is resolved parallel
to the body axis as before. In this case, however, instead of
simply resolving I'; through some angle analogous to £, as
was done for the body above, a new strength is defined which
will produce the same values of sidewash velocity as did the
original vortex. A single vortex in the wake plus its images
will induce some distribution of sidewash velocity v along the
tail leading edge. The average value of this sidewash is

é S,: vdz

If now the average sidewash is divided by the axial velocity
V cos a, the average angle of attack induced on the tail is ob-
tained. Using the result from slender body theory, that for
low aspect ratio tails typical of missile configurations the
slope of normal force coefficient is given by # AR/2, the nor-
mal force coefficient induced on the tail due to the ith vortex
may be expressed formally as

Co = TAR A Sv

—_— | v; 3
i 2pVcosaApg 4 ®

a

In order to determine rolling moment induced on the
missile due to the vertical tail, the resultant normal force is
assumed to act at the centroid of the sidewash velocity
distribution or, for the ith vortex

Ar

SF /Sp
Cl’,‘—'CNi{a+ OU;ZdZ OU[dZ} A,

“4)

The total induced forces and moments are obtained by sum-
ming the effects of all vortices in the wake. Yawing moment
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induced by the :ail is calculated by assuming that the resultant
loading is located at the midpoint of the leading edge.

The above procedure has been generalized to handle tails at
any roll angle. In this way, the contributions of all tails to side
forces and yawing and rolling moments may be determined.

Since arbitrary roll angles can be considered, this raises
potential problems when a vortex core intersects the leading
edge. For potential vortices of the kind used here, flow
velocities become extremely high near the core, resulting in
unrealistically high induced sidewash angles. This problem
was circumvented by introducing into each vortex a solid core
of radius 0.25 body radius. 18

When the tail intersects this core, calculations are discon-
tinued. If the core passes over a tail while angle of attack is in-
creasing, the forces and moments are faired across the gap
within which calculations are not performed. This procedure
has proved quite satisfactory in practice.

Instead of the slender body theory approach to tail force,
strip theory might have been employed. It was felt, however,
that the former was more appropriate for the low aspect ratio
tails for which the program would probably be used. The
program is flexible enough, however, that strip theory could
be easily introduced if it were considered necessary.

At this stage then, the effects of the wake vortices on bodies
and tails are calculable. Comparisons will now be presented
between predicted and experimental forces and moments to
illustrate the performance of this engineering model. Bodies
alone and with cruciform tails will be considered. The effect
of varying the number of vortices considered will be shown.

Comparisons with Experiment

Program predictions have been compared against various
experimental data generated on a selection of the Martin
Marietta Aerodynamic Research Models.'® The basic model
used for high angle data generation was a 10-caliber tangent
ogive/cylinder. This body was tested alone and with several
sets of cruciform tails affixed. Each tail was individually in-
strumented so that program predictions of vertical tail forces
and moments could be checked for “‘plus’’ attitudes. For tails
other than vertical, the program would predict only the in-
cremental force generated on them by the asymmetric wake.
Freestream effects were not taken into account, and hence
forces for nonvertical tails will not be discussed. However,
since the differences between nonvertical tails due to asym-
metric effects were presumed to be valid for “‘plus’’ and
“cross’’ attitudes, the program was used to predict rollmg
moments for these attitudes.

The first comparison is shown in Fig. 9. Here, program
predictions of normal force on a vertical lee side tail fixed to
the body are compared against experimental data. Also shown
is the effect of considering all of the vortices in the wake and
of using only those vortices closest to the body, i.e., the
growing vortices. It will be seen that the magnitude of tail
force is predicted within a few per cent using only the growing
vortices, while use of all vortices produces a significant
discrepancy. The angle at which asymmetry begins is matched
only fairly, but the angle at which the appearance of a new
wake vortex drives the tail force in the opposite direction is
matched within a few degrees. From this evidence, it is con-
cluded that the growing vortices tend to dominate the tail
aerodynamic characteristics. The second comparison is shown
in Figs. 10a and b. Here, predictions of isolated body side
force and yawing moments are compared against test data.
Again, the effects of considering all of the wake vortices
separately from the growing vortices are considered. To make
the distinction clearer, no attenuation of nongrowing vortex
effects has been included. It will be seen that use of all the vor-
tices produces divergent results which have none of the
oscillatory character typical of asymmetric effects and evi-
denced by the data. This is because the net wake circulation
remains unchanged in sign, regardless of the number of vor-
tices present. Use of the growing vortices only, on the other
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hand, yields quite good matching of force and moment
magnitudes, as well as angles of onset and new vortex ap-
pearance, at least until several vortices are present. While
matching is not exact at the higher angles it is clear that use of
the program will produce satisfactory preliminary design level
estimates for isolated bodies.

Lastly, comparisons are shown between predictions and
data for the 10-caliber body with a variety of tails. Based on
the results for tails and bodies, these comparisons contain the
effects of growing vortices only. Figs. 11a, b, and ¢ show side
force, yawing moment, and rolling moment comparisons,
respectively. Prediction accuracy is generally satisfactory. In
most cases the magnitudes of the quantities are predicted
quite closely. On the other hand, the onset of asymmetry and
the appearance of new vortices are not always so accurately
reproduced.

In general, the model performs quite reasonably. In view of
the changes in force and moment data magnitudes and signs
which can be obtained by rotation of test models'3* some
degree of fortuitousness might be assigned to the results
shown. On the other hand, it is unlikely that any measured
forces and moments will be significantly greater than those
calculated, since the model contains all the essential elements
of the vortex flowfield, both in magnitude and locations. In
addition, it is felt that the means of calculating flowfield ef-
fects are adequately founded in theory.
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Conclusions

It has been shown that an engineering type model for
estimating body wake asymmetric vortex effects can be
straightforwardly constructed. The results indicate that the
vortices growing in the vicinity of the body dominate the in-
duced effects. This appears intuitively correct, particularly in
the context of the two-dimensional analogy. There, the vor-
tices closest to the body would be expected to produce the
presure and velocity distributions which generate the forces
and moments, with the remainder of the vortices having little
effect as they pass downstream. It is not unexpected then, that
the three-dimensional case should give similar results.
However, although the street vortices have been shown to
have relatively little impact, the experimental information on
their strengths and shedding frequencies remains of central
importance since it defines the bounds of growing vortex
strength and shedding frequency. The model has been shown
to yield generally satisfactory predictions and at this stage is
considered a usable preliminary design tool.
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