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Magnus Effects at High Angles of Attack
and Critical Reynolds Numbers

A. Seginer* and M. Ringelt
Technion—Israel Institute of Technology, Haifa, Israel

The Magnus force and moment experienced by a yawed, spinning ogive cylinder were studied experimentally
in low-speed and subsonic flows at high angles of attack in the vicinity of the critical Reynolds number.
Flowfield visualization aided in describing a flow model that divides the Magnus phenomenon into a subcritical
region where reverse Magnus loads are experienced, and a supercritical region where these loads are not en-
countered. The switching of the direction of the Magnus force is correlated with the structure of the vortex wake.
The critical values of the spin rate, angle of attack, and cross-flow Reynolds number that determine the bound-
ary between the subcritical and supercritical regions were found to be interdependent. A better understanding of
the Magnus effect is obtained by basing the Magnus coefficients and reduced spin rate on the cross-flow velocity.
However, the Magnus phenomena are also strongly dependent on the angle of attack.

Nomenclature
Cm = pitching-moment coefficient relative to the nose,

normalized by qSd
Cn = yawing-moment (Magnus-moment) coefficient

relative to the nose, normalized by qSd
CNOR = normal-force coefficient normalized by qS
CY = side-force (Magnus-force) coefficient normalized

byqS
d = body diameter
/ = spin frequency, rps
/ = model length
M = Mach number
P = reduced spin rate, =pd/2V(Xsma
p = spin rate, = 2irf; rad/s
q = freestream dynamic pressure
Re = freestream Reynolds number, = V^d/v
Recf = cross-flow Reynolds number, = V00sinot(d/v)
S = reference area, =ird2/4
V — velocity
*cp = center-of-pressure location relative to nose tip
a = angle of attack
v = kinematic viscosity

Subscripts
cf = cross-flow parameters
o° = freestream parameters

Introduction

A BODY of revolution spinning around an axis inclined to
an oncoming flow experiences a force and moment act-

ing in its lateral plane (i.e., side force and yawing moment).
These are named after Magnus, who was the first to describe
the lift force acting on a two-dimensional cylinder spinning in
a crossflow,1 because the mechanism that generates them is
similar to the two-dimensional one. The existence of Magnus
effects and their influence on spinning projectiles, especially
on spinning spheres, were known more than a century ago and
were taken into account in the design of artillery shells. It was
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assumed that they were linearly dependent on the angle of at-
tack and spin rate.

With the rapid development of modern firearms and low-
drag artillery shells in the 1940s and 1950s, the growing data
base for various shapes of projectiles and research models
brought to light the highly nonlinear variation of the Magnus
effects with Mach number, Reynolds number, angle of attack,
and spin rate.2'3 The nonlinear character of the Magnus
phenomenon, together with the realization of its important ef-
fect on the dynamic stability of spinning projectiles,4"6 inten-
sified the experimental investigation of this complicated
subject.

Initially most of the experiments were conducted on specific
projectiles and at the supersonic speeds at which these projec-
tiles were actually flying. However, it was realized earlier2'7
that the understanding of the basic mechanism of the Magnus
phenomenon required measurements on a simple, basic model
(the ogive-cylinder spinner was accepted as the standard
model), and at low speeds where the data and observed flow
mechanisms could be compared with the better known and
understood low-speed, two-dimensional Magnus data and
with Martin's incompressible theory8 that was the only ex-
isting one at the time.

A systematic, parametric investigation of the effects of the
angle of attack, spin rate, and Reynolds number on the basic
spinner model at low speeds was conducted by Fletcher.9 The
Reynolds number in this work was based on the model length
and was varied by changing the length of the model, however,
the cross-flow Reynolds number (at a given angle of attack) re-
mained constant throughout because both the freestream unit
Reynolds number and the model diameter were unchanged.
Fletcher was the first to report negative Magnus forces (i.e.,
opposing the classical direction as defined by Magnus) on in-
clined, spinning bodies of revolution.9 These forces have been
recorded by Fletcher at low reduced spin rates (pd/2V^} and
at subcritical cross-flow Reynolds numbers when the angle of
attack was larger than 15 deg. Under these conditions, the
variation of the Magnus force with the spin rate was nonlinear
and reversed again to positive when the spin rate was in-
creased. When the cross-flow Reynolds number was increased
to critical or higher values, only positive Magnus forces were
.measured, but they still were nonlinear with spin rate. At
angles of attack of 15 deg or less, Fletcher reported only
positive Magnus forces that had linear spin-rate-dependent
variations.

Negative Magnus forces on two-dimensional spinning
cylinders were reported as early as 1910 (Lafay, cited in Ref.
10), but almost half a century passed before an explanation of
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the mechanism that generated them was given by Krahn11 and
verified experimentally by Swanson.12 Fletcher13 successfully
extended Tani's analysis of transitional, subcritical, and
supercritical flows with laminar separations and turbulent
reattachments over a stationary two-dimensional cylinder14 to
spinning two-dimensional cylinders. He also presented a
plausible explanation of the negative Magnus forces that acted
on spinning cylinders at subcritical Reynolds numbers, as op-
posed to the critical Reynolds numbers on nonspinning
cylinders. However, the application of the same two-
dimensional explanation to inclined spinning bodies of revolu-
tion, using the impulsively started flow analogy, resulted in
the wrong sense of the Magnus force.13 To correct this sense
Fletcher had to add the influence of the asymmetrically shed
body vortices (because of the spin) whose positions were
strongly affected by the cross-flow Reynolds number, and
would change the direction of the force with their changing
pattern.

Birtwell et al.15 reported a different class of reverse Magnus
forces at small angles of attack (a<5 deg) and at low reduced
spin rates (<0.2) that did not agree with Fletcher's explana-
tion of the Magnus sign reversal. The small angles of attack
practically precluded vortex shedding, which was an essential
part of Fletcher's model, and the cross-flow Reynolds
numbers were probably too low for asymmetric transition.
The highest cross-flow Reynolds number at which a reverse
Magnus force was observed15 was about 1 x 104 and even
when the spin-induced velocity was added, the effective cross-
flow Reynolds number was doubled at the most. The results of
Ref. 15 also disagreed with the flow model of Ingram et al.16

which was developed from flow-visualization tests on ogive-
cylinder bodies. This flow model predicted classical Magnus
forces at low angles of attack a for any spin rate P when the
cross-flow Reynolds number Recf was low, and reverse
Magnus forces when Recf was high. Reference 16 also stated
that at high angles of attack, the flowfield was not as sensitive
to the cross-flow Reynolds number as at the low angles of at-
tack and that the spin rate characterized the results. It
predicted reverse Magnus forces at low spin rates, and
classical Magnus forces at moderate to high spin rates. The
low a, low Recf, and low P results of Ref. 16 were in disagree-
ment with those of Ref. 15, and their low a, high Recf data
disagreed with those of Fletcher.9 Only their high o: results
seemed to partially agree with Fletcher's.

In a more recent paper, Zehentner et al.17 presented still dif-
ferent results. Testing at about the same cross-flow Reynolds
number and reduced spin rates as Fletcher,9 they measured
reverse Magnus forces at angles of attack between 4 and 10
deg, whereas in this range Fletcher recorded classical values
only and measured reverse Magnus forces at o:>20 deg. On
the other hand, whereas Zehentner et al.17 did not measure
reverse forces at o;<4 deg, Birtwell et al.15 did, although at
higher cross-flow Reynolds numbers. It is interesting to note
that Platou3 obtained reverse and nonlinear Magnus forces at
a < 4 deg in supersonic free flow simply by rounding the cor-

ners of the model base, although the same model but with
sharp base corners experienced classical and linear forces only.
One must wonder if such small geometrical differences be-
tween the models could also be responsible for the differences
in the subsonic data.

The results of the above-mentioned investigations are sum-
marized in Table 1. With so many discrepancies in the
available data and disagreements between the various flow
models, the present authors decided to conduct an extensive
experimental investigation of the Magnus force and moment
acting on a spinning ogive-cylinder model in low-speed and
subsonic flows. An effort was made to cover the widest ranges
in angle of attack, spin rate, and Reynolds number. Special
emphasis was placed in the data reduction on the cross-flow
velocity and Reynolds number because most of the angle-of-
attack range can be considered high, and because most of the
investigators to date agreed on, at least, one feature of the
Magnus phenomenon—that the Magnus force at high angles
of attack might be comparable to the Magnus force on a spin-
ning cylinder in a crossflow, at the same cross-flow Reynolds
number and spin rate.

Apparatus and Procedure
The experiments were conducted in two wind tunnels. The

low Reynolds number tests were carried out in a low-speed
wind tunnel at speeds from 8 to 32 m/s and unit Reynolds
numbers from 4.45xl05/m to 1.78xl06/m. The tests with
higher Reynolds numbers were conducted in a transonic wind
tunnel at Mach numbers from 0.1 to 0.4 and unit Reynolds
numbers from 1.78 to 6.44 x 106/m.

The model was a 7.15-caliber, tangent-ogive-cylinder spin-
ner (Fig. 1) with a 1.65-caliber, circular-arc (of 4.25-caliber
radius) ogive nose, and a 5.5-caliber, 45-mm-diam cylindrical
body. The body was mounted, via a bearing-supported, free-
spinning sleeve, on a highly sensitive and accurate standard
six-component, wind-tunnel balance.

The model was accelerated to 30,000 rpm within 20 s by
blowing air, that was fed through the hollow sting, through a
turbine mounted in the model base (Fig. 1). The spin rate was
measured by an optical revolution counter built into the bear-
ing housing. A more complete description of this Magnus
system, which is an improved version of an earlier one that
was described in Ref. 18, is given in Ref. 19.

The test program was divided into three phases. The first
phase of the program was a check-out and validation of the
new and improved apparatus. Test conditions were similar to
Fletcher's9 and to those of Ref. 18, and the test results were
compared. In the second phase, the model was set at a = 30
deg and the wind-tunnel runs were performed at freestream
diameter-based Reynolds numbers from 2xl04 to 2.9 xlO5

(the corresponding length-based Reynolds numbers varied be-
tween 1.43xl05 and 2.08xlO6). In the third phase, the
freestream, diameter-based Reynolds number was set at
Red = 8 x 104 (Rel = 5.72 x 105) with an airspeed of 32 m/s and
the angle of attack was varied from 0 to 30 deg with 5 deg in-

Table 1 Conclusions from literature review

Test conditions

Reference

Fletcher13

Birtwell et al.15

Ingram et al.16

Zehentner et al17

Recf

<Recr

b

< 1 x 104

low
high
b
b
b

P

low
b
b

<0.2
b
b

low
high
b

a, deg

b

< 15
<5
low
low
high
high
4«*<1(

Direction of Magnus force3

Cy<0 nonlinear with P
Cy>0 nonlinear with P
Cy>0 linear with P
Cy<0

cy>o
cy<o
Cy<0
cy>o

) Cy<0

a Cy>0 means a "classical" Magnus force; Cy<0 means a reverse Magnus force.
bResult is independent of this test condition.
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1) MODEL
2) BEARING SYSTEM
3) AIR SUPPLY
4} STAGNATION CHAMBER
5) 4 NOZZLES

6) TURBINE
7) BALANCE
8) STING
9} BALANCE WIRING
10) REVOLUTION COUNTER

Fig. 1 The model and Magnus system.

Table 2 Test conditions

a, deg

30

10
15
20
25
30
40
50
60
70
80
90

Re^ x 1(

2
4
6
8
10
12
14
16
23
29

8

3-4 RecfX\Q-4

1
2
3
4
5
6
7
8

11.5
14.5

1.39
2.07
2.74
3.38
4.00
5.14
6.13
6.93
7.52
7.88
8.00

V^, m/s MO,

8 —
16 —
24 —
32 —
— 0.125
— 0.150
— 0.175
— 0.2
— 0.3
— 0.4

32 0.1

crements, and from 30 to 90 deg with 10-deg increments. The
test conditions are summarized in Table 2.

The model and wind tunnel were set to the predetermined
angle of attack and speed/Mach number, respectively, in each
test, and the model was spun up to 30,000 rpm. The air supply
to the turbine was then turned off to prevent distortion of the
Magnus data by an interaction of the turbine exhaust with the
flowfield, and the output from the balance and the revolution
counter, as well as from the transducers monitoring the wind
tunnel performance, was recorded while the spin rate was
decaying. The balance and revolution-counter output were
reduced to dimensionless coefficients. Forces and moments
were reduced to the conventional aerodynamic coefficients us-
ing the freestream dynamic pressure, and the body cross-
sectional area and body diameter as normalizing area and
length, respectively. Moments were referred to the model nose
tip. All six of the static aerodynamic coefficients were
measured at every data point, including zero-spin conditions,
however, this paper presents the Magnus-force and -moment
coefficients only.

The conventional, right-hand model coordinate system was
used to specify the positive directions of the forces and
moments. The x axis coincided with the model longitudinal
and spin axis, and was positive pointing upstream. The z axis,
normal to the x axis in the pitch plane, was positive pointing

downward. The y axis was positive pointing to starboard.
With a positive spin (clockwise when facing upstream) the
"classical" Magnus force is negative (pointing to port) and the
"classical" Magnus moment (referred to the nose) is positive.
In the present investigation the model was spinning in the
negative direction so that the classical sense of the Magnus
force would be positive. This was done to prevent confusion
when referring to reverse or negative Magnus forces. With this
sign convention and a negative spin, positive side forces
(Cy>0) also mean positive or "classical" Magnus forces, and
negative side forces (Cy<0) mean negative or "reverse"
Magnus forces.

Cross-Flow Velocity as Correlating Parameter
Most of the experiments described herein were conducted at

angles of attack that may be considered high (a> 10 deg). In-
vestigators agree that, whereas at low angles of attack the
Magnus phenomenon may be caused by an interaction of the
freestream with the spin-distorted boundary-layer displace-
ment thickness, the mechanism as higher angles of attack is
totally different (e.g., Refs. 3, 8, 10, 15, 20-23). It involves the
interaction of the freestream with the vorticity shed from the
spinning body and can be related to the mechanism that
generates the Magnus force on a two-dimensional cylinder
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Fig. 2 Comparison of CY with existing data.

spinning in a crossflow. This concept led to the attempts to ex-
plain the Magnus phenomenon on an inclined, spinning body
of revolution by means of an impulsively started, unsteady
flow over a spinning, two-dimensional cylinder.3'13

If this concept is true, then neither the body-diameter-based
freestream Reynolds number nor the body-length-based
Reynolds number but, rather, the cross-flow Reynolds num-
ber should be the parameter governing the Magnus effects.
Therefore, it is presented herein for every data point. More-
over, if the cross-flow mechanism is responsible for the
Magnus phenomenon, then the cross-flow velocity (V^since)
should be a better correlating factor than the conventionally
used freestream velocity V^. For this reason, and contrary to
common practice, the Magnus-force coefficients in this paper
have been normalized by the cross-flow dynamic pressure
(<7sin2a) and are presented as Cy/sin2a, and the spin rate has
been reduced using the cross-flow velocity to P = 2irfd
+ 2V(Xsinoi. There was also a practical advantage to this nor-
malization practice that further strengthened its physical
justification. It allowed the results of the entire range of angles
of attack and Reynolds numbers to be plotted on a common
scale and it even collapsed part of the data from tests at dif-
ferent conditions on the same curve.

The cross-flow velocity has been used previously in present-
ing Magnus results, but never consistently and to such an ex-
tent. Platou3 presented a correlation of the Magnus-force
coefficients based on body cross velocity with the cross-flow
Mach number Mcf. This correlation was good only for
Mcf>0.8. For lower Mach numbers, Platous's results
displayed an unacceptable scatter. Iversen20 was more suc-
cessful correlating subsonic Magnus-force coefficients at
various angles of attack with a parameter derived from a finite
difference solution of a two-dimensional viscous flow over a
rotating cylinder and contained the cross-flow velocity.
However, this was done for a single freestream Reynolds- and
Mach-number combination. Fletcher13 tried a different cor-
relation parameter based on the impulsive-start flow analogy
that included the cross-flow velocity, but succeeded partially
at low angles of attack only.
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P

b) Reci = 5.0 x 104 to 1.45 x 105.
Fig. 3 Effects of Reynolds number on Magnus force, a = 30 deg.

Results and Discussion
In the system-validation phase, results were compared with

those of Refs. 9 and 18. One example is presented in Fig. 2.
The data from all three sources show the same trends, in-
cluding the reverse Magnus force at low reduced spin rates.
The agreement with data obtained previously in the same wind
tunnel18 is good, considering the shortcomings of the older
Magnus system. The main difference between Fletcher's data9

and the present results is in the reduced spin rate at which the
Magnus force changes back to the positive direction. It could
be attributed to the difference in Reynolds numbers only.
Consequently, the next phase of the investigation was a study
of the Reynolds number effect on the Magnus phenomenon.

Figure 3 presents the variation of the side-force coefficient
with the reduced spin rate at a. = 30 deg for diameter-based
Reynolds numbers from 2xl04 to 2.9 xlO 5 (or cross-flow
Reynolds numbers from 1 x 104 to 1.45 x 105). The results can
be divided into at least three groups. The first group includes
the results below Recf = 4xl04 (at this cross-flow Reynolds
number the boundary layer on a nonspinning cylinder is
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laminar, or subcritical). All of the curves in this group show
reverse Magnus forces (Fig. 3a). The amplitude of the reverse
force is decreasing when the Reynolds number is increased. So
also is the reduced spin rate at which the Magnus force turns
back to the classical direction. The four curves are qualita-
tively similar, and the three for Recf x 10~4 = 2,3,4 even merge
into a single curve for values of the reduced spin rate of
P>1.15. All four curves experience a stall (Magnus "stall")
when the reduced spin rate is increased above 1.9, and then
recover between P = 2.5 and 3.0. When the Reynolds number
is increased to Recf = 5 x 104 (or Re^ = 1.0 x 105, Fig. 3b) the
Magnus-force coefficient is still reversed at low spin rates and
its amplitude is further reduced, but the sign-reversal spin rate
that previously (Fig. 3a) was reduced to P=0.7, increases back
to P=1.0. For Reynolds numbers of # e c f > 6 x l 0 4

(Re^ > 1.2x 105) the Magnus force is positive only for this
angle of attack (a = 30 deg). The second group includes the
curves for Recfx 10~4 = 5,6,7 that merge into a single curve
for P>1.75 and stall at P=3.3. However, the latter two
curves are positive for all (measured) spin rates. The third
group tRe c fxlO-5=0.8, 1.15, 1.45), that is also positive
everywhere, has a slope higher than the previous group and
shows a tendency to stall at much lower spin rates.

Qualitatively, these results agree in part with Fletcher's
results for P< 1.0 (see Ref. 9, Fig. 7; Fletcher does not present
results for higher spin rates), except that his cross-flow
Reynolds number is varying because the angle of attack
changes. The reduction in both the amplitude and width (on
the spin-rate scale) of the reverse Magnus force when the
Reynolds number is increased can also be observed in the data
of Ref. 17.

In Fig. 3 it is obvious that the variation in the cross-flow
Reynolds number, generated by a variation in freestream
Reynolds number, strongly affects the Magnus phenomenon.
The cross-flow Reynolds number also varies, however, when
the angle of attack is changing even for a constant free-stream
Reynolds number. The question, will a variation in cross-flow
Reynolds number because of a varying angle of attack have
the same effect, follows naturally. This question led to the
third phase of the investigation, in which the freestream
Reynolds number was fixed at Re^ =8x 104(M00 =0.1) and
the angle of attack was varied between 0 and 90 deg (the a - 0
deg data were used only as a reference to ensure the absence of
parasite forces, and the a = 5 deg data are not presented
because of the low signal-to-noise ratio). The Magnus-force-
coefficient variation with reduced spin rate is presented in Fig.
4. The angle of attack has a very strong effect on the results. If
this is just an angle-of-attack effect, or if it also includes a
cross-flow Reynolds number effect, is not immediately ob-
vious. If it does include a Reynolds number effect, it certainly
differs from the one just discussed in Fig.3. Although reverse
Magnus forces are measured at ce=10 and 15 deg, they are
quite small and much smaller than those measured at a = 30
deg with the same cross-flow Reynolds numbers. These two
curves also do not experience a clear stall; they just flatten at
P=1.5. Being different from the behavior of the Magnus-
force curves in Fig.3, this must be a combined angle-of-attack
and Reynolds number effect.

The next group of curves includes those for a: = 20, 25, and
30 deg. They all have reverse Magnus forces with increasing
amplitudes as the angle of attack and the cross-flow Reynolds
number are increased. In Fig. 3a, an increasing Reynolds
number had the opposite effect. The curves in Fig. 4a cross
over to the positive side at approximately the same reduced
spin rate of P = 0.6; whereas, in Fig. 3a, the cross-over spin
rate was decreasing when the Reynolds number was increased.
After becoming positive, the curves have similar slopes but
their maximum values before stall, as well as the stall spin
rates, are increasing when the angle of attack is increased. The
recovery after stall (P> 2.5) is quite strong and increasing with
the angle of attack.

The curve for a-40 deg (Fig. 4a) leads to the next group of
curves (Fig. 4b). The curves for a = 40 and 50 deg have the

32 r
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Fig. 4 Effects of angle-of-attack variation on Magnus force,
to =8xl0 4 .
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a, deg

Fig. 5 Magnus-force variation with angle of attack.

largest negative Magnus-force coefficients. The spin-reversal
point suddenly moves to P=0.85 for a = 40 deg and the slope
of the curve increases. For o:>40 deg the negative-Magnus-
force zone shrinks both in amplitude and width, and above
a = 70 deg only positive Magnus forces are experienced. The
curves for Q:>50 deg have approximately equal slopes (they
actually merge) for P> 1.0, and stall is not found within the
test range of P. There are but small differences, concentrated
at low reduced spin rates, between the curves for a = 70, 80,
and 90 deg. All three curves display a kink at P=0.55 that
might be a result of a shifting location of the boundary-layer
transition line.

Again, only a partial comparison of results with those of
Fletcher's is possible. Fletcher found only positive and linear
Magnus forces for a<15 deg, whereas, in the present work,
negative forces were also measured for a, = 10 and 15 deg. The
values of the negative force amplitude, as well as the cross-
over values of the reduced spin rate, in Fletcher's results for
a = 20, 25, and 30 deg also differ from the present results, but
one must also bear in mind the differences in cross-flow
Reynolds numbers and the strong effect of this parameter
(Fig. 3). The Magnus stall observed in the present results can-
not be compared with Fletcher's results because his spin rates
were not sufficiently high. However, such a stall also was
observed, at least qualitatively, by other investigators.20'24

Experiments at high angles of attack involve forces and
moments in the lateral plane also when the model is not spin-
ning because of asymmetric flow separation and vortex shed-
ding from the body. These effects had to be isolated from the
Magnus effects. Figure 5 presents the variation of the Magnus-
force coefficient with the angle of attack (with the spin rate as
a parameter) that was obtained from the data of Fig. 4 by
crossplotting. The Magnus forces are compared with the side
force acting on the same, but nonspinning, model. At a re-
duced spin rate of P= 1.5, the Magnus force is an order of
magnitude larger than the side force of the nonspinning
model. Figure 5 emphasizes the fact that for every angle of at-
tack below 70 deg (at Re = Sxl04) there are spin rates for
which the Magnus force is negative; whereas Fig. 4 emphasizes
the fact that for spin rates below P = 0.75 there are angles of
attack for which the Magnus Force reverses its direction.

Judging from all of these results, it can be concluded that
the flowfield state at high a can be divided, as far as the flow
conditions (i.e., Reynolds number, angle of attack, and spin

Fig. 6 Helium-bubble visualization of the flowfield; a = 30 deg,

rate) are concerned, into two categories: a "subcritical" state
where reverse Magnus forces can be found (e.g., a<70 deg,
P<0.75, and #ecf<5x!04), and a " super critical" state
where no sign reversal can exist. The boundaries between the
two states are not clearly defined, and the limiting value of
each one of the above-mentioned parameters depends on the
current values of the other two. The helium-bubble visualiza-
tion presented in Fig. 6 shows the transition from one state to
the other. At the lower spin rates, Fig. 6 shows two vortices
being shed from the body. In Fig. 6, at/and P = 0, the vortices
are almost symmetric and are typically those of a nonspinning
body. This means that at low angles of attack (a= 10 and 15
deg) and very low spin rates (P<0.75), reverse Magnus forces
should not be expected or should be very small. This is in
agreement with Fig. 5. As the angle of attack is increased (for
the same spin rates), asymmetry similar to that on nonspin-
ning bodies can develop and reverse magnus forces can occur
(Fig. 5). As the spin rate is increased, the vortex pair begins to
be displaced (Fig. 6). A strong asymmetry develops (Fig. 6, at
/= 270 and 600 rpm) and gradually one vortex disappears (Fig.
6 at/= 1110 and 1920 rpm). In the present work, because the
model has a negative (counterclockwise looking upstream)
rotation, the remaining vortex is swept to port by the spin,
with pressures higher in the separated zone on the port side
than in the attached high-speed flow on the starboard side of
the model, and the Magnus force can act in the classical direc-
tion (Fig. 5, high P values for all angles of attack). This
mechanism is in qualitative agreement with the flow model of
Ref. 16 for high angles of attack, except that, contrary to this
model, the present results show that this mechanism works for
all of the angles of attack from a. > 10 deg and upward (Figs. 4
and 5); that at very high angles of attack (a>70 deg) there is
no reverse Magnus force at all even when the spin rate is very
low (Figs. 4 and 5); and that the cross-flow Reynolds number
has a quantitative effect on the mechanism (Fig. 3).

Since the spinning motion induces drastic changes on the
flowfield (Fig. 6), including those on the leeward side of the
model, one would also expect drastic changes in the force and
moment in the pitch plane. Indeed, the two-vortex pattern
observed at low spin rates, which is reminiscent of the conven-
tional nonspinning vortex-shedding pattern (Fig. 6, /=0),
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generates the expected corresponding normal force and pitch-
ing moment associated with the given angle of attack (Fig. 7,
a. = 30 deg at low P). When the spin rate is increased, still in
the subcritical region, the normal force begins to decrease.
This happens approximately when the magnitude of the
reverse Magnus force also begins to decrease (Figs. 7 and 4a,
respectively). A further increase in the spin rate past the
critical value (in this case, P=0.75, see Figs. 4a and 7),
changes the Magnus-force direction to positive because the
vortex pattern has already been changed drastically (Fig. 6,
/= 1920 rpm), and the normal force begins to increase because
of the increasingly lower pressures induced on the leeward side
of the model (Fig. 7). With increasing spin rates, the normal
force stalls and then recovers at almost the same spin rates as
the Magnus force. The mechanisms of these stalls and
recoveries have not been recorded or understood.

It is interesting to note that the variation of the pitching
moment with the spin rate is practically a mirror image of the
normal-force variation (Fig. 7). This is a surprising result
because it means that the location of the longitudinal center of
pressure does not change when the spin rate is varying (Cm vs
CN is linear), in spite of the highly nonlinear variation of the
normal force with spin rate. This could happen only if the
relative axial distribution of the normal force did not change
when the spin rate varied, although its local amplitude
changed. This is a description of a two-dimensional mech-
anism and because this is the Magnus mechanism it must be
also reflected in the lateral, or Magnus, center of pressure.
Figure 8 is representative of many such plots that present the
variations of the Magnus force and moment with the spin rate
and the functional relation between the force and moment.
Here too, as in the pitch plane, the moment is a mirror image
of the force and the Magnus center of pressure does not move
when the spin rate is varying (linear Cn vs CY relation in Fig.
8).

Since both centers of pressure are independent of the spin
rate, their locations are plotted in Fig. 9 as a function of the
angle of attack at a fixed freestream Reynolds number, and as
a function of the freestream Reynolds number when the angle
of attack is fixed. Both centers of pressure are stronger func-
tions of the angle of attack than of the freestream Reynold
number. The different variations with both of these
parameters show again, as in Figs. 3 and 4, that the Magnus
phenomenon does not depend on the cross-flow Reynolds
number only, but has a strong dependence on the angle of
attack.

O MAGNUS CENTER OF PRESSURE
D LONGITUDINAL CENTER OF PRESSURE
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Fig. 9 Longitudinal and Magnus center-of-pressure location varia-
tions with angle of attack and Reynolds number.

Conclusions
An extensive experimental investigation of the effects of

spin rate, angle of attack, and cross-flow Reynolds number on
the Magnus force and moment experienced by a yawed, spin-
ning ogive-cylinder model was conducted in low-speed and
subsonic flows. The main conclusions were:

1) The Magnus phenomenon can be divided into two
regions, each with a different flow pattern and variation of the
aerodynamic coefficients. The subcritical region, at low spin
rates below some critical values of angle of attack and
Reynolds number, is characterized by reverse Magnus force
and moment and a decreasing normal force. In the super-
critical region, reverse Magnus loads are not experienced and
the normal force is increasing with spin rate.

2) The critical values of the spin rate, angle of attack, and
Reynolds number are interdependent. It seems that a three-
dimensional critical surface would have to be defined, rather
than three separate critical values. Note that the upper limit
for the Reynolds number for the reverse-Magnus-
phenomenon region is still subcritical in the conventional
sense.
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3) The Magnus phenomenon is controlled by both the
crossflow Reynolds number and the angle of attack. Conse-
quently, its description by the impulsively started two-
dimensional flow, that depends on the cross-flow Reynolds
number only, cannot be quantitatively complete.

4) The subcritical and supercritical Magnus flowfield states
can be related to the structure of the shed vorticity using the
helium-bubble visualization technique. The reverse-Magnus-
phenomenon region is characterized by two asymmetric vor-
tices, whereas the "classical" Magnus region has only one visi-
ble vortex.

5) A Magnus "stall" is experienced by both the Magnus and
normal forces. The maximum forces and the stall spin rates
depend on the angle of attack and Reynolds number.

6) In spite of highly nonlinear variations of the forces and
moments with the spin rate, both longitudinal and lateral
centers of pressure remain in a fixed position. This indicates
that the Magnus phenomenon is essentially two-dimensional.
The locations of the centers of pressure depend, to some
degree, on the cross-flow Reynolds number but vary strongly
with the angle of attack. This again means that a purely two-
dimensional model, such as the impulsively started flow, can-
not describe the phenomenon fully.

7) Basing the Magnus coefficients and reduced spin rate on
the cross-flow velocity improves the understanding of the flow
phenomena.
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