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SUMMARY

MAGNUS CHARACTERISTICS OF ARBITRARY ROTATING BODIES

Ira D. Jacobson
Assistant Professor

> o Department of Engineering Science and Systems
School of Engineering and Applied Science
University of Virginia, Thornton Hall
Charlottesville, Virginia 22901, U.S.A.

This survey paper reviews both theoretical and experimental investigations of the

Magnus effect on arbitrary bodies of revolution.
projectiles at angle of attack, both with and without fins.

The main emphasis is on spinning

Flow visualization measure-

ments are used to assess the accuracy of the existing theories. Laminar, turbulent, and
mixed boundary layers are considered.
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Aspect ratio

Span

Rotor chord length
Drag coefficient
Lift coefficient

Pitching moment curve slope coefficient
Magnus moment derivative coefficient
Damping moment coefficient

Normal force curve slope coefficient

Yawing moment coefficient

Side force coefficient

Maximum body diameter

Magnus force

Parameter in Eq (14)

Rotor moment of inertia

Radius of gyration about longitudinal axis
Radius of .gyration about transverse axis
Length of body

Lift force/unit length

Length of nose section

Mach number at edge of boundary layer
Free stream Mach number

Magnus moment

Mass

Model spin rate

Free stream dynamic pressure

Maximum radius of body




Rec Crossflow Reynolds number
VwD
By, = e Reynolds number based on body diameter
vV L
ReL I G Reynolds number based on length
£y Local body radius
s Reference area
Sq Dynamic stability factor
sg Gyroscopic stability factor
v Rotor tip speed
v, Free stream velocity
a Angle of attack
a* = q % Reduced angle of attack
B = /[M2-
Circulation
¥ Glide path angle
A Boundary layer displacement thickness
§ Fin cant angle
8 Boundary layer thickness
6 Azimuthal angle
v Kinematic viscosity
p Air density
w ; Spin rate
vuo
w* = v A Inverse reduced Rossby number
INTRODUCTION

The purpose of this paper is to survey the state-of-the-art in both theoretical
prediction and experimental measurement of the Magnus effect on arbitrary bodies.
Classically, *’ the Magnus effect refers to the lift on a spinning cylinder moving
through a fluid in a direction perpendicular to its spin axis (figure 1). This gives
rise to a l1lift force per unit length, L', written as

LY AT ST (1)
Here p is the fluid density, V_ the free stream velocity, and I' the circulation.

Robins," in 1842, correctly observed that the dispersion of cannon balls was due to
spin, this being the first record of an awareness of the importance spin plays in ballis-
tics. Although the namesake of this effect, G. Magnus, made the first demonstration of
the resulting force caused by a pressure differential due to spin,® it was Lord Rayleigh,
in 1877, who first treated the problem analytically and arrived at the familiar result
described above for the Magnus effect.

]

In the early 1900's, based on discussions with Prandtl, Flettner’ proposed the con-
struction of a ship with Magnus rotors as replacements for sails. The spinning cylinders
had an expected thrust which was many times greater than equivalent sails, as predicted
from early tests.® ! However, these proved to be much less effective than anticipated.
The discrepancies were due to the differences between the actual three-dimensional flow
over the ship rotors and the two-dimensional tests and theory. In addition, the intro-
duction of screw propulsion, which was far more reliable, ended the interest in this
method of prog&lsion. Some of the first measurements on a two-dimensional cylinder were
made by Lafay'*™ as early as 1910; however, it was the 1920's that saw a flurry of
experiments, most notably those by Thom.™® These experiments, as well as others done
on circular cylinders through the 1950's, are well summarized in two survey papers by
Van Aken and Kelly® and by Swanson.? It is interesting to note that even the earliest




studies by Lafay indicated the existence of a negative Magnus effect (i.e., one giving
rise to a net 1lift force in the opposite direction to the classlcal Magnus lift). This
has been more closely examined recently by Griffiths and Ma® and will be explained in
detail below. Although the applications of the classical Magnus effect had been limited
to rotor ships and tennis and golf balls, it has more recently been applied to dispers-
ible shapes and aerodynamic decelerators. An interesting application is being tested on
the VIC 62 research vessel. Here a rotating cylinder extending the length of the
leading edge of the rudder is used, enabling sharp turns to reduce stopping distance.
The rotating cylinder improves the flow over the rudder making it more effective as well
as producing a Magnus force which helps the craft turn.

The Magnus forces and moments acting on spinning missiles, rockets, and projectiles
fall into a more complicated class of flows. At small angles and spin rates the boundary
layer flow remains attached to the body and the Magnus effect is due mainly to the
potential flow interaction with the asymmetries of the boundary layer. The concept of
C1rculat10n, prevalent in the circular cylinder analysis, has been mentioned only very
recently in analytical approaches, having been first suggested by Nikitin® and attempted
by Power and Iversen.® At larger angles, the projectile more closely approximates a
Cyllnder in crossflow and the analogy to the c1rcular cy11nder is perhaps in order.

This is verified somewhat by papers by Iversen® and Fletcher® who show a considerable
collapse in the data when plotted versus similarity parameters derived from the
impulsively-started cylinder in crossflow. The addition of fins creates an even more
complicated picture of the Magnus effect and this will be treated separately.

It is the Magnus effect on projectile-type bodies that will be examined in depth in
this paper, although some data will be presented on two-dimensional dispersing shapes
which basically behave as predicted by the classical Magnus effect.

To date there have been three survey papers written on the Magnus effect for
projectiles: Platou,? in 1963; Regan,?® in 1966; and Renevier and Giraud,? in 1967. In
the course of this review, some repetition will be necessary to be as complete as possi-
ble. It is recommended, however, that the reader refer to these previous reviews as well
for a broader interpretation of the literature.

IMPORTANCE OF MAGNUS EFFECT IN BALLISTICS

The importance of the Magnus effect, by now, has been well established. Details of
the role it Plays in dynamic stability of projectiles can be found in Murphy® or
Nicolaides, ¥ the latter having some humorous anecdotal references to past failures and
the efforts to which designers have gone to eliminate the unstable behavior as a result
of Magnus effects. For the present paper, it is sufficient to refer to figure 2. 1In
this figure, the following definitions are used. The dynamic stability factor, 847 is

defined as
-2
i CD) + 2kx Cm
o a pa
8y = = 3
c - 2C, - k (C + C.2)
Na D y mq m,

2(C

where CN is the aerodynamic normal force curve slope coefficient, Cp the drag coeffi-

a
cient, Cm and C aerodynamic damping moment coefficients, kx and ky radii of gyration
q &
in roll and yaw, respectively, and Cp ‘the Magnus moment coefficient. The gyroscopic
po
stability factor, sg, is given by
2
w
B g (3)
g -
4 %;— ky Cn

where w is the spin rate, S the reference area, D the reference length, m the mass, and

Cm the pitching moment slope coefficient. As can be seen from this figqure, along with
a

Eg (2), the dynamic instability can occur for sufficiently large positive or negatzve

values of the Magnus moment coefficient, Cm . This has been examined by Platou® along

o

with other influences on dynamic instability and he has shown that for the "normal range"

of geometries and aerodynamics, the Magnus effect along with the pitch damping are the

main sources of concern for the projectile designer.

FLOW FIELD DESCRIPTION OF MAGNUS EFFECT ON NONFINNED BODIES

For the case of a spinning projectile at angle of attack, the flow patterns depend
on many factors, including the angle of attack, spin rate, and Reynolds number. These
affect the state of the boundary layer (i.e., laminar or turbulent) and the separation
of lee side vortices. Before proceeding with the theoretical and experimental reviews,
it will be helpful to enumerate the various possibilities for the flow patterns which
result in Magnus forces. The flow field will be presented both schematically and with
photographs where available for the cases of low and high angles of attack, and low and
high spin rates. Martin,® Lando,™ and Ingram, Lusardi and Nicolaides®™ have utilized




smoke flow visualization and hot wire measurements to determine the flow field for low
subsonic speeds, and Sturek® ¥ has used spark photography to visualize the flow field
over a cone in supersonic flow. An early study by Sieron® using a Schlieren system also
gives some insight into the flow field.

From the work of Martin® and Lando™ we see in figures 3 through 5 the flow patterns
for small and large angles of attack. At sufficiently small angles of attack, the flow
remains attached with the lee side vortices remaining embedded within the boundary layer.
For sufficient small Reynolds numbers and spin rates, the boundary layer remains laminar
and skewed in the direction of spin resulting in an asymmetric body with respect to the
plane of the angle of attack. At higher Reynolds numbers, the boundary layer becomes
turbulent.

For larger angles of attack and sufficiently small Reynolds numbers and spin rates, .
the boundary layer remains laminar; however, the vortices now become separated. Here,
large is a very relative term with separation occurring at angles of 5° on some bodies.
Increasing spin causes the separated vortex sheets to be altered, the one with vorticity
in the direction of spin being forced closer to the body and eventually reattaching; the
anticyclonic one having its point of separation shifted around the cylinder in the
direction of spin. At high angles of attack where the vortex contribution dominates,
this can give rise to negative Magnus forces.

Perhaps the most important flow condition for projectiles is for the case where the
boundary layer undergoes transition from laminar to turbulent flow. As seen in Sturek's
work, * hot wire and spark photography show the asymmetric shape of the transition line
at small angle on a cone in supersonic flow (figures 6 and 7). The case where the
boundary layer is laminar on the wind side and turbulent on the lee side yields a much
greater Magnus force. This asymmetric pattern can be seen in Sieron's® shadowgraphs,
as well.

THEORY

For the sake of bookkeeping, the various approaches to predicting the Magnus force
and its associated moment will be broken into two distinct categories—nonfinned and
finned bodies. Most of the work done to date has been on nonfinned projectiles, both
theoretically and experimentally.

Nonfinned Projectiles—Attached Flow

Although nonfinned projectiles in principle refers to an arbitrary cross section
body, all the work done to date involves bodies of revolution—cylinders, cones, ogive
cylinders, etc. After the early work on the Magnus effect described in the historical
background above ending in the early 1900's, the first attempt to predict theoretically
this phenomenon for a projectile was undertaken by Martin,® in 1955. This effort still
forms the basis for much of the later work in the area up to this time, and therefore
will be discussed here in some detail.

In considering a yawed, spinning, semi-infinite cylinder, Martin, using a small
perturbation theory in angle of attack and spin, solved for the laminar boundary layer
velocity profiles. Based on these, he computed a laminar boundary layer displacement
thickness which was skewed in the direction of the spin. The resulting "new" body,
consisting of the original cylinder plus the displacement thickness, is asymmetric
relative to the plane of the angle of attack (figure 8). Slender body potential flow
theory for the "new" asymmetric body was used to predict the side force (Magnus force)
and associated moment (Magnus moment). The analysis applies strictly, only to bodies
whose boundary layers are wholly laminar and for small values of angle of attack, «
(really o* = a L/R) and "small" values of spin, w (really l/w* = wL/V_). The restriction
of "small" a* and 1l/w* is due to Martin's use of series solutions for the velocity pro-
files and the resulting displacement thicknesses. His results can be summarized as

13.15 a*
F = — 5 4
mag ReLE P o (4)
7.89 a*
= - S L o
"mag = % %= 7 (5)
L

vV L
where the Reynolds number, Re, = : . the dynamic pressure, q_ = 5pv:, the reference

area, S = mR?, the body radius is R, and the body length is L. These equations yield a
constant center of pressure location of .6L (60% from the leading edge of the cylinder).
Although Martin's theory was developed for a cylinder, he suggests using an effective
cylinder equal to % the length of the nose section plus the length of the afterbody in
applying it to projectiles. As will be seen later, a more appropriate effective length
may be that obtained from a Mangler transformation for the nose. In addition, without
any assumptions of the manner in which the boundary layer grows for the turbulent case,
Martin was able to show that for a fully turbulent boundary layer, the center of pressure
of the Magnus force would be located at .667L (67% from the leading edge).




As can be seen from Eq (4) and Eq (5), both the Magnus force and moment are linear
in both spin and angle of attack. Although Martin did not have the benefit of hot wire
or flow visualization, his description, albeit for a very restrictive set of assumptions,
has been shown to be accurate.? Unfortunately, the fully laminar flow case does not
often occur in practice and this greatly limits the applicability of his work.

Kelly and Thacker™ extended this work to include higher-order spin terms, as well
as the effect of radial pressure gradient in the boundary layer on a yawed, spinning
cylinder. Their approach was essentially the same as Martin's and resulted in a Magnus
force given by

15.67 a* .53
F = = s [1 - ==2= 6
mag Re, q, pe [ - (6)

with a center of pressure, xcp' measured from the leading edge given by

.156
X = 6L l] = ——m} .
cp ( Y 1 (7)

Although Platou? indicates that there does not seem to be agreement with experimental data
for this work, it is not clear that sufficiently small 1/w* data exists for the fully
laminar case to make the comparison valid. This author has not been able to find any
documented flow conditions where all of the assumptions in both Martin's and Kelly and
Thacker's work hold.

Both Sel.dney'hl and l-"|=.eibit'_:;,"z for the compressible flow over a cone with a laminar
boundary layer, and Jacobson, Vollmer and Morton, ™ for the incompressible flow over a
cone with a laminar boundary layer, used the same type of perturbation analysis as Martin
to solve for the Magnus force and moment. Their results for a 10° cone are

30.86 wR

Incompressible: Fmag = ;;—;— q, ¢ —S5 , (8)
L oo
21.6 wR
Mmag ;g Q. o == SL. (9)
L -}
: 91 wR
Compressible: F = q a —§8 ' (10)
(Mach No. = 2) — ReLg T A
63.7 wR
- q, 0 = SsL. (11)
¥nag ReL; v,

A comparison of Egs (8) and (10), and (9) and (l11) shows that the effect of a
favorable pressure gradient and incompressibility is to reduce the Magnus effect,
although the location of the center of pressure is the same for both at approximately
.71L. The reduction in magnitude is most probably due to the thinning effect that the
favorable pressure gradient has on the boundary layer.

For the general compressible case, Sedney's" solution is

F = 3.46 (212) Cq a L 3 (12)
Mag  Re o iRt
L ®
Mmaq ReLE (G ' ) q“’ . v ( )

where (J,U/u') is a factor given in figure 9 for a variety of Mach numbers and cone half
angles, and C is the proportionality constant in the viscosity temperature relationship
which Sedney used (approximately 1). It is unfortunate that no experimental data for
fully laminar boundary layer flow on cones exists to compare these theories.

Vaughn and Reis™ determine the Magnus force and moment for arbitrary shapes using a
transformation found by Vaughn and George" to transform the compressible flow on a
spinning body of revolution at angle of attack into a flat plate Blasius flow. They
include radial pressure gradient effects in addition to the boundary layer displacement
effect without a gradient. The force and moment are given by

.
F = - E; ("8 x
R

L
3 e '
A / nT, & +3[1 1.52]|al] { 8

R
r, &} q a =35 (14)
a’b v .

n a



Mo = 23R (P 6 x, ax + 301 - Ls20al] [ 6y xy xax) = (%)
mag o3 o n °b G * $ ‘&% 9 @
n [--]
where
Tm 2 4
hw 13 [—=# 00+ 228 =2058 (1 4" 50016 .2.," (16)
TI B B w* B w*
and
T .3 T
—_— )t 22 (=) M2+ .5 (-2~ 1) . (17)
T 2 T

Here B = #IM;—II, Ip is the local body radius, r the recovery factor, &} and ) the nose
and afterbody boundary layer thicknesses, respectively; and T , Ty and T' the free stream,
wall, and average boundary layer temperatures, respectively. These can be computed from
the flat plate zero pressure gradient thickness given by

1l+w’
L}
o = 22X @) Ty (18)
ReL T, i
where Mm is a constant determined from the Mangler transformation
i L
£ m r; ax
M = | — .
| T R* L

w' is related to viscosity and is assumed 1 for the range of temperatures experienced in
wind tunnel testing, and .603 for low supersonic free flight.

For supersonic flow (M = 2) on a 10° cone, these reduce to

80 wR ST g
F_ = a B g [1-.0215 (&) + .00037 (- 19
mag ;;—g q, = [ (m*) (w*) 1., (19)
M =568, 985 p[1- 0215 Ay +.00037 3] . (20)
mag Re:.; % e o

Equations (19) and (20) yield a center of pressure location of .7L which agrees with
Sedney's" result. The power of the above approach is its applicability to any shape
projectile, although there still is the assumption of fully laminar flow to limit its
use.

For a mixed flow or fully turbulent case, Vaughn and Reis" suggest a boundary layer
as shown in figure 10 and develop equations to determine the Magnus force and moment for
the case of boundary layer transition occurring symmetrically at any axial station.

These will not be reproduced here since flow visualization and other analytic studies
have shown that if transition does occur on a spinning body at angle of attack, it occurs
asymmetrically (see figures 6 and 7). It should be noted, however, that for long bodies,
when transition occurs over a short distance on the body, this approach may be adequate.

All of the above methods are for the completely laminar or completely turbulent case
(with the exception of Vaughn and Reis' mixed flow approach) and all predict a center of
pressure location which is independent of angle of attack and insensitive to Reynolds
number. Jacobson?” and Jacobson and Morton, ¥’® by investigating the stability of the
laminar boundary layer on a yawed, spinning cylinder and a yawed, spinning cone, show
that it is reasonable to believe that the boundary layer undergoes transition to a
turbulent one asymmetrically (figure 11). This asymmetric transition gives rise to a
substantially larger force and moment than predicted for the fully laminar case. In
addition, the center of pressure no longer is independent of angle of attack and Reynolds
number (figure 12).

To obtain these curves, the effects of spin and angle of attack on the stability of
the laminar boundary layer on a semi-infinite cylinder were investigated. Assuming that
the predicted instability eventually breaks down into turbulence at a constant distance
along a body ray, the growth rates for laminar and turbulent boundary layers (assumed to
follow those predicted by Martin's® theory for the laminar case and a modified version
by Jacobson" for the turbulent case) were used to predict the Magnus force and moment as

e 2
Frag = ~2R* q, I(L) (21)




2m
= - 2 -
- 2R? q [1(L) L ;_f, A(L) sin 8d6] (22)
where
2n
1w =f 28 ginoeas .
o ax

Here 6 is the azimuthal angle, and A is the boundary layer displacement thickness. For
the fully laminar and fully turbulent boundary layer conditions, these reduce to the
same results as Martin.”® Here, as in Martin's work, it is clear that the Magnus force
depends only on the shape of the boundary layer at the base of the model. This general
asymmetric behavior has been verified experimentally by hot wire and sound pressure
measurements indicating the correct shape for transition (Jacobson and Morton,® figure
13). The drawback in this approach is that there are no methods at present for evalu-
ating the relationship between instability and transition nor for determining the rate of
turbulent boundary layer growth on a spinning body which is highly nonlinear with spin
(figure 14). This theory appears to be in keeping with other measured and flow visual-
ization data.

Power and Iversen, in a recent paper,’ have included circulation in an attempt to
account for the nonlinear behavior of the Magnus force with angle of attack on a semi-
infinite circular cylinder. They postulate a potential flow which has circulation due
to boundary layer separation and proceed as in previous analyses with a perturbation
solution. They also include the effect of radial pressure gradient and skin friction.
Although some success is achieved with this method, it would appear that it is valid only
at large angles of attack when separated flow dominates, and the agreement with experi-
mental data at small angles of attack is perhaps only coincidental. A similar behavior
can be obtained by assuming a mixed (both laminar and turbulent) asymmetric boundary
layer which is more in keeping with flow measurements for the Reynolds numbers involved.
Figure 15 indicates the agreement they obtained with their calculated Magnus force given

by

3/4
2.1C, Re - 2.93
15.2 _ a* 93 L r Bl L
=2rq, s 1- & o+ & 1] (23)
M89  Re, w* Re, R Re R

where C1 is a constant related to the local circulation, and Rec is the crossflow

Reynolds number. For small angles of attack and hence small crossflow Reynolds numbers,
this reduces to first-order to Kelly and Thacker's results.

Tetervin®™ has treated the fully turbulent flow over an ellipsoid of revolution at
small angles of attack. Although this approach is interesting, it does not seem
applicable at the present time to any bodies of experimental or practical interest and
will not be discussed further.

Closing Comment on Theories for Nonfinned Bodies—Attached Flow

It would appear from the above discussions that the various theories which exist
for predicting the Magnus effect are rather limited for practical applications. Although
some insight is gained as to the manner in which the Magnus force manifests itself, the
various approaches have restrictions that make them tenuous at best for prediction
purposes. Here we will summarize the various theories and their drawbacks.

Martin's Theory® for a cylinder

Only applicable to bodies with totally laminar boundary layers and for
flow conditions of small a* and 1/w*. Strictly valid for a cylinder
shape only with no means of estimating the effect of differing nose
shape.

Kelly and Thacker's Theory"™ for a cylinder
Same as above.

Sedney's, " Feibig's," and Jacobson et al.'s Theory" for a cone
Same as above except that it only applies to flow over a cone.

Jacobson's Theory" for a cylinder

Applies to all boundary layer conditions (laminar, turbulent, and mixed),
however, requires knowledge of way in which boundary layer grows and how
transition is affected by spin and angle of attack. 1Is restricted to
attached flow (no separation). Strictly applies only for small values of
a* and 1l/w*.

Vaughn and Reis' Theory™

Applies to attached laminar boundary layer on arbitrary bodies in super-
sonic flow. Does account for effects of nose shape and compressibility.




As can be seen, the one theory that does allow for mixed boundary layer requires as
yet unavailable information on the effects of spin and angle of attack on transition and
boundary layer growth. The others require a laminar boundary layer on the entire body—
a condition which is very seldom found in experimental or full-scale tests. These
problems make it virtually impossible to compare fairly these theories with available
data in anything other than a qualitative manner. This will be done in the following
chapter.

Before moving on, a comment on two contributors to the Magnus force and moment which
appear to have been ignored by most investigators—wall shear stress and base effects.
Although the transverse component of shear is most likely negligible, the longitudinal
component for mixed boundary layers (especially on nose cones) may not be. The effects
of the flow on the base have not been examined at all.

Nonfinned Bodies—Separated Flow

All of the work above except Powers? assumes the flow is attached everywhere.
Some work has been done for the case where there is vortex shedding on the lee side of
the body. In some instances this can lead to a negative Magnus force which has been
described in detail by Fletcher, ® who applies the two-dimensional explanations of Krahn®
and extensive work by Swanson.?

To understand the negative Magnus force, it is convenient to examine the case of a
two-dimensional cylinder. Although experimentally observed as early as 1910 by Lafay, *'%
it was first explained by Krahn® in 1956. In the flow over a nonspinning cylinder, until
a critical Reynolds number is reached, the laminar boundary layer separates at approxi-
mately 82° from the forward stagnation point. As the Reynolds number increases, the
boundary layer becomes turbulent and separation moves downstream to approximately 1309
from the forward stagnation point. As the cylinder begins to spin, for the case where
the Reynolds number based on the free stream velocity is near the critical value (that
which causes the boundary layer separation to switch from laminar to turbulent), the
separation points are greatly affected. As is seen in figure 16, the side of the body
on which the spin opposses the free stream "sees" a higher relative velocity and this
induces a turbulent boundary layer separation; on the side for which the spin is in the
same direction as the free stream, the relative velocity is lower and a laminar separa-
tion takes place. In actuality, the separation takes the form of a laminar bubble and
turbulent reattachment for the turbulent case. On the side where separation is delayed,
the pressure remains lower longer and the lift force is in the direction shown which is
contrary to that expected using classical arguments (figure 1). The variation of the
1lift with Reynolds number is seen in figure 17 taken from Swanson,® where large negative
lift coefficients are observed. Although the flow is not two-dimensional on a projectile
at angle of attack, it follows that a similar effect should certainly be present and it
is indeed observed.

Fletcher?® shows that treating the body at angle of attack as an impulsively-started
cylinder and taking into account body vortices yields a similar explanation for the
three-dimensional projectile case.

Iversen, ® in correlating the Magnus force for slender cylinders, again used the
impulsive cylinder analogy to calculate a correlation parameter

C = -x YR X tan a sin”/4)q| (24)
Y 1/4 .
v, D Re,,

which when integrated over the body gives a Magnus force

2
%? (%) tan a sin |a|
Fmag = ~ e 173 (25)
D

3/4

and a center of pressure location of 2/3 the distance from the nose. For supersonic
speeds with a crossflow Mach number of less than .4, figures 18 and 19 show the degree
of correlation is excellent and insensitive to Mach number and spin rate. For subsonic
speeds, the correlation appears to hold for small values of the parameter only and is
limited by a spin ratio (wR/V_ ) of .5 or less. This method does restrict the center of
pressure location to a constant position and this is a serious drawback. Platou, in his
review article, ? shows that for values of the crossflow Mach number of .8 or greater,
there exists a correlation of the Magnus force versus crossflow Mach number as the
correlating parameter. Iversen® has investigated the case of both contributions due to
the boundary layer and the separated vortices.

Effects of Fins

For the case of the finned projectile, three spin-related phenomena have been
identified which influence the Magnus effect. These have been explained by Platou,
however they will be briefly described here for completeness.

z

The first method for generating a Magnus effect on fins is due to unequal normal
forces, and was first described by Platou. A fin which is rotating at some angular rate, w,
induces an angle of attack (as shown in figure 20) due to the superposition of the




rotational velocity with the free stream velocity. This angle of attack varies with the
position alon? the fin as shown, and is given by a = wy/V_. For the supersonic case,
linear theory' yields the lift coefficient on each of the fins as

¢, = = (26)

When the projectile is at zero angle of attack, keeping in mind that the lift acts
perpendicular to the fin, there is no net force, just a damping moment. At angle of
attack, the lift force on the fin in the wake of the body has a reduced lift, resulting
in a force on the tail section which acts through the center of pressure of the fins, as
shown in figure 21.

For the body at this angle of attack and spin, w, the Magnus force will be in the
opposite direction but through a different center of pressure, figure 22. These two
forces create a moment couple which is equal to the lesser of the two forces multiplied
by the distance between them and the Magnus moment will be about the center of gravity,
equal to this moment couple plus the moment due to the unbalanced force multiplied by
the distance to the center of gravity. This resultant can be either positive or negative.

The second phenomenon is that due to canted fins. Benton® has shown that, provided
the fins are canted differentially (which they generally are to induce rolling), a
moment due to spin can be created. Consider a missile which is rolled due to fin cant,
figure 23. The normal force on each of the fins can be broken down into components—
one in the direction of the longitudinal axis and the other perpendicular to it. Due to
the fact that the fins are differentially canted, they have angular deflections in
opposite directions. This brings about a difference in direction between the longitu-
dinal components.

Now if, in addition, the body has an angle of attack, keeping in mind the "induced"
angle of attack due to spin, the total moment due to fin 1 is given by

b/2
Ny, = [ g Cy f(a, - 6+ 2X) yay (27)
e N, B v, .
and due to fin 3
b/2
Ny, = [ g, C, (o, + 6 -=X) yay . (28)
337 52 N, B v,
The total torque is then
¢ bZ-DZ
T CNG 9, %g § D [(5) (5) : [ (29)

Figure 24 compares calculations based on Eq (29) with experimental results. The large
discrepancies below Mach 2 are due to the uncertainty of the lift coefficient as one
gets into the transonic regime.

The third mechanism considered is that of Magnus effects due to fin base pressures.
Chapman, Wimbrow and Kester® showed experimentally that for thin wings or fins, the base
pressure can change suddenly with angle of attack and seems to be associated with a high
frequency vortex trail (8 x 10" Hz). The conditions for which this occurs are: laminar
boundary layer, thickness ratio, t/c < 0.075; low supersonic Mach number; and thin
trailing edge. When the critical angle is reached, there is a sudden change in
base pressure which has been observed to as much as double in tests.

Many of the restrictions put on this case may seem to make it of purely academic
interest, but this is to be seen. As before, consider a rotating missile and differen-
tially canted fins. Then the angle of attack can be shown as before to be

[}

vl ap = § + %X

" (30)

r

1

=]

]
R
+*
(=23

i

I

when at zero roll angle orientation.

It is obvious from this that the angle of attack of each fin is not necessarily the
same. For a specific set of the variables, one fin can be at the lower base pressure
and the other at a higher base pressure.

With multifin configurations, at least one set of fins may have unequal base
pressures. This will produce a moment given by
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where (Pb/Pwh_is the base pressure ratio for fin i, Sb the base area, b the span, and P

the free stream pressure. Using reasonable values for these quantities, C is of order
a
of magnitude one. This is considerably less than the cm due to differential fin cant
pa
but more than that due to body fin interference. An interesting thing to note is that
fins with a .075 t/c ratio or greater are not subject to a sudden change in base
pressure.

When a body has two sets of fins, Benton® has shown that the downwash field on the
tail set of fins (figure 25) contributes significantly to the Magnus effect. A semi-
empirical theory based on the wake swirl of the forward set on fins which have an aileron
deflection predicts the side force and moment as shown in figures 26a and 26b. The
equations are not reproduced here since they are dependent on several empirical constants
which will vary from case to case. Figures 26c and 26d show the results of Benton's
experiments and theory and indicate the magnitude of the wing-tail interference term in
the Magnus effect, which is seen to be considerable.

One other effect mentioned by Uselton and Carman, ¥ and treated analytically by
Thompson and Morrison® and Oberkampt and Nicolaides,® is the effect of body vortices on
the fins. These vortices at angle of attack and spin are asymmetric and their impinge-
ment on the fins can give rise to side forces and moments. For the basic finner missile
configuration, Oberkampt and Nicolaides® compute the side force and side moment coeffi-
cients both for variations in angle of attack and fin deflection angle (figure 27). It
can be seen that the interaction can be significant. This body vortex/fin interaction
due to vortex asymmetries can also be produced by a model undergoing "coning motion."
The induced vortex asymmetries as in the spin case can give rise to side forces and
moments. This phenomenon has been investigated by Kuhn, Spangler and Nielson.

EXPERIMENTAL DATA—PROJECTILES

Before proceeding to summarize the experimental data obtained to date, a short
description of the types of facilities used and test apparatus for measuring the Magnus
effect is in order. The primary source of Magnus data is from conventional wind tunnels.
The ability to measure the forces involved is hampered by the fact that the Magnus force
is generally an order of magnitude or more smaller than the normal force, providing a
challenging situation for the experimentor. Most of the wind tunnel systems currently
being used are of the type shown in figure 28 which is described by Platou et al.,® and
Regan, ® and consists of an air-turbine-driven model mounted on bearings with an internal
strain gauge balance. Due to the high spin rates involved, model design and dynamic
balancing become an integral and important part of the experiment.

Some of the sources of error® are due to model-induced oscillations due to free
stream turbulence, flow angularity and curvature, and test section Mach number variation.
In addition, when testing canted fin or self-rotating configurations, Platou® has shown
that a normal force interaction term exists which is due to a side force existing at zero
spin. Since self-rotating configurations generally are not tested at zero spin, this
can result in a serious error. An example which shows the magnitude of this error is
reproduced in figure 29,

A second source of Magnus data is through the free-flight or constrained free-flight
test technique. Here the projectile is allowed to move in varying degrees of freedom
ranging from total free-flight (as in a ballistic tunnel, range, magnetic suspension or
actual flight) to constrained free-flight (as in the case of a tunnel balance which
allows only angular motions). In general, the measured motion is curve fit analytically
in a least squares sense to a quasi-linear model of motion. These models are usually of
the tricyclic or quadricyclic theory form, and damping and frequencies obtained from the
fit are used to predict the aerodynamics, including the Magnus terms.

Other methods include resonance tests, full 6-D equation fits, and forced oscilla-
tion testing techniques. Errors in these free-flight-type approaches are due in general
to the lack of sufficient data for an accurate fit, inaccuracies in measuring angles and
displacements of a moving projectile, and the usually implicit assumptions of linear
aerodynamics over a cycle of motion which can involve large changes in angle of attack
over which the aerodynamics may be highly nonlinear. A description of the above tech-
niques can be found in a variety of references, among them Eikenberry, ® Murphy, ® Knadler,®
Chapman and Kirk,¥ Ragunath,® and Jacobson, Junkins and Jancaitis.

Experimental Data—Nonfinned Bodies

Nonfinned bodies for which substantial data is available includes the shapes shown
in figure 30, with several configurations being tested with different nose shapes. The
simplest shape is that of a cone (10° half angle) which has been investigated by several
experimentors—Nicolaides and Brady,” in 1959, for a Mach number of 2, Curry, Reed and
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Ragsdale, ™ in 1971, for a range of supersonic Mach numbers and a range of Reynolds
numbers, and Sturek,® in 1972, again for supersonic Mach numbers. Figures 31 and 32 and
Table I compare their results and indicate that at M = 2 there is quite a discrepancy
between results. The values in Table I indicate the probable cause for the discrepancy.

TABLE I
Transition Location
Curry, et al. ™ Sturek*
(Re = 1.8 x 10°%) (Re = 1.9 x 10°)
M a Lee Side Wind Side Lee Side Wind Side
2 og >1 >1 N/A N/A
20 .98 >1 .25 ey b
40 .46 .92 .19 .68
3 00 >1 >1 N/A N/A
4 .41 >1 .45 >1

N/A—Not available.

Here it is seen that transition on the cone for M = 2 occurs at different locations for
the two experiments and thus differing portions of the body are bathed in laminar and
turbulent boundary layers for the two sets of measurements. An interesting behavior
pattern for the center of pressure location is seen in figure 33. It is interesting to
note that this "type" of behavior for the center of pressure is predicted for mixed
boundary layer conditions by Jacobson' as was seen in figure 10. Although not applicable
for these flow conditions, Sedney's™ theory is superimposed to show the effect a mixed
boundary layer has on the magnitude of the forces and moments, and even more drastically
on the center of pressure. Sturek® indicates that there is better agreement at M = 3

for the two sets of wind tunnel data (Curry, et al.,” and Sturek™® ). As is seen in Table
I, the transition data, although sparse, indicates essentially the same boundary layer
configuration for this case, which implies the same flow conditions on the body. Although
it is unfortunate that no data exists to check Sedney's" theory, it is important to
realize that in real-flight conditions, the totally laminar boundary layer seldom exists,
For this reason, the importance of the effect of mixed asymmetric boundary layers on the
Magnus force and moment should be recognized and more work in this area stimulated.

The next simplest series of shapes are the Army-Navy spinner and tangent-ogive-type
configurations. Reports containing information on these shapes are summarized in Table II.

TABLE II
Reynolds Number Angle of
Based on Body Attack WR/V Ref.
Shape Mach No. Length (Degrees) = Author/s No.
Spinner (3 cal) o9 1 T B8 & Yot 0+ 5 0 + .4 Platou 72
Spinner (5,7 cal) Subsonic 2.2 + 5.1 x 108 0+ 28 0 + 1.8 Greene 73
Spinner (5,7 cal) .2 + 2,5 1.75 + 6.1 x 10* 0 + 25 0 + .4 Greene 74
Spinner (7 cal) 3 +2,5 2+ 4.6 x 10° 0 + 20 0~ Luchuk & Sparks 75
Spinner Holmes, Regan &
(7,8,9,10 cal) 2+ 2.9 3+ 6.3 x 10° 0 + 20 0 + .1 Falusi 76
Ogive Cylinder
(4.4-8.25 cal) .2 .4 x 10° 0 + 30 0 +1 Fletcher 7
Ogive Cylinder
(approx. 10 cal) Subsonic -8 +.1.8.% 10% 0 + 20 0.+ 1 Nikitin 23
Ogive Cylinder Uselton &
(25 cal) - 2 10 + 24 x 10°® 0+ 16 0 + .03 Carman 57
Ogive Cylinder
(24 cal) 3,5 9 + 29 x 10° 0+ 16 0 + .02 Uselton 78

Some of the results are shown in figures 34 and 35. Once again, there is a discrepancy
between facilities (figure 34) due in part to the asymmetries in the boundary layer
development on the bodies and in part to measurement inaccuracies. Figure 35 illustrates
the trend in increasing fineness ratio for the smaller angles of attack. Although a
considerable scatter exists, there is a general trend toward longer bodies having higher
Magnus forces. At higher angles of attack, there is a trend for the Magnus center of
pressure to become constant in location at about .3L from the base, which is in relatively
good agreement with Iversen's? crossflow analogy result of .33L. Figure 36 illustrates
this trend with representative data curves; many more could have been included, all
resulting in approximately the same asymptote at about an angle of attack of 20 degrees.

The effects of nose shape have been investigated by Greene™ and Luchuk.”™ Both
observed significant variations in the Magnus effect due to nose shape and typical
results are shown in figures 37 and 38. Once again, notice the relatively constant
asymptote at high angles and the general shape versus angle of attack. These curve types
are predictable with a theory based on an asymmetric transition on the body (again see
figure 13). The nose shapes having different pressure gradients affect the boundary
layer growth and will thus have an effect on transition. It is known that boundary layer
instability and transition on a flat plate is greatly affected by pressure gradients and
this pressure gradient effect is undoubtedly reflected in the projectile shapes tested. In
the low angle of attack range (0-4°), a large nonlinear variation is seen which can cause
difficulties in estimating the Magnus effect.
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Since the boundary layer state and distribution are of prime importance in determin-
ing the Magnus force and moment, the application of grit to artificially "trip" the
boundar% layer can be expected to have a large effect. This can be seen in the data by
Platou, ? Sieron, ® and Uselton.”™ All three show significant changes in the Magnus forces
and moments due to grit addition—Platou for Mach 2, Sieron at transonic speeds (M = .9 -+
1.1), and Uselton for high Mach numbers (M = 5). These effects occur at all angles and
spin rates, including changes in sign for large angles (figure 39).

Another factor which has been investigated is the effect of base shape by Platou,
and by Platou and Nielson.® 1In both cases, there were significant changes in the Magnus
effect as a result of rounding the base or boattailing it. This, as in the case of nose
shapes, is to be expected since a change in base shape will, through pressure gradient
effects, modify the boundary layer and hence the Magnus force. To better understand the
guestions concerning the effect of the boundary layer at the base, Regan and Schermerhorn®
attempted to use base bleed to thin the base boundary layer. Due to an increase in base
pressure from suction pumping, the results were inconclusive, but indicated only minimal
reductions in the Magnus force.

Still another variable affecting the Magnus force are body variations. Most
artillery and bullets have various serrations and protuberances which will affect the
boundary layer. The effect of body serrations is extensively investigated by Sylvester
and Braun®for both a 5-caliber cone cylinder and a S5-caliber A-N spinner model (figure 40).
Figure 41, for the cone-cylinder model, indicates that except for an initial side force
offset due to the aerodynamic asymmetries of the serrations, the Magnus coefficient
(i.e., cy ) is unaffected by the serrations. The results are somewhat obscured in that a

boundary layer trip was used to simulate more closely the turbulent boundary layer exist-
ing on the serrated model. This implies that the effects on the growth and distribution
of the boundary layer are mainly a function of the state of the boundary layer (i.e.,
laminar or turbulent) and the angle of attack and spin rate, and are not additionally
affected by the serrations. Similar results are obtained on the A-N spinner model. When
a boundary layer trip is not used, the serrations may influence the state of the boundary
layer and hence the Magnus force. An interesting phenomenon exists at very low angles of
attack for the serrated models (figure 42). When the Reynolds number based on diameter
is 2 x 10°, the model exhibits both a large side force in the notch-spin condition (i.e.,
a spin rate equal to the free-flight steady state value obtained from the serrations), as
well as gross changes for the cases of underspin and overspin relative to notch-spin rate.
The significance of these changes at the lower Reynolds number is not obvious, however
one explanation may be that the state of the boundary layer is less sensitive to effects
of spin and angle of attack for cases where natural transition to turbulence is moved
toward the nose tip (higher Re/ft free stream values). This is exhibited somewhat in
figure 12 where the effects of angle of attack are negligible for high unit Reynolds
numbers, yet important for lower unit Reynolds numbers.

Another body variation which commonly occurs on projectiles is a sub-caliber
extension from the base (e.g., the 107-mm mortar shell). The effect on the Magnus
moment slope coefficient from the work of MacAllister, et al.® is shown in figure 43
where the extension length is seen to greatly change the Magnus effect, especially at
low Mach numbers for small yaw angles. At large yaw angles, the effects are even greater
as can be seen in figure 44. These booms (especially the long boom of one caliber length
and 1/3-caliber diameter) can create sufficiently large positive Magnus moments to drive
the projectile unstable.

In addition to the basic shapes and studies discussed above, considerable testing
has been done on special shapes—these include bullets, artillery, and mortar rounds.
Table III summarizes some of these experiments (see page 13).

In summary, it is evident that the Magnus force, moment, and center of pressure
location are highly sensitive to anything which can have an effect on the boundary layer
state or growth. These include: boundary layer trips; nose shape and base shape;
pressure gradients; body roughness due to serrations; rings, grooves, etc.; and after-
body booms. The impact of all of this is the realization that to apply experimental data
to free-flight conditions for many bodies will require a better understanding of the
boundary layer which exists in free-flight as well as on the test body. This will be
especially true if small variations in boundary layer configuration alter the Magnus
effect drastically. It is perhaps essential that all Magnus testing in the future be
accompanied by a determination of the test body's sensitivity to boundary layer changes
by using different trip configurations.

Experimental Data—Finned Bodies

Some early reports, among them those by Murphy,® Piddington,® and Platou® indicate
that the effects of fins on the Magnus forces and moments of bodies of revolution not
only can change the sign of the forces and moments, but can be an order of magnitude
greater. As an example, figure 45 shows the effect of fins on two 6.6-caliber bodies.
This concept of a reversal in sign is in keeping with the theory of body interference
(proposed by Platou®™ of the flow on the lee side fin.

Several specific finned shapes have received attention through the years. They are
illustrated in figure 46. Tests on the Tomahawk model by Uselton,™ and by Curry and Reed®
on the same model in the same facility for the identical test conditions (M = 5, Re, =
27.3 x 10%), illustrate the nonrepeatability of the data (figure 47). Both authors
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TABLE III
Reynolds Number Angle of
Based on Body Attack WR/V Ref.
Shape Mach No. Length (Degrees) o Author/s No.
30-mm bullet 1.5+ 2.5 .5+ 1.3 x 10° 0o + 40° 0+ .3 Platou &
Sternberg 84
20-mm & 30-mm o
bullet B d8 CLlSy Wi x 107 0 + 40 0 + .5 Sieron 85
20-mm & 30-mm
bullet .2+1,18 .2 + .8 x 10° 0+ 402 0+ .5 Sieron 38
5" projectile e 8 4| N/A 0+ 11 N/A Chadwick 86
5" projectile o7+ 245 N/A 0 + 59 N/A Donovan &
MacAllister 87
4.2 M329A1El Kline &
projectile .3+ .95 1.25 + 3.5 x 10° o0 + 40° 0+ .7 Gazdayka 88
XM549 artillery & Platou &
shell 5+ 2,2 2+2x10" 0+ 20 0+ >1 Nielson 80
5" projectile .05 .28 x 10° 0 + 4° .22+ .45 Kline 89

N/A—Not available.

indicate that at zero spin and angle of attack, an asymmetric vortex pattern exists on the
model which is unpredictable and not repeatable from one tunnel installation to the next,
but is stable for a given run. The behavior for the nonspinning model has been observed
by other authors, ®’%* however still others”’* have not observed them.

This effect, of course, cannot be a "real" one in that there is no mechanism for net
vorticity to be generated—a condition which the asymmetric pattern implies. It must
then be due to flow and body irregularities as Thompson and Morrison® have indicated in a
paper where they show that these vortex asymmetries can give rise to rolling moments and
side forces and moments through interactions with the fins. These irregularities can be
expected to change from one tunnel installation to another, since it is highly unlikely
for the "exact" same tunnel/model/balance setup to be repeated. Some possibilities for
the cause of this flow asymmetry might be changes in flow inclination or generation of
flow shears in the test section due to blockage changes and complex shock-boundary layer
interactions. From calculations made by Curry and Reed,® they state that it is not
certain whether the asymmetries are due to flow and model asymmetries or to a "real"
effect in the perfectly aligned flow case. Typical patterns which may exist under actual
experimental conditions are shown in figure 48. Effects of these asymmetric patterns
have been shown to be more pronounced at lower Mach numbers for supersonic flow.¥

Uselton™ points out that although the asymmetric vortex pattern at zero spin causes
the behavior of the Magnus force at spin to be nonsymmetric about zero for positive and
negative fin cants, ¢, the difference between the two seems to be independent of the zero
spin condition (i.e., AC_ = C -C is independent of C ). This is illustrated in

3 agh =0
figure 49. This tends to substantiate the explanation given above. Consider that for
the zero deflection angle case, the asymmetric vorticity causes the apparent deflection
angle to be some angle different than zero, €, and yields a side force. Then both the
positive and negative deflection angles really represent angles of § - € and -6 - ¢
which are certainly not equal and opposite. If, however, the change in side force due to
a change in deflection angle varies linearly, which can be expected for small deflection
angles, then the total change in side force for both positive and negative deflections
will be equivalent to the symmetric case. For example, in the asymmetric case:

CY + - §d - €
. = ac, - 26 (32)
C ~ =5 =g
Ys~=
and in the symmetric case:
CY ~ 6
, Dac, ~ 26 . (33)
C ~ =8
TR

Thus, the correct side force for a given deflection angle, &, can be found by dealing with
differences only.

It is also interesting to note that for the Tomahawk vehicle, Stone® has computed the
Magnus moment coefficient derivative for several actual flights using a free-flight
reduction technique. Although this data is for a Mach number of 7.7, it is compared by
Curry and Reed® with their data for similar cases of wR/V (figure 50). There are some
differences, especially at small angles of attack, however reasonable agreement exists
considering the Reynolds and Mach number differences. It should be noted that here the
tunnel data has been corrected to account for apparent zero side loads. Uselton and
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Carman¥ have shown that for the Tomahawk vehicle, as Mach number increases or Reynolds
number decreases, the Magnus force decreases.

Figure 51 shows a comparison of the data for the Apache vehicle versus the Tomahawk.
Although the vehicles are slightly different, the differences appear to be insignificant
when comparing the side force coefficients in difference form, ACy, as suggested by

Uselton.™ Once again, the actual Cy shows considerable variation, both at 0-spin and
at spin due to vortex asymmetries; however, as expected from the above argument, ACY is
nearly the same for both vehicles.

Several recent papers have investlgfted the M823 research store: Regan, Shannon and
Tanner¥ ; Regan® ; and Regan and Falusi™ with fixed and freely spinning stabilizers.
Typical results are shown in figure 52 for a 5-degree fin cant. Here it can be seen that
the moment does not go to zero when the force does for the freely spinning stabilizer.
There are three possible causes for a pure moment as was described in the theory section.
Differential base pressure (positive moment for low wR/V_ ), differential fin cant moment
(negative moment), and body vortex interaction with fins (positive or negative depending
on asymmetry of zero spin vortices). Thus, in general, it is not a simple matter to
predict the net moment. 1In the case of the fixed stabilizer (body spinning as well), an
additional moment is present due to the couple formed by the body Magnus and fin Magnus.
Since both the location of and the sign of the body Magnus can vary, this couple can be
either positive or negative.

Several attempts® ®/®have been made to eliminate or reduce the Magnus effect,
generally through the use of vanes or fins of varlous types. An example of the effect
of nose vanes is shown in figure 53 (from Lando™) and of boattail fins in figure 54 (from
Kline®™), both for low subsonic speeds. It is evident that the Magnus effect can be
greatly affected by both types of modifications.

MAGNUS ROTORS

The Magnus rotor is basically any cylindrical shape of arbitrary cross section (for
the purpose of this paper, this includes the flat plate and Flettner shapes). A typical
example is shown in figure 55, along with a force balance diagram. Most rotors auto-
rotate due to asymmetric cross sections or asymmetric vortex shedding. These phenomenon
have been described by Nicolaides'®and Iversen,'?the latter having an excellent history
of the development and applications of the Magnus rotor, including its use as an aerody-
namic decelerator.

There are three basic areas which need to be understood in predicting and evaluating
the behavior of_?hese rotors. These are the prediction of autorotation rates, glide
angles (y = tan (CD/CL)), and directional stability. It should be noted that terminal

steady-state velocities for these rotors are all subsonic.

As is indicated in figure 56 from Iversen, '®autorotation rates increase with
increasing aspect ratio. Iversen shows that much of this data can be collapsed onto a
single curve by correlating with the moment of inertia-aspect ratio parameter (IR /pC*,

where I is the mass moment of inertia in roll, MR the aspect ratio, p the air density, and
C the rotor chord) and can be approximated by

IR
pc?

L

) (33)

<I<I

ey
3

o«

where V is the tip speed of the rotor.

It is evident that increasing aspect ratio increases the tip speed ratio, V/v
Flatau's'®data shows that the addition of end plates increases the effective aspect ratio,
with larger end plates yielding larger effective aspect ratios. Increasing aspect ratio
also produces an increasing ratio of lift-to-drag yielding longer glide paths. Iversen'®
suggests the expression

c
EL—=0.5 =
D

effective ' (34)

although the reader is cautioned that this approximation appears to be valid only for
small effective aspect ratios (i.e., K‘eff < 4). For larger aspect ratios, actual cross-

sectional profile appears to become important.

Little data is available on stability characteristics in yaw for most rotor shapes.
The interested reader is referred to the literature®"'®% for further information.

Several other types of rotor shapes have been investigated which make use of the
Magnus force to produce lift. These include spherical shapes'®™"® and Jisc shapes of
various types,'” such as a circular disk looking much like a frisbee.
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CONCLUSION—NEED FOR FUTURE RESEARCH

In examining the state-of-the-art in determining the Magnus effect on projectiles,
one is forced to conclude that there is still much to be learned. It appears that the
key to developing a viable means of predicting the Magnus forces and moments on full-
scale flight projectiles hinges on a better understanding of and a better means of
predicting the flow fields on these bodies. This requires a means of predicting boundary
layer transition, growth rates, and separation phenomena. While this is a difficult
problem, it is an essential step which should be taken.

Two areas which have received little attention in the literature are the effects of
wall shear stress and base effects. These need further examination, along with the
effects of interaction of body vortices with fins and pure fin effects.
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FIGURE 28. WIND TUNNEL BALANCE SYSTEM
(from reference 63)
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