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Magnus Effects on Spinning Transonic Finned Missiles

‘ Arnan Seginer*
Technion—Israel Institute of Technology, Haifa, Israel

Izhak Rosenwassert
Israel Aircraft Industries, Ben-Gurion International Airport, Israel

Magnus forces and moments were measured on a basic-finner model spinning in subsonic and transonic flow.
Spin was induced by canted fins or by full- or semi-span, outboard and inboard controls. Magnus force and mo-
ment reversals were observed. These were caused by Mach number, reduced spin rate, and angle-of-attack varia-
tions. Magnus center of pressure was found to be independent of the angle of attack but varied with the Mach
number and model configuration or reduced spin rate. A Mach-number dependent fluid-mechanic mechanism is
proposed for the Magnus-force reversal phenomenon on finned configurations.

Nomenclature

=span of control surface
=span of the model fins
=Dbase drag (Fig. 1)
=chord of the control surface
=yawing (Magnus) moment coefficient relative to
model nose tip, N/gSd
=side (Magnus) force coefficient, Y/¢S
=body diameter, also chord and exposed span of
fin
=spin frequency, rps
=chord of fin (h=d)
=model length, /=10 d
= free-stream Mach number
=yawing (Magnus) moment
=normal forces on the fins (Fig. 1)
=reduced spin rate, 2nfb/2V
=free-stream dynamic pressure
+Re; =Reynolds number, Vd/v and VI/v, respectively
=body cross-section area, wd*/4
=free-stream velocity
X,V,2 = Cartesian coordinates
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Y =side force (conventional Magnus force is Y<0)
o =angle of attack

S, =fin cant angle

v =kinematic viscosity

Introduction

ANY fin-stabilized munitions and projectiles (e.g., free-

falling stores, such as aerial bombs or mortar rounds,
sounding rockets, air-to-ground rockets and various missiles)
are spun intentionally around their longitudinal axis. This is
done to average out asymmetries in fin geometry, mass
distribution, and thrust misalignment, in order to minimize
dispersion. The spinning motion induces yawing and rolling
moments and roll-yaw coupling that may result in high angles
of attack, catastrophic yaw, roll lock-in or speed-up.! The
catastrophic yaw and roll lock-in can be overcome by higher
roll rates,? but these, whether intentional or the result of roll
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speed-up, can dynamically destabilize the statically stable pro-
jectile by causing a ‘‘Magnus instability.”’?

The Tricyclic Theory*S has established the importance of
the Magnus moment in determining the dynamic stability of a
spinning projectile; and the Magnus coefficients have, conse-
quently, been experimentally investigated quite extensively
(e.g., Refs. 7,8), especially when it was shown (contrary to
prior assumptions) that the dependence of the Magnus coeffi-
cients on the angle of attack and spin rate was highly
nonlinear.? The analysis of the experimental data (force
measurements and flow visualizations) identified several
mechanisms that could generate side forces (in addition to the
potential Magnus force) on a spinning body at incidence. Two
of those mechanisms were also applicable to bodies of revolu-
tion and were concerned with the spin-induced distortion of
the boundary layer on the body in the cross-flow plane. The
first was the development of asymmetric boundary layers with
asymmetric separation points and, consequently, also with an
asymmetric wake, all contributing to a lifting aerodynamic
cross-section shape® (detail A-A in Fig. 1). The second
mechanism, which explains the nonlinear dependence of the
Magnus force on the angle of attack better, involved the
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Fig. 1 Mechanism generating Magnus effects on a spinning finned
configuration. Detail A-A is the asymmetric boundary layer; detail
B-B the asymmetric shed vortices; detail C the asymmetric com-
ponents of the lift and drag on the fins; detail D-D the leeward fin
blanketed by body wake.
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vortex pair that was shed from the body. Forced into an asym-
metric pattern by the spin-induced circulation, this pair in-
duced a side force on the body'® (detail B-B in Fig. 1). Both
the above mentioned mechanisms exerted side forces in the
classic Magnus-force direction, except at low, subcritical
Reynolds numbers where the side force reversed its
direction.!!

In addition to the two mechanism acting on the axisym-
metric body, three more mechanisms were identified that
could induce Magnuslike effects on the spinning fins
themselves. The first was a yawing couple, generated by the
unequal axial components of the normal forces that acted on
the antisymmetrically deflected fins'? (detail C in Fig. 1). This
:was the result of the asymmetric angle of attack on opposing
“fins due to the angle of attack of the whole configuration. This
moment was negative relative to the nose tip for positive spin
and angle of attack. A second yawing couple was generated by
the asymmetric base pressures on opposing fins (detail C in
Fig. 1). The third mechanism was more complicated. When
the configuration was at an angle of attack and the leeward fin
passed through the wake of the body, the aerodynamic force
that acted on it was reduced.’” Because the spin-induced span-
wise variation of the aerodynamic load on the fin also changes
sign due to the fin deflection (detail D-D, Fig. 1) a negative
(classic-Magnus) side force is generated when the root of the
fin is immersed in the body wake. The variation of this force
with increasing angle of attack is nonlinear, and the force may
reverse its direction when the part of the leeward fin that is
blanketed by the wake, increases from just an inboard fraction
to a major part of the span.’

Uselton and Carman'? mentioned the possibility of an addi-
tional Magnus force being produced by an interaction of the
asymmetric vortex wake of the body with the leeward fin.
Rosenwasser'* attributed more importance to this mechanism.
He pointed out that not only would the leeward fin be affected
by the asymmetric vortex wake, but that the trajectories of the
vortex cores over the body will be strongly affected by the
milling around of the large-span fins, thus, increasing the
Magnus effects both on the body and on the fins. This would
resemble, although to a much lesser extent, the Magnuslike ef-
fects of the wing-tail interference described by Benton.!s

It was felt that at least some of the above mentioned
mechanisms should be Mach-number dependent. However,
the bulk of the experimental data on finned projectiles from
the above-mentioned investigations was for specific configura-
tions and was either supersonic (intended for use in sounding
rocket and missile design) or subsonic (for bombs). The only
generally applicable data were those obtained with the Basic
Finner configuration,® and, of those, the data that were
previously acquired at transonic speeds were insufficient for
practical engineering design. This investigation was, therefore,
undertaken to evaluate the Magnus force and moment on a
basic finner spinning in transonic flow. The spinning motion
was caused either by canted fins (two cant angles were in-
vestigated) or by special, 20%-chord, roll-control surfaces
mounted on the uncanted fins. The roll controls included full-
span controls as well as half-span inboard or outboard con-
trols. There were three reasons for this choice. It resembled
more closely practical configurations and generated a wider
range of spin rates. Also, it was hoped that using partial-span
control surfaces would furnish additional information on the
interactions of the body viscous wake and vortex system with
the fins.

Apparatus and Procedure

The investigation was conducted in the 0.5-m by 0.8-m ven-
tilated test section of the induction-type transonic wind tun-
nel. The model was the basic finner? (Fig. 2), with an outer
diameter of 45 mm. Two configurations with canted fins
(6.,=7 and 3 deg, Fig. 2) were tested. Three additional con-
figurations had 20%-chord roll-control surfaces deflected to
6. =7 deg (Fig. 3). One had full-span control surfaces (Fig. 3a)
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Fig. 3 Configurations of the
20%-chord (¢c/h =0.2) roll
controls. a) Full span,

b) outboard semispan
(a/d=0.5), and ¢) inboard
semispan.

and the other two had either outboard (Fig. 3b) or inboard
(Fig. 3c) half-span controls. The model was mounted on a
standard six-component wind-tunnel balance via a bearing-
supported free-spinning sleeve. An optical revolution counter,
built into the bearing house, measured the spin rate. Details of
the system are given in Ref. 16.

The tests were conducted at four Mach numbers, M=0.6,
0.85, 0.95 and 1.1, and the corresponding diameter-based
Reynolds numbers were Re,=4.19%10°, 5.21x10°, 5.48x
10°, and 5.73 x 10°, respectively. The corresponding length-
based Reynolds numbers were Re,=4.19x10%, 5.21x 109,
5.48x 105, and 5.73x10°%, respectively. At each Mach
number, the model was swept through angles of attack from
—5 to 15 deg. The output from the balance and revolution
counter as well as from the tunnel-parameter transducers was
recorded continuously at a rate of 10,000 samples per s. In-
itially, a pitch-and-pause technique was used, stopping the
model at preselected angles of attack and pausing for the spin
rate to stabilize. It was found, however, that the spin rate
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hardly changed when the angle of attack was varied. This
result not only made the testing easier, because the continuous
sweep technique could be used, but also indicated that the spin
rate (at a given Mach number) depended on the fins’ differen-
tial angle only and not on the angle of attack.

The output from the revolution counter and the balance was
reduced to dimensionless coefficients. The spin frequency f,
obtained by integration of the revolution-counter output, was
reduced to its commonly used dimensionless form
P=2xfb/2V. The free-stream velocity V was used here rather
than the cross flow velocity V sin a which appeared in another
paper!” dealing with Magnus forces acting on an ogive-
cylinder model. It was felt that the mechanisms that were
responsible for the Magnus effects on finned projectiles were
dominated by the free-stream velocity, whereas the Magnus
effects on bodies of revolution could be better correlated by
the cross flow velocity.

Forces and moments were reduced to the conventional
aerodynamic coefficients using the freestream dynamic
pressure and the body cross-section area and body diameter as
normalizing area and length, respectively. The moments were
computed relative to the model nose tip. The conventional
right-hand model coordinate system (Fig. 1) was used. The x
axis coincided with the model longitudinal axis, which was
also the spin axis, and was positive pointing upstream. The z
axis, normal to the x axis, was in the pitch plane and was
positive, pointing downward. The y axis was positive, pointing
to starboard. With a positive spin (clockwise, facing
upstream), as was used throughout this test program, the
““classic’” Magnus force would be negative, or pointing to
port, and the Magnus moment around the nose would be
positive. This means that present results with C, <0 have the
classic Magnus sense.

All six of the static aerodynamic coefficients were measured
at every data point for all the model configurations, including
the basic finner with uncanted fins. The latter results com-
pared favorably with similar data from the literature and
validated the experimental apparatus and data reduction
technique. All the experimental data are presented in Ref. 14.
In this article are the data for the Magnus effects only.

Results and Discussion

During the reduction of the data from these experiments, it
became apparent that, although the spin frequency for any
given configuration almost doubled when the Mach number
was increased from M=0.60 to M=1.10, the reduced spin
rate P remained approximately constant (within +5% for the
worst case). This is in agreement with a similar result observed
on the completely different configuration of the MS823
research store (bomb),!® although the bomb’s spin rate varied
somewhat with the angle of attack, while it remained constant
for the basic finner (probably due to the different shape of the
body especially in the vicinity of the fins). This seems to in-
dicate that the spin frequency f of the basic spinner has the
same Mach number dependence as the velocity V, an in-
teresting result in itself.

The independence of the reduced spin rate from the Mach
number was observed on all the configurations in the present
investigation. The results for any one configuration at all
Mach numbers are, therefore, presented on a common plot,
emphasizing the Mach-number effect at a constant reduced
spin rate.

The side force acting on the model, with fins deflected to
6,=7 deg, is presented in Fig. 4. Due to the difficulty in
measuring the small side forces, the data show some scatter.
Curves have, therefore, been hand-faired through the data in
order to improve the clarity and readability of the figures.
These curves do not necessarily represent accurately the
behavior of the data. The same is true of the other figures
presenting the side-force and yawing-moment variations.

With fins canted at §,=7 deg, the model developed a re-
duced spin rate of P=0.17 at all Mach numbers (Fig. 4). At
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the two lower Mach numbers M =0.6 and 0.85, the Magnus
force acted in the classic direction, C, <0 for >0, and the
two-side force curves had an almost equal slope around =0
deg. The curves differed only for the higher angles of attack.
When the Mach number was increased from 0.85 to 0.95, the
Magnus force reversed its sign to positive and increased rap-
idly when the angle of attack was increased. A further increase
in Mach number to M= 1.1 left the slope at « =0 deg approx-
imately unchanged, but for a=2 deg the values of C, in-
creased at a steeper rate than for M=0.95. With all other
parameters identical for all four curves in Fig. 4, this sign
reversal could be attributed to a Mach number effect only.
While this effect is not fully understood, the following is an at-
tempt to propose a mechanism that could be its cause.

The asymmetric vortex pair on an axisymmetric body
described in detail B-B of Fig. 1, runs downstream, approx-
imately parallel with the body axis in the lateral plane. On a
spinning finned body, however, the milling fins induce a cir-
culation on the surrounding flow that must sweep the vortices
in the direction of the spin (Fig. 5). A sufficiently high spin
rate can deflect the vortices to one side of the fin. Since the
strength of the vortex is increasing along the body, that
strength reaches its maximum in the vicinity of the fins. The
strong vortices would, when deflected to one side of the fin,
induce a side force in the direction opposite to the classic
Magnus force. This effect should increase with an increasing
Mach number because the strength of the vortices is increasing
and their trajectories are lower and closer to the fins when the
Mach number is higher. With an increasing angle of attack,
the vortices move further away from the body and fins and
this effect should vanish gradually.

Such an effect could, when sufficiently strong, overcome
the other mechanisms that generate the classic Magnus force
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and switch the resultant force to the other side. With a
weakening of the effect (reduction in Mach number, lower
spin rate, higher angle of attack), the other mechanisms
should become dominant.

The data in Fig. 4 indicate that the proposed mechanism
may be plausible. The side force is switching from negative
(classic sense) to positive when the Mach number is increased
from M=0.85 to M=0.95. The switch is quite drastic and
may indicate that the vortices moved from above to below the
tip of the leeward fin. A further increase in the Mach number
increases the side force. This could be the result of the
strengthening of the vortices and their still lower trajectories
due to the higher Mach number. Note also the highly
nonlinear character of the M=0.95 and 1.1 curves in Fig. 4 in
the vicinity of o =0 deg. At very low angles the vortices shed
from the body are very weak. At higher values («>2 deg at
M=1.1 and >4 deg at M > 0.95), the intensity of the vortices
increases significantly and with it also the anticlassic Magnus
force. At much higher angles of attack, the vortices may move
away from the fin and, therefore, their effect decreases
(Fig. 4).

Figure 6 presents the side-force data for the model with fins
canted at 6, =3 deg and a lower reduced spin rate of P=0.073.
Again, the side force for M=0.95 and 1.1 was positive (op-
posite to the classic Magnus force sense) but had a lower slope
than at the higher spin rate of Fig. 4. This could be due to a
weaker spin-induced effect on the vortices. On the other hand,
the crossover from the negative to the positive values ad-
vanced to lower Mach numbers. Although the Magnus force
started out as negative (classic) at « <4 deg for both M= 0.60
and 0.83, its slope (again quite similar for both Mach numbers
at a=0 deg) was lower than with the higher reduced spin rate
of Fig. 4 and finally changed from negative to positive. A
possible explanation is that at low angles of attack and lower
Mach numbers the opposing mechanisms are almost equal in
strength. At higher angle of attack (o> 6 deg), the anticlassic
Magnus effect wins with the strengthening of the vortices at
M=0.85, and the classic mechanism becomes dominant at
M =0.65 because the weaker vortices move to above the fin
tip.

A trend in the Magnus force on finned configurations to
change its sign from negative to positive at some transonic
Mach number, for a constant reduced spin rate when the angle
of attack is increased, as observed in Fig. 6 for M=0.85, can
also be observed in the data of Refs. 18, 19, and 20. Although
the finned configurations in these references differ from the
basic finner—some even have freely spinning stabilizers—and
although the test conditions (i.e., Mach number, Reynolds
number, reduced spin rate, and angle of attack) at which the
sign reversal occurs are somewhat different, the resemblance
in the general behavior of the data indicates a consistent tran-
sonic phenomenon. The dependence of the phenomenon on
the configuration and the Reynolds number (see for example,
Fig. 4 in Ref. 19) is not surprising in the light of the proposed
mechanism. Obviously the span of the fins and the state of the
viscous and vortical wake must affect the fin-vortices
interaction.

The trend of the Magnus force to reverse its sign at an ever
decreasing Mach number as the reduced spin rate is decreasing
is continued also in Fig. 7 with the full-span roll-control sur-
faces. Because of the smaller area of the deflected control sur-
faces and the resultant lower spin rate, the side force at
M=0.60 was too small to be measured with sufficient ac-
curacy and is, therefore, not presented. However, the values
of C, at M= 0.85 that are larger on this configuration than in
Fig. 4, clearly indicate an earlier (at a lower Mach number)
sign reversal. This trend, also observed in the data of Ref. 18,
is consistent with the explanation given above.

Figure 7 also shows a new trend in the data, not observed
previously at the higher reduced spin rates. The slope of the
Magnus-force curves at M= 1.1 changed sign and the force
coefficient decreased in magnitude quite rapidly for o> 5 deg.
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Fig. 5 Vortex trajectories on a spinning finned configuration.
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The same pattern, a Magnus force that is positive at low angles
of attack and turns negative at higher angles, is also repeated
at the still lower values of the reduced spin rate (P=0.01 and
0.006 for the outboard and inboard semispan roll controls,
Figs. 8 and 9 respectively) but this time for both M=1.1 and
0.95 (the output at the two lower Mach numbers was too inac-
curate to be presented). It is not clear whether the differences
between the data in Figs. 8 and 9 are due only to the lower spin
rate in Fig. 9 or also to the different location of the roll con-
trols that might have altered the interaction with the body
wake and vortices. This pattern is somewhat reminiscent of
the positive ‘““bump’’ in the side force and the ‘‘reversed’’
Magnus force at low reduced spin rates and low angles of at-
tack that were reported by Ref. 21 and 22, respectively.
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However, this resemblance may be just fortuitous since the
models used in those studies were nonfinned and the tests were
conducted at low Mach numbers. A possible explanation of
this pattern, based on the displaced-vortices mechanism pro-
posed above, is that with the decreasing spin rate, the displace-
ment of the vortices by the milling fins is decreasing too. Con-
sequently their effect on the fin is felt only at low angles of at-
tack. At higher angles of attack this effect is too weak to
balance the classic Magnus effects.

While each of Figs. 4 and 6 through 9 presents the Mach
number effects at a constant reduced spin rate, crossplots (not
shown here) would emphasize the effects of the reduced spin
rate at a constant Mach number. A decrease in the reduced
spin rate from 0.17 to 0.016 changes the sign of the side force
from negative to positive for the subsonic Mach numbers
(M=0.60, 0.85). At the same time it reduces the positive
values of C, for the transonic flows (M=0.95 and 1.1). At the
lowest spin rates the transonic Magnus forces are again
negative (in the ‘‘classic’’ direction), except for some positive
(“‘reversed”’) values at low angles of attack (<6 deg for the
outboard roll controls with P=0.01, and o« <9 deg for the in-
board roll controls with P=0.006). These effects of the spin
rate are consistent with the mechanism proposed above.

The Magnus (yawing) moments of the five configurations,
corresponding to the Magnus forces of Figs. 4 and 6 through
9, are presented in Figs. 10 through 14. Generally speaking, it
can be said that the Magnus-moment curves are very nearly
mirror images of the Magnus-force curves. A positive yawing
(or classic Magnus) moment correponds to a negative side
force (classic Magnus force). Consequently the previous
discussion of the side-force curves also applies to the yawing-
moment curves once their signs are reversed. When the
Magnus force and moment reverse their signs for a given
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Mach number (e.g., M=0.8 in Figs. 6 and 11, or M=0.95 and
1.1 in Figs. 8 and 13 and in Figs. 9 and 14), the sign reversals in
force and moment do not occur at exactly identical angles of
attack. For this to happen, a pure couple has to exist, as was
postulated by Regan.!? This, however, is unreasonable, as the
mirror-image resemblance of force and moment implies an ap-
proximately constant location of the Magnus center of
pressure; whereas, a pure couple would require a sudden
discontinuity with the center of pressure going as x— — o
when the Magnus force goes to zero. It is more reasonable to
assume that the force and moment do not vanish
simultaneously, either because of data scatter, or because of
the normal force interaction error that was pointed out by
Platou®® and has not been corrected here.

Finally, since the position of the Magnus center of pressure
does not vary with the angle of attack for any one of the com-
binations of model configurations and Mach number, it was
possible to plot (Fig. 15) the position of the center of pressure
as a function of Mach number or each configuration.
Although the number of data points per configuration in Fig.
15 is insufficient for a description of a continuous, smooth
curve, one feature can be deduced from the figure. The
Magnus effect on the basic finner has a critical Mach number
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(somewhere in the vicinity of M =0.8) at which the center of
pressure is at its most forward position. The position of the
Magnus center of pressure differs for each configuration. This
may be caused by the different cant angle of the fins or dif-
ferent roll controls. It also may be the result of the different
reduced roll rates although it was found?? that for a nonfinned
body, the position of the Magnus center of pressure did not
vary with the spin rate.

Conclusions

The Magnus force and moment data, measured at transonic
speeds on a basic finner model spinning at several spin rates,
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show that for all reduced spin rates in the present test range,
there exists a critical Mach number above which the Magnus
force and moment reverse their signs and oppose their classic
directions. The critical Mach number of the sign reversal in-
creases when the reduced spin rate is increased. At very low
reduced spin rates, the reverse (nonclassic) Magnus loads are
found at low angles of attack only, and they change back to
their classic sense when the angle of attack is increased. These
effects cannot be explained by the known Magnus-force in-
ducing mechanisms either on an axisymmetric body or on a
finned configuration, so an additional mechanism was pro-
posed. This mechanism included the interaction of the asym-
metric pair of vortices shed from the body and deflected by the
spinning-fins induced circulation with the leeward fin. Mach-
number, spin-rate, and angle-of-attack effects on this
mechanism were qualitatively analyzed.

Another set of conclusions concerns the spin rate variation
of the Magnus phenomenon and its center of pressure and
should be of interest to finned-configuration designers. The
spin rate and the location of the Magnus center of pressure of
the basic spinner are independent of the angle of attack. The
reduced spin rate is independent also of the Mach number
(within the range tested here). The Magnus center of pressure,
on the other hand, varies with Mach number. This variation,
which differs for the several configurations and could
therefore depend also on the spin rate, seems to indicate some
critical Mach number where the center of pressure is at its
most forward position. The criticial Mach number could be
the one at which the Magnus force direction switches.

Additional data are required to substantiate the interaction
mechanism proposed here and some of the conclusions.
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