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THE MAGNUS FORCE ON SPINNING CYLINDERS

by
Ray W. Van Aken® and Howard R. Kelly**

U, S. Naval Ordnance Test Station

ABSTRACT

Results of recent experiments conducted in the Convair wind
tunnel and the University of Notre Dame smoke tunnel on spinning cyl-
inders are presented. It is shown that at low spin rates the Magnus
force may be positive or negative, depending on the Reynolds number,
and this variation corroborates data obtained by Lafay and Betz, In
the present investigation, the Reynolds number range has been greatly
extended and the systematic variation of Magnus force with this param-
eter is demonstrated. The effect of critical Reynolds number is dis-
cussed and a correlation of the Magnus force with the nature of the flow

as observed in a smoke tunnel is given.

* Head, Fluid Dynamics Sectioa, Aerodynamics Branch

#*%¥ Head, Aerodynamics Branch

INTRODUCTION

The purpose of this paper is to summariz recent experiments
on the classical Magnus effect. These experimeits have shown a dis-
tinct pattern in the behavior of Magnus force witkdifferent Reynolds
numbers. The pattern, at least for moderate spn rates, is found to
agree quite well with all known experimental results, and thus serves
to unify the experimental work in this field,

The classical Magnus effect refers to the lift on a spinning
sphere, or cylinder, that moves through a fluid in a direction perpen-
dicular to the axis of spin. The effect was namzd for G. Magnus, who
made the [irst convincing demonstration of the pressurc difierence na
the two sides of a rotating cylinder. 1 This tenled to substantiate
earlier statements by Robias 2 that the dispersion of cannon balls waz=
probably due to spin,

Lord Rayleigh 3 noted that the behavior of tennis balls and golf
balls could be explained in part by the Magnus effect. He developed
the well-known explanation of the Magnus force inwhich the potential
flow about a cylinder is added to a flow with circuar streamlines to
obtain a flow with circulation (Fig. 1). He realized thgt his mathemat:

ical treatment was valid only for non-viscous flows, and could only

I}.

serve as an idealized model for the study of real flows. It has remained F‘

the "ideal" Magnus effect and, in spite of considerable discrepancics




when compared with "rul" Magnus effects, has been very useful as
a model for airfoil theoy.

The practical applications of Magnus force have been limited.
Two of the better-know1 examples are the Flettner rotor ships described
. by Prandtl,4 and the explanation of the long range obtainable with dimpled
golf balls. > The Magnus force upon which the stability of spinning rockets
and projectiles depends is purposely excluded, since this is usually of a
different nature. These rockets and projectiles usually fly at small angles
of yaw, in which case the so-called Magnus effect is due to beundary-
layer asymmetry.é-8 This effect has not yet been described in terms of
circulation. If any circulation is prescnt, it is entirely within the bound-
Jary layer. An intermediate case is now arousing interest, The Magnus
Wleffect at moderately large angles of yaw may well be considered.as a com-
bination of the effects of boundary-layer asymmetry and circulation,

The investigations being reported in the present paper are an in-
Wdirect result of the study of rockets at large angles of attack, Some ex-
periments were made by the Naval Ordnance Test Station in the Convair
¥ subsonic wind tunncl in 1953, with angles of yaw up to 90 degrees. The
# measured forces at 90 degrees were orders of magnitude too large to
d be explained by any existing data on spinning cylinders. End effects on
the finite-length models would be expected to decrease, rather thanin-

crease, the force. The only obvious reason for the discrepancy was

the high Reynolds number of 840, 000 for the rocket tésts as compared .
to Reynolds numbers of about 100, 000 for most cylinder tests of other
investigators, 'A systematic investigation of the effects of high Reynolds
numbers on the Magnus force on spinning cylinders was then initiated,

and the principal results to date are reported in the following paper,

REVIEW OF PREVIOUS EXPERIMENTS

Magnus first demonstrated the existence of pressure differences
on opposite sides of epinning cylinders, but the first quantitative

9, 10 Some of his data

measurements were probably made by Lafay.
for smooth cylinders are reproduced here in Fig. 2. Positive and
negative lift coefficients agree with the positive lift convention shown
in Fig. 3. Lafay's results show a variation of initial slope with Reynolds
number, but the most important result was the demonstration of negative
Magnus force. Many writers since have been unaware of his results or
have chosen to ignore them. At the other extreme, a recent text-bock 11
shows the negative Magnus effect as being the normal effect at low spin
rates. It is now known that the negative Magnus effect is only normal
at low spin if the Reynolds number is near the critical value,

There was a flurry of activity in the nineteen twentieé, including

13

experiments by Reid 12 a2t the NACA, Betz at thtinge'n, Thom 14-16

at Edinburgh University, and Maccoll Y7 at Glasgow University, Some
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of the results found by Lafay, Betz, and Thom are shown in Fig. 4.

It is notable that there is very close agreement between three curves,
one from each experimenter. These curves are at approximately the
same effective Reynolds number, while the extra curve from Thom is

at a lower Reynolds number and the curve from Lafay showing negative
lift is at a considerably higher Reynolds number. Further results by
Thom are shown in Fig, 5. These show a hint of agreement with Lafay
at higher Reynoids number and a pronounced increase in lift coefficient °
at very low Reynolds number. The data from Lafay and Thom are not

truly two-dimensional, which probably accounts for the variation in

initial slope in Lafay's curves, at different Reynolds numbers. Betz

found that disc-shaped end plates, rotating with the cylinder, improved
his results. These facts agree quite well with present knowledge, though
" the significance was apparently not recognized at the time. The experi-

ments of Reid do not completely agree with present results, probably
because he had some difficulty in measuring the small forces at low
spin rates. Maccoll's experiments were with spinning spheres, and
exhibited‘ negative Magnus force at low spin rates.

Interest in this aut;ject was low for a numter of years, but has

5

recently been growing, Davies ’ experimented with golf balls by dropping

pre-spun balls in a wind tunnel and tracing the trajectories, He showed

that negative Magnus forces occurred at low spin rates if the ball was

perfectly smooth, but the standard dimpled bals always showed a
positive Magnus effect, Using his measured lit coefficients, he
predicted that the dimpled balls would have twiie the range of smooth

18 at the Case Institite of Technology has

ones. Recently, Swanson
completed a program in which Magnus forces vere measured on a
spinning cylinder, Three coaxial, tandem cylinders were used, with
forces measured only on the central section, in order to obtain an
approximation to a two-dimensional flow. This should provide more
precise data than the simple cylinders of Lafay and Thom or the
cylinders with end discs, used by Betz. Swanson's data have not yet
been published, to the present authors' knowledge. It is only known
that the data clearly exhibited sudden dips from positive to negative
Magnus force, but were limited to sub-critical Reynolds numbers,
Meanwhile, some critical reviews and other papers concern-

19 4n 1930, criticized

ing the Magnus effect have appeared. Ahlborn,
the work of Prandtl and Betz, with regard to their belief in the Flettner}
rotor principle, Stefan 20 carried out some experimental work with
bodies of revolution at various angles of attack as a Master's thesis
at the University of Minnesota., Popular articles have appeared re-
. . . 21, 22 :
cently in national magazines, and a very thorough analysis of

the existing knowledge of the Magnus effect was made by Buford 23

at the Aberdeen Proving Ground in 1954. He reproduces photographs




obtaiued by Prandtl 24 y¢ the flow about spinning cylinders using the

aluminum powder-wate technique, The Prandtl photographs provide

' 25
excellent detail of the Lake and have been reproduced “” several

times. i

Each of the experimental programs mentioned has made a

definite contribution, but only the experiments of Davies even sug-

gested the effect of super-critical Reynolds numbers. The change

number has been known for many years, but the presence of a signif-

icant effect on Magnus force was apparently not suspected,

DESCRIPTION OF EXPERIMENTAL WORK

An important consideration in performing experiments on
spinning cylinders is the cffect of the ends. It is desirable that this
eft;ect be made as small as possible so that the results are represent-
ative of a true two-dimensional cylinder, Three approaches to mini-
mizing the end effects are:

1. Construct the cylinder with a high length-diameter ratio
so that the end effects are sr:izll in comparison with the
total force,

2. Use end disks which spin with the cylinder.

3. Have three cylinders spinning and measure forces only on

the center cylinder.

'Case Institute the three-cylinder method was used '

in the drag coefficient of non-spinning cylinders at the critical Reynolds

The third method will give the most accurate results; however the
complexitic" “f synchronizing the speeds of the cylinders and measur-
ing the forces are much greater than in the first two methods. At
8 after more than
a year of development w9rk.

The experimental methods of other investigators were discussed
previously, Two types of experiments were performed Ol’.l the work

reported here: force studies at Convair and flow visualization studies

at Notre Dame,

CONVAIR FORCE STUDIES

The Convair subsonic wind tunnel 28 27 has an 8-by 12-foot
test section and is capable of speeds to 300 ft. per sec, Figure 6
shows the experimental set-up. Ground boards have been installed
in the test section to form a two-dimensional channel, The ground
boards enclose struts which support the cy.linder and transfer the forces
to the Baldwin-Southwark hydraulic balance locatéd beneath the tunnel
floor. The cylinders were spun by two 15 hp. electric motors mounted
on the struts and enclosed in the cylinders. projecting from the ground
boards. Figure 7 shows details of the cylinéer mounting. The cyl?n-
der is mounted on a shaft between the motor's .and rides in béarings
fastened to the struts. Disk;shaped end plates 10 inches in diameter

are fastened on the cylinde.r. Non-rotating dummy cylinders were used



as a wind shield for the shaft and permitted the rotating cylinder to
be located outsi_de.the boundary layer on the ground boards. Some
runs were made without t'he>end plates in order to determine their
effect. Figure 8 iv\di;:ates there is a loss of lift when end cylinders
are used and this loss is greater at higher spin ratios. Low cylinder
speeds were measured by a strobotac located above the test section.
Observations were rade on the "'V' inked on the cylinder, Higher
speeds were measured by a Berkeley time-interval counter. The
cylinders tested were 4, 6, and 8 in. in diameter and 30 and 60 in.
in length., The two langths were used to evaluate the end effects.
Surface finish of the cylinders varied from 14 to 50 micro inches.
Cylinder speeds were varied from 0 to 12,000 r,p.m. and
air speeds from 50 to 300 ft. per sec. The Reynolds number range
was from 99, 000 to 1, 187,000. Measurements made with a turbu-
lence sphere indicate that the turbulence factor was very close to
unity, A further indication of the law turbuience level may be seen
from the plot of zero-spin drag against Reynolds number (Fig. 9)
which gives a critical Reynolds number of about 375,000, In order
to investigate the effect of turbulence, three grids of varyiné mesh
were used. Both lift and drag forces were measured, but only the
lift data are presented (Fig. 10) in this paper, with the exception

of the zero-spin drag (Fig. 9, 11).

A

NOTRE DAME FLOW VISUALIZATION STUDIES .

The Notre Dame tests provided flow picture! and force in-
formation at low Reynolds numbers. The Notre Danc smoke tunnel 28-3C
has normally a 2-by 2-ft, test section and can prodice air speeds of
30 to 170 ft. per sec. Smoke is produced by burnirg wheat straw with
insufficient air. Figure 12 shows the tunnel and agsociated equipment.
On the right is the smoke generator. Smoke is led from the generator
to the manifold on the left, just upstream of the screens, and introduced
into the flow thru the bank of nozzles. Multiple screening and a '2 to 1
contraction ratio result in a very low turbulence level, with turbulence
factor essentially equal to one. The cylinder tested was 4 in, in diam-
eter and 28 in, long and had a surface finish on the order of 15 micro
inches. No end plates were used. The Reynolds numbers were all
subcritical and ranged from 47,300 to 302, 000. Cylinder speeds were
varied from 0 to 1900 r.p.m, Lift and drag were measured by a strain-
gage balance, Only the Jift data (Fig. 13) are presented, The smoke
filiments were introduced at the center of the cylinder in order to min-
imize the effects of the ends. Photographs of the flow field were taken
by electronic flash, For each test condition two photographs were
taken: one with the camera axis on the cylinder top and one with the
camera axis on the cylinder bottom., The top and bottom sections were

then spliced together. Pertinent pictures are shown in Fig., 14-18,

-10-




RESWLTS OF THE EXPERIMENTS

The lift data obained in the Convair wind tunnel are shown in

§Fig. 10. Hére, the lifi(or Magnus force) coefficient Cjy is plotted
against the ratio of peﬁpheral velocity V to freestream velocity U

with Reynolds number é_s a parameter, The lift coefficient is based

on the projected frontal area of the cylinder and freestream velocity.
Corrections to the velocity due to blocking were found to be less than

1% and were neglected. The Reynolds number is based on the cylinder
diameter, In examining the data of Fig. 10 we must bear in mind the

role of the critical Reynolds number. The critical Reynolds number is
here defined to be the Reynolds number at which the drag coefficient of a

;'_ nonrotating cylinder decreases abruptly, due to the difference in flow sep-
laration with laminar ard turbulent boundary layers. The critical Reynolds
number Re. depends primarily on the turbulence level of the flow and sur-
\face roughness of the cylinder. Figure 9 indicates a critical Reynolds num -

2 ber of about 375; 000. Refering again to Fig. 10 we see that at Re =101, 000

| At Re = 202, 000 the initial slope is about the same but the curve exper-
iences an excursion into the negative region. As Re approaches Re, the
drop to negative values occurs at smaller spin ratios until at a. Reynolds
number’ neér the critical (403,000) the curve appears to start out neg-

atively. Atsupercritical Reynolds numbers the curves all have

-11-

i the lift coefficient is always positive and agrees with the data of Betz (Fig. 5).

higher initial slopes about equal to 7 and experience dips which occur

at increasing spin ratios with increasing Reynolds numbers. The

curve &t Re = 1,176,000 is expected to dip at a higher spin rz;tig. The

low supercritical Reynolds number (454, 000) curve enters the ﬁegative
region, but all the others remain positive. A discussion of the shapes

of the curves will be given later, Two interesting features of the curves
in Fig. 10 are the apparent convergence of all the curves after the dip

to a slope of about 5 which is parallel to the initial slope at high Reynolds
numbers and the near-common crossing of the spin ratio axis at a spin
ratio of about 0.5.

Attemnpts were made to obtain very high lift coefficients, By
using the 8 in. cylinder and a low airspeed (50 ft. per sec.) high spin
ratios could be obtained. Results obtained at high spin ratios are shown
in Fig. 19. A lift coefficient of 10.4 has been measured at a Reynolds
number of 198, 000 and a spin ratio of approximately 5.6 (8000 r.p.m.
and 50 ft. per sec.). Itis believed that higher lift coefficients could be
obtained by carefully arranging the experiment,

The effects of changing the turbulence level were investigated
by placing a screen at the entrance to the two-dimensional channel. The
turbulence factor was increased to 2.35 and the critical Reynolds number
decreased to about 150, 000 (Fig. 11). A comparisén of the lift coefficients

with and without the screen is shown in Fig. 20. Both curves have very

~12-



nearly the same initial slope. The Reynolds number is 591, 000 for
both1 curves., The; hehavior of the without-screen curve is consistent
with the trend as shown in Fig. 10. The with-screen curve is at a
much greater value of Re/R.ecrit due to the reduced critical Reynolds
number and hence does not exhibit a dip.

Lift data obtained at Notre Dame are giv:n in Fig, 13. All
the Reynolds numbers are subcritical. Even without correcting for
end -effects the curves exhibit the same trends as the data obtained
at Convair. Photographs (Fig. 14-18) of the smoke flow were taken
at five flow conditions as shown in Fig. 13. In the pictures the air
flow is from the left and the cylinder rotation is clockwise (Fig. 3).
Figure 14 is typical of the {low fi¢ld at high spin ratios and positive
lift. In Fig., 15 we have the zero-spin case. The laminar bcundary
layer» (subcritical Reynolds number) separates at points approximately
80° - 85° f:rom the forward stagnation point agreeing with previous
data (Goldstein 25 p, 152),

A condition of positive lift is shown in Fig. 16. The separation
point on the top surface has moved downstream (away from the forward
stagnat-ion pdint) while the separation point on the bottom surface has
- moved slightly towards the forward stagnation point, Figure 17 shows
the condi.tions for .negative,lift.. The boundary layer separation on the

top surface is still laminar and occurs at about 90°. On the bottom

surface we now have a turbulent separation., There will be a turbulent

separation on the bottom whenever there is negaive lift. The maximum
negative lift will occur when the turbulent separaion point has moved
the furthest from the forward stagnation point. /s the spin rate is
increased the magnitude of the negative lift decreises until a condition
of zero circulation and zero lift is reached., This condition is shown in
Fig. 18. The turbulent boundary layer separation has moved forward
and is near the point of laminar separation. As the spin rate increases
the lift force again becomes positive.

In a recent note 31 Krahn gives a qualitive explanation {for the
dips and negative force coefficients, He bases-his theory on the tran-
sition effect from a laminar to a turbulent boundary layer. For a non-
spinning cylinder the laminar boundary layer will separate (Fig. 21) at
a point 82° from the forward stagnation point (Fig. 15}. If the boundary
layer is turbulent the separation occurs somewhere between 122 and
130° (Goldstein 25 p. 438). Laminar separation occurs on both sides
of the nonspinning cylinder at subcritical Reynolds numbers and turbu-
lent separation at supercritical Reynolds numbers.

If the cylinder is now allowed to spin at anincreasing rate, the
separation points on top and bottom will tend to shiit in the direction
of spin, producing an asymmetry in se.paration with a resulting circu-
lation and positive Magnus force. The spin, however, will cause the
relative flow vglocity to increase on the bottom and decrease on the top

of the cylinder. This can lead to a sudden change {rom a laminar-type

-14-




separation to a turbulet-type on the bottom for subcritical flow, or
from a turbulent-type leparation to a laminar-type on the top for
supercritical flow, Aél'\ncrca‘se in spin with constant Reynolds number
corresponds to a horizrontal traverse of Fig. 21, with the sudden changes
occurring at the 1owerior upper boundary of the shaded region. Thg
shaded region represeats a condition of laminar separation on top of
the cylinder and turbulént separation on the bottom. The area above
the shaded region corresponds to turbulent sepaiation on both sides
and the area below to larinar separation on both sides. Crossing the
boundary of thé shaded region will correspond to the sudden dips in
lift coefficient found in Fig. 10 and 13. A special case is that of flow
at the critical Reynoids number, where negative lift occurs immediztely
at even the least values of spiu.,

Krahn's results are found to be qualitatively’correct, but Fig. 22

shov's that his estimates differ from experiment quantitatively. Here

we have indicated the spin and Reynolds number of the beginning of
each sudder dip in lift coefficient on the same diagram us the boundary
curve precicted by Krzhn. Data from the Convair and Notre Dame
tests are presented, We are not prepared to offer a substitute for
Krahn's method that will completely explain the discrepancies between
his predictions and the experimental results, Perhaps application of

32

the methods developed by Gustafson might yield better agreement,

-15.

CONCLUDING REMARKS

The effect of Feynolds number on the Magnus.force coefficient
can be summarized in terms of Fig. 23 and Fig. 5. At low (subcx.".itical)
Reynolds number the curve begins with a small slox;)e,‘ .then steepens,
and rea;hes a maximum value of about 1d at a spin ratilo of 4, according

23 Our results indicate (Fig. 19) that the maximum is reached

to theory.
at a spin ratio of about 6. As the Reynolds r{urﬁber inﬁ;’eases, the same
general curve is followed, except that a\g};arp dip i§ fo.und just bef.ore
the curve steepens. This dip becomes more pronouncea until, at the
critical Reynolds number, it occurs immediately at z.ex;dlspin. At
Reynolds numbers slightly above critical, a steep curve both precedes
an. follows the dip, with both steep portions having a slope near the
value #. It might be expected that at extreme values of Reynolds number
this high slope could be maintained until the_ ""perfect’ Magnus coefficient
of 47 was reached, but this has not been verified as yet.

The difference in initial slopes at low and high Reynolds Anumber.s
may very well be related to the greater efficiency of turbulent houndary
layers in transmiiting vorticity into the flow outside the boundary layer
to produce circulation at low spin rates, If this is true, then for lower
and lower Reynolds nul.'nbe.rs, the initial slope should again steepen,
since viscous flow theory predicts an increasing importance of viscous

effects and their',transmissicn into the flow as the Reynolds numbcr

-16-
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decrcases. This is partially borne out by Thom's data in Fig. 5,

Some items for {uture research are:
1. Investigation of compressibility effects,

2. Investigation of Magnus effects at higher Reynolds
numbers and spin ratios.

3. Study of the case of the inclined spinning cylinder
(angles of yaw less than 90°) where there is a com-

bination of Magnus and boundary iayer displacement

effects,
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