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TEICENICAL VZAORANIUM NO. 310.

THE "MAGKUS EFFECT,® TEE PRUKCIPLE OF (Er FLEITN=R ROTOR.*
By A. Betc.

It is indeed possible, by means or the thecrsy o the "jdeal
T1uid" 0 make a fairly tbrrough investication of the action of
currents producing a liftisg force. The question of the origin
c¢f such curreats and the cause of tae resistance or ctag cau,
howaver, bte saticfactorily answered only by meanc cof Prandtl's

"theory of marginal layers." The laiter ineory is also able o
explain the "Mzrnus effect,” the nature of which wis so thorough-
1y investigated at the Goitingen Aerodynamic EZxperimental Insti-
tute, that Flettner mas straightaway able to utili-ze t~ =z results

obtained at GOttirgen for the propulsion of ships.
Theoretical Sectioxn.

Thanks to the successful trial runs ot the Flettner Rotor
saip "Buckau," a hydrodynamic phenoneron, which, under thc name
of "¥agnus effect,” has b:er known for a long time, has suddenly
acquired practical importance. Since this phenomenon has not
teen much discussed in cscientific literature and has soretimes
been incorrectly present=2d, it may not e amiss to state the
facts clearly in the present article.

A short butl very able description, of recent date, is con-

® From "Zeitschrift des Vereines dsutecher Ingenieure,®'Jenuvary 3,
1325, pp. 9-14.
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*tained in Fottinger's lccture, "kcw Basic Frincinles for the
Tr:atment of $hc Propeller Froblem" in "Jahriuch der Schiffbau-
tcechniechen Gesellschaft,"” 1910, p. 33R. Lanctesier zivcs znoth-

er good dercription iz "Aerodynanmics," p. 36. Leipziz, 1909,

Z. G. Teubner. An essay by Prardil wiil aspear shortiy in "hatu--

wisseascnafter™ and a povualar descrinticen by Ackeret will be ie-
sued by Vardendhogx and Ruprocht of thtingen.

I would like %o mention a2t the outsct, that the "Kagnus ef-
fect" is not by any meau: easy to undoratand, since the necessary
nasis, Prandil's "theory of marginal ioyers,® is very little
known, although it has been twenty yzars in existerce.

The phenomenon of the Magmis effect concists in trhe fact
that a revoiving body moving relatively to the surrounding fluid
(air) is subiected not only %0 drag (i.e., a forcc aciing in a
direction opposi%e to that ¢ the dircction of moﬁion), but also
to a lift, that is to say, a force acting at right angles to the
«.rection of motion. The 1lift is directed toward the side where
the reiative velocity between the fluid ang the surface of the

revolving ocdy is s.allest, that is, the side where the periph-

I 4
Scamne

eral motion, due to rotation, is in the dircction € flow of the <.

£iuid (i.e., the air), as illustrated in Fic. 1, in waich W in-
dicates the angular velocity, v the forward velocity of the re-
volving tody, w +the drag, and A the 1if..

Apart from the experiments of Masnus, the eifect was con-
startly noticed in the form of the deviation of artillery oro-

jectiles from their true trajectory. Irn fact, it was this pne-
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nomenon wiaich led Magnus to invoestigatc the provtlem. It was alsd
noticed in tke strantcly curved trajectory of teunis ard other
talls uscd in gamcs {Fig. 2). . (Sece Lerd Rayleigh's paper: "On
tkhe Irrsgular Flight of a Ternis Ball," - ®"Scientific papers,®
Vol. I, p. 344.)

Before ¥~ ehdeavor to -exvlain how the Magmus effect ieg pro-
duced, it will be well to look a little more closely into the
terms "1lift" and ®drag" and the causes producing thece forces.
If we move a body (Fig. 1) with a velocity of v, we muét, in
order to overcome the drag W, produce, cvery second, a power
equal to Wv. The 1ift A, on the other hard, cclls for mo ex-
: penditure of energy, since it is at right angles to v. 1In an
"ideal fluid," in 'hiCh there is no loss of ensrgy, a body moving
at a uniform rate would meet with po resistance, but there would
probatly be § lifting force. In investigating the proceses con-
nected with this lifting force in general, we can, therefore,
base ousr inquiries on the processes in an ideal fluid (i.e., a
fluid which, in flowing, loses none of its power). 1In this way,
we lzarn a great deal about the connection between the flow and
the 1lift, but the question as to how and why, in a given case,
*his particular flow should be connected with the 1ift produced,
still remairns vnaneswered.

In the case of an airplane having normal wings with a sharp
trailing edge, knowing, as we do, that the fluid does .ot flow

around sharp edges, wc can say scmething about the 1ift to be ex-



¥, 4.C+-A. Tochnical ¥oemorandum No. Z10 4

nected. Bu*, since the reasom wany the liguid does ro# flow around
snarp edges is as yet not clearly kmown, this usthod of reasoning
fails, vhen the edre is not sharp, but rore or less roundad.

To enable us tc follow the discussion in the prescnt essay
more clearly, let us driefly. examine the proccssés goirg on in
iceal fluids, th2a so-called "pc tential flow,® and then inguire
into thc aore complex canses of drag ané 1ift, as explained oy
Prandtl's theory.

For a pody to be gubjected to a 1lift, if is necessary that
there should be, oz an averag:, a higher vressure ou theTJQwer
gide than on the upper. Inasmch, however, as the pressure .p
and the velocity v are connected with each other by the rela-

2

p
tion p +3 v = constant (known as Sernoulli's eguation, in

which p denctes the density of the fluid), if there is a lift

at all, then the velocity must be, on an average, grealer above

than below. Following up this 1line of reasoning, we find, that

the best plan is to tﬁke the circulation P"as the standard for

this difference in velocity, which we arrive at as follows:
After drawing the line s (Fig. 3), around the moving

body, we assume tkLat the velocity at a certain point of s 1is

v and that the component of ¥, touching this point in the di-

rection of the tangent to s, is V’. Then tie circulation is

= 5 7. .4s,
0

r

vhereby the integral.gj is to be continued clear arcund the <

line. For the 1ift A, we ther get the simple equation (Kutta-
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§;ﬁukowsky formula) A=p v I'l . Here again p 1is the density
of the fluid; ¥, the vélocity at a grecat distance from the
body; and i, th¢ lcnzth of tue body at right angles to ithe
plane of the drawing. The circulation is assumed as cowustaant
throughoui the whole length.

Ve can ioegine 2 current witn a-lift, as being com;bsed of
two rotions without 1lift. In one of them the circulation [ is
0, %but there ie the velocity Vv 1relative to the body at a great
distance from 1t (Fig. 4). 1In the o*hex, however, there is onl&
a circulation current I', but o forward velocity e (TFig. 5).
Both currcnts arc possible as potential motions. Now, if we
supcroosc thc tw0 currents, i.c. ii, at cvery point, we combinc.
ihe two velocities wectorially (like forces in a parallelogram
of forces), wc then once more get a poterntial motion, composed
of the circulation ' of one metion and the forward velocity ¥
of thec other, resulting in a lift (Fig. é).

Tue introduction of the term "circulation" is very uceful,
as an aid to the understarnding of the connection between the
courcge of the flow and the 1ift, but it doés not answer the ques-
tion as to how this 1ift is produced. Ultimately it reduccs to
the question as to how the “circulation" is:-oroduced. Neverthe-
lecs this method can advance us a little. If the fluid (i.e.,
in *his cas¢, the air) and the bedy are both at rest, it is
clear tnat the circulation must be O, since, of course, the

vclocity turoughout the cntire leagth of s is O. Then, if we
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set tne body in motion, the ftate oi the circulatien cam, accord-
ing to a law_of hydrodyna?ics, underzo a change orly when vo:ti—
ces or eddies stray outf%} into the zone eucliosed within the s
line (Fig. 3). 1In this event, fhe increase .. decrease in the
circulatior is exactly equal to the sum of thc éifculation,round
about the vortices or eddies coming in or goirg out respectively,
(one direction of rotation ©o be reckoned as—pbsitive, the oppo-
site as negative). We sce, therefure, that the produciion of a
circulation afound a body sturrounded by a fluid which hitherto
has been at rest, is possible only when vortices or cddics are
formed simultaneously in the fluid. 1In an ideai fluid this, as ,. -
the very defiaition impiies, is an impossibility, since, of
cnarse, the formation of vortices or cddics is 1n§3§arab1y con-
nected with loss of c¢nergy. We mist thereicrs now ééfn to those
processes which cause the formation of vortices or eddies in
actual fluids.

If a fluid is set in motion by a difference in pressure alene,
a potential motion is produced, as in an ideal fluid. In actual
fluids, howéver, owing to fheir viscosity, there are addedi, to
the forcz:s of nressie P (Fig. 7), shearing forces T, which
impart a rotary motion to the parti:les of the fluid and thus
produce eddies or vortices. Shearing forces of tnis kind appear
when the velccity increascs at right angles to the dircction of
the flow. Inside the fluid the effect of these shearing forces

is generally of no consequence, since the velocity variations

are not very abrupt. Xoreover, as we can prove, s% long as thc
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current is of a poteatial nature, tiae various sheariﬂg forces ex-
erted on a particlé of fluid (T to T, in Fié;47) counterbalance
one another. On the other hand, the effect of these forc2s is of
suprerme importance, when the current flowsnpést a firm wall or
surface. Then., within a thin laver, there is a transition fromf
the normal current velocity to zero velocitv on the wall (Fig. 8)-
It is, tﬁérefore, in this, the so-called Ymarginal layer," that
the viscosity, which distinguisheé‘actualAfrom idzal fluids,
ﬁlays an important part. 1In thié layer nearly ail~thoee disturb-
ancses kave their origin, which distinguish the flow of actual flu-
ids from a potential flow. As,fdr back aé twenty ycars ago,
Prandtl called attention to the importance of the processes going
on within this marzinal layer and demonstrated their effeci by
reans of convincing experiments. The following remarks follow
clogely the original argﬁmehts adduced by Prandtl. In our in-
qﬁiries let us consider the floi-aroundﬁa‘cylihdrical body,
which interests us in particular. Most of the argﬁmcnts, how-
ever, apply aleo to bodies of other shapes.

On the sides of the cylinder (zbove and below in Fig. 4)
the 1lines of flow are more clesely crowded together than else-
where. Here the veloclty is the greatest and the preésure the
emallest. In a potential flow the velocity is reduced and 4he
pressure increases again. The kinetic energy of the #1uid rarti-
cles enables them to penetrate into the region of higner p -

sure. In this process, their veloclty, under the influcnc.
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increasing presqgre, is retarded 1ﬁ precigely the sume measure
as expressedinrqrnoulli’s equation. Let us now consider a v .r-
ticle of the marginal layor. ‘Its vclocity is lower than hat of
the mormal flow outside this layur. Its kirctic eaercy is tiore-
féfe iusuificient o enatle it to penetrate into the zone of
higher pressure. It stops, befure it gets trere, and rovorses
the direction of its motion. However,»since new marginaiilayers -
are consiantly flowing cut of the zone of lower .ressure, more -
and more marginalFlayer.matérial sradually accumlates in the
region where the ﬁressﬁre is increasing. = This marginal-layer
matérial has two importént propcrties:

1. 1Its tétal energy (p +‘§ v?) 1is less than that of. thé

"~ rest of the current.

2. Its individual particles arc rotating.

The subsequent -stages in the development of the marginal
layer accurulations afe illustrated by Figs. 9 to 11 (according
to experiments and pictures made by Prend+tl in 1904, and by
Rubach, at Prandtl's institute in 1913-14). The marginal layer
material is 1ndicafed by the stippled portions. When the mar-
ginal layer materiai has become fairly thick, it is carried
along by the current and finally passes awaf in the form of vor-
tices; whereupon the whole process is repeaved. The symmetry of
the departing pairs of vortices is not stable and, consequently,
one vortex gets ashead of its companion. IIIgnce the subsequent

formaticn nf vortices is not symmetricsl, put takee place alter—
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natcly on izc two sides. Tris, Lewcver, cics wt affoct the foi-

lowing investizntions.

Q
]
s
$oo
4]
(4]

The vorticcos or oddies coastzantly teing formcd xc 2
of -2sistance or édrag. Te can ungersiend this Zzet o reserdin;

1t Zrox two differeat angles:

1) Ir a systex where ite Fluid is a% 25t 2ad the cylinier is
—ovirg, in wote .12l moiiou itz fivid cvenind the cylixder o2
Turns to 1ts coaijtion H»f nerfect rest. Owins 6 the Jor=e-
tion of vcriices, however. the fluid benind the cyviiader is
iz =o%ion 2ni tzerefcre ﬁossesaes ¥inetic energy, wioich in- ]
creases witn each new vortex. Tois Xinctic emercy mst be

created Sy +he work come im roving the cylinier, mtick is

only vossibiz By overcomiag recistance.

2) In front of ant beaind tne cylinier the notential flow is ex-
actly syomeirical anf concegueatly the pressures or the front

cide arc exacily the same as thoae on tze corresyonding

roints on the rcar side. The various presgures, inerciore,
countertzlance cne another. On accouat of tie ormatiom of
vortices, however, the uressure increase orn tre rear szide

carnot zttain its full strength. Ths presszure on %tke front
zice taerefore exceeis tz=at un t:e rear side. Tac ciifer-

encs tctween these two is the rasistance or araz (Yo shich
must be addocd the scrfeace friction, which, Lowcver, in tte

case oI 2 Jylinder, is usually a negligible quantity).
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Javins wow 37en ow ta= fordatigﬁ cf vortices becozes intel-
>ligible wita the ¢ic of frandtl's taeor” of =zarzizal lavers, we
car. return % the question o tac origin of tre lift, whick we
1cft a litile while azo, just after arriviag atl the conclusion
hat 1lift is pvosslible only wizen vortices of corresponding circu-
lztion stra7 throuch the s 1line ar>dzd tae cylinder (Fig. 3).

I{ we apply tiis masncr of reascning V0 ize procoss illustrated

Jube

n Figs. 2 #0 11, we find tha* t:he suze mumdbIr o‘ vortices flow
ror each side of the coyi naea,»ulnv the sazc preroquisite cor-
ditions for the formaticn of vortices cxist on tota sides of the
-cylinder, excepting that the two sets of vortices rotate in oppo-

site dirsctions. . If, therefore, a2 voricx Ilowing irom one side

"0

asscs ttrougk the s 1line at a given rate of circulation, it
is countcrbaianced by & correcponiing vortex ca;nating frcxm the
Qppbsite gide, at thc same rote of circulatior, bnt oppand to
i% in valuc (one deing pesit’ve aps the oi:ter neg#five}. Iu this
way, therefore, nc circvlaticr is aroduced around *he cylinder,
wnich is mot surorising, since, ioxr rezsons ¢f symmetry, no un-
symmetrical Jorce, such as 1lift, can 52 expected. |

" Conditions undergo a racical chznge, however, as soon as we
charnge the vrerequisites for vortex formation on toth siies.
Such a crange is produced, for exanple, wien the okstacle is un—
symmetrical. Typical examples are ihe weil-imown profiles of
airplane wings. We can also pmoduce this effect by causing the

crlinder to revolve zvround itc -xis. On the side where tae
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reripheral wotion of ihe cylinder is in tae dicection of the flow,
LG marginal layer at all, or o2ly a very mich tiinrer one, is
forzed. Tnis requires muck more time to accum:late %0 such an Cx-
teut, that it can flow off in the form of = vartex. On the opvo-
cite cide tke conditinns arc reversdd. 3dHcre the marzinal layer

is thickei a2rnd more vorticcs are formed. we now have an instance
of rorc voriices floxing 0If the cyliniervon ona zidec thar on the

o

circuiation aroundi the cyl-

’_u
]

cther, in ctoer wrds, aa incicase
-“der thus producing a 1ifiing force.

So long as tkis process corntimies, t:e circulaiion an&, con-
sequently, the lifting force world zo on incre-cirg; but this
process is soon tercinated. Caing to the flowing off of the vor-
tices snignly onc side, the en+1re flow sround the cylinder is
changed. A circulation is startod, which affects the flow as
11lustrated in Fig. €. The velocity on the unver side has in-
creased, while that on the lower side has dec:eased; Tke higher
velocity, ho'ever, means the formation of wmore vortices and wice
versa. The circulation, therefors, increascs until thie influ-
ence counterbalances the effect of the votation of the cylinder ‘
on :tas formation of vortices anmd unvil an equal aumber of equally
stfong'vortices flow off the cylinder on boic sides, altnouch row
in an unsyanctrical arrangezent (Compare witii Fig. 12, drawn from

= picture taken Tty Pravitl, conout 121C). 1If we increasc <he ve-
locity of rotation, both the circulatior and the 1ifting force
ar¢ incrveazed oy the one-sided formavion of vertic res, until the

telance is restored.
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We can alsc picture the process as fcllows. Tae thirner rmar-
ginal layer on one 3ide causes the Flo~ t9 adhzre ic the cylinder
longer on this side taun on the r.ther. ¥hen it does flow off, it
has already acquired, cn iis upper side, a velocity which ceuses a
_etrong downwerd pressure. Oun the lower side, ikte upward deviation
of the currert is much 1ess pronounced, oecause it parts company
with the cvlinder sooner. On the whole, there is consequentli a
dounuard deflection, which p;;duces an upuard reactior or lift.

| There is still a third viewpoint, from which:we can régard
the prot.em. As the fiaid (i-e-, he air) flows past the cylin-
der, its cross—-sectica first contracted and ésen expaadcd, much
like a tube with a conti-icted section in it. - The §rocess at the
point, where the cross-se:tion exgands and where velocity is con-
verted into pressure, is always attended ty considerable losscs,
éue tg'the formation of vortices, especially when the'expanéibn
takes place rapidly, which is the ca;e‘on the w+«ay portion of the
cylirder. On one side the beneficial effezt of the expausion is
greaﬁly increased by the rotatiosn of the cyiinder, since fewer
vdrtices ;re fiormed, and ccnsﬂquentiy there is less loss of ener-
gy. Let us imagine that in a wind tunnel there are two constric-
tions side by side, the narrowes: part of the comstriction being
exactly of the same diameter in both cases, thé widening ~f one
being a gentle slope (a in Fig. 13) with correspondingly Ligh
efficiency; the other (bt in*Fig. 13), abrupt, with poor effici-

ency. The quantity of fiuid (air) flowing througn the opening a
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with nigh efficiency will be greater than the quantity flowing
through tae other, since i% meets with less resiétance. On ac-
count of tie conscquent greater velocity at the narrowest point
of the constriction, the negative pressure will also be greater
(Becnoulli's equation. Observe also the similarity of the middle
partition ‘o the cross-section of an airplane wing). 1In a simi-
l&r manner, in the case of our cylinder, tae fluid {air) will
flaw with greater velccity on the side where the rotation reguces
the loss of energy and where the negative pressure is greater. .
This difference in pressure, hpwevei; generates a 1ifting force.

The process haé recentl;ﬁbpei represented as follows. Ow-
ing‘fo the Totationm, the friction is reduced on one }ideuéﬁi,f
consequently, the fluid flows faster on that side. This expla-
nation, however, is somewhat mislqéging, inasmich as the surface
friction does not afrfect the ;flel' d‘f;‘}cctiy,' Yut only in an in-
direct way, by the formatioﬁ;ggviéiiices. Tke forces pfoduced»
by surface friction would e far §06 small to exercise such a
fer-reaching influenég on the flow. The surface friction pro-
‘motes the formation of vortices, whick, in tkeir turn, thurough-
1y transform the nature of the flow diagram. ‘

All tkree ways of explaining the problem lead to #he saue
ultimate corclusion, that the flow is greatly influcnced by the
marginal layer. This influence is, however, diminished on cne
gide and increased on thec other bty the rotation of the cylinder.
As to ine magnitude of tne 1lift to be expected from o given mum-

ber of revolutions, it is thus far impossible to say anything
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definite on tne basis of this theory, since the mathenatical cal- <
culatior of thz forces produced bty the separation phenemenz, de-
scriqu qn;litativcly in Prendtils theory of marcinal layers, {s
extreﬁely difficult. In this connecction, I would like to point

out that, In the technical press, the circulation is sometirmes
ctated, on the basis of incorrect conceptions, 40 be egual to

tne oeripheral vclocity multiplied by tac circumfercnce of the
cylinder, the 1ift being then colezlated from this product ac-
cording to Schnkowsky‘é formla. There is, however, mo justifi-
cation for thie purely arbitracsy methad. HCreovcé, the figures< =

ohtaincd ir thie way do not agree with tbe éipsrimcntal results.
Exporiments

Thé first eiperincnts, as clrealdy mentioned, were made byfzg
ihe Berlin-physicisf kagaas, in 1853. They proved the exist- —
ence of the effect beyord all doubt, without, hovever, cetermin-
icg its magnitude. The first actual quantiictive measurements
were prebably made by the Freechman Lafay, in 1912. Thesc ex-
periments appear to be practically unlnoen in G2Tmany. Eng‘neef.
Ackeret ias a2t aware 0Ff *heir cxistence until scime time a“ter
the conclusion of hig own experiments. Cwnirg to circunsiarces
tc ihich I shall refer later on, he wos, heweres, only abie to
produce lifting forces with 2 maximum value tu oly dcubl: that
of a good airplane wing having a cherd eyual t2 thz cdijanmeter of

the cylimder. 1In aviation technics it is cusworsry tc dencte
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the properties 9f a wing by the respectiive 1ift and drag coeffici-
ents c; and cy, the 1lift being

A=CaF%\'2,

and the drag
W=ch%V2‘.

The resultant force is

- — e n /‘/’-. : :
R:JAQ 1"?“'2:7\\ gcz. CPFZPV

-~

y T
In the above equations F denotes the greatest projection

of the wing surface, P toe density of *h1e fluid {air) and v

the velocity. For a good wing the highest attainablo o is

aoout 1,2 to 1.4. Umisual forms (slotted wings and very highly )

camber=d wings) give values of cg "p to about 2. Lafay obtaincd%

a maximum c; = 1.8 or cy = 2.4. - :
Dr. Wieselsberger, at the 7Aerodynami~c Expgrimental Insti ute

in thtingen, belonging to the Kziser Withelm Societly, attemptgd,'

during the first years after the war, to fathom the Magnus efiect

| bytaking7éiact<m¢asurements. Thesc experiments came to nothing,

bwing to technical difficulties, and were then dropped, decausa

Dr. Wieseclsberger left the Institute. In 1933, an opportunity.

a8 afforded to carry cut the experimcnts with much improved

means. Scveral small %igh—speed motors of comparatively hizh

efficiency had becn built at the GOttingen Expcrimental Institute,

to drive small propellers on alrplane models suspended in the

wind tunnel for the purpose of taking measurements, which propcl-
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lers had to be driven undexr conditiogs approximatiné actual con-
ditions as closéiy as possilile. « These rotors wcre higrly suita-
tle Tor driving a cylinder =t higﬁ spced'in tae investigation of
the Magnus effect. The diometer of tucse motors, in their proes-
ent form, is 42 mm; lcngth, about 180 mzm; maximum number of rcvo-
lutions, 30,C00 k.P.l.; about 1 EP. Thesc motors arc mow being -
built by the "Elektroschaltwerke A.G." in Gdtiingen. For theo-
reticel reasons, already s2t rorth, it was to be expected that,
in order to obtain a powerful effect, peripheral velocities:
would Pe required amcunfing to scveral tinmes the velocity éf the
wind. HNow if thc diamcter of thé cylihdér and tiec wind vciocitylowf
werc to ﬁc kcpt within the limits desirable for tcchnical rea-
sons, it was obvious that the revolution rumbcrs would have o
be high. Thesc ncw motors werc, howcvcer, quitc capable of sup-
plyihg theﬁ. Engineer Ackeret made:use of this favorable oppor-
tunity to determine finally tﬁe‘magnitude of the Maznus effect.
The first expeiimehtal apraratus was very sivple. - There was a
rozzle or funnel 300 x 200 mm? in croés-section (Figs. 14 and

15) -with two wooden wells as extensions of tre side walls of the
funnel. - Between tnosc two walls he fitted a cylinder 40 mm in
diameter, revolving on ball bearings and driven from outside

the wolls by one of the aforesaid high—speed motors. When tae
air was plown out of the funnel against the cylinder at rest, it
flowed away hehind the cylinder in a practically heorizontal di-

rection. If, however, thc cylinder was rotatod (direction of
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rotation as indicated ir Fig. 14, with;the lifting force dircct-
ed downward;, the air curraent was civerted upvard (arrows, in Fig.
14). Néw, since the defleciion of tac cirrent recuired a ferce,
which can te easily calculated-by tne law of impulse ana since
this force can only bave its origin in tke cvlinder, ronclusions
could ove aravn, as to the magnitude of this ferce, from the an-
zle of deflectien (<aich was nearly QOC}. Bven this first crude
exgcrimeﬁt resulted in an unusually large 1lift, sbout threc times
that of a sood airplane wing (5g = 4). There is no objeck in o __
giving the exact results ofnthese preliminary experiments, as
they were subsequently repected =ith improved avparatus, the re- -
stlts being given in Figs. 20 and 21. -

In order, however, to mnke @ute sure that the dctérmination 1>
of the 1ift from the dcflection Gid not lead to wrong conuius—
ions, the vhole apparatus (ralls, cylinder =rd motor) vere in-
stalled on a platfcrm belance in the tig wind tunnel of 4 ﬁ?
cross-secticn, at the Aerodynumic Experimental Institute, so $nnt
the 1ift could bo measured. Here also the some large lift val-
ues were obtained.
| These really remarkable-results were stili ungatisfactory,
since the theory imdicated the possivility of obtaining far
greater lifting forces (6r = 4 7 = 12.6). Although it was to De
expected, on account of disturding influenccs connectcd with the
formation of vortices &énd other rcasons, that thc maxirmum could

not te attained, vet the discrepancy was too srcat tu be ex~’
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plaincd in this way. Praadtl tacrcfore askod nimself vhat czuscs 7

might stand in the way of obtaining a greater lift. A careful inp-
vestigation of the ccurse of the current, by suspending silk

threads in it, showed thal the liftisg force was confined chiefly
to the middle porticn of the cylinder. Prandtl expiained this as
follows: Orn the suction side of the cylinder there is an excep—
tibnally lerge negative pressure due to tae umsuzlly great lift—

o -
ing force (With cp = 4 W, pyp Would be - 15 5 v3% with

cg = 0, ppinp would be :3 §p v?). At the ends of the cylinder,
however, there is air at ordinary pressure, which is drawn into
the negative pressure zone (Fig. 16) and interferes with the pro-
 guction of the ﬁgguus effect, by having the same effect as a thick
marcinal layer (Compare the foregoirng explanation of the produc-
tion of the Magmus effect). |

The wooden walls, used in the experiments, cannot prevent
the fléwing in of outside air, since the marginal iayer on the
surface of these wells ié partly drawn inword toward the central
portion of the cylinder and is partly separated irom the w&lls by
the great differences in nressure, thus enabling the outside air ,
totpenetrate to the cylinder (Fig. 17). | i

Heving, to this exteat, odbtained an insight into the condi- .-
tions governing the process, 17 became possible to devise means
for effectually prevenling the inflow of outside azir, Prandtl
suggested putting disks on the ends of thé cylinder, larger in

diameter than the lutter and revolving with it (Fig. 18). Owing

to the rotary motion, the merginel layer of thesec disks is cub-
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ject to approximctely the sare corditions as the marginal layer
on %he surface-of the cylinder. Therefore, like the iatter, it
is not forced to eeparéte or. the suction side, but is actually
 driven outward by the centrifugal force.

The subsequent experinents, carried out with a cylinder fit-
ted with terminal disXks, fully confirmed Prandtl's viegws. Tﬁc
1ift incressed to c4 = 0 (br = 11). This figure so clesely ap-
proximates tne theoretical maximum, that the differeace is mo /7
longer strange.

The disturbance of. the dagnus effect, -caused by the lateral
inflow of airigh the absence of teiminal éisxs, beco-3s all the
mo?e:pronounced, the shorfer.the cylirder is for a given diame- -
ter. With very long cylinders, the disturbaance is relasively
small and the terminal disks are ot of such jireat importance.

. This also explains why, at'Ggétingen, we were able tc gev far
better results than lafay, even wigbout dicks, since the cylinder
used by Lafay was sherter than ouss. A subsequent test, made

with a cylinder sﬁch as used by Lafay; confirned his:rasults.

©  As the result of those experiments, the quesiicn of the
Magnus effect had becn practicaiiY\SOIVCi, both by experiment and
calculation. It only remeined to reneat the cxperimént3 with
more -erfect apparatus, in order to bring the results up to the
high stardard of accuracy required by fhe GBttingan Institutc.
At this stage, Director rslettner 1earnéd of these results. At

_that time he was workinec on the idea of replacing the sails of a

shiv 5y rig’c wing-shaped devices and was having experimsntis made
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for this puipoqe at the G3ttingen der-Qynamic Experimental .1rigti-
tute. TWith his remarkable insight he immediately recognized the
sreciai significance of these new :esults‘for 2is purpose of re-
placiﬁgAthe satls of ships by mor: suiicklc devices. In the creat
majority of cases, in which»liftihg forces are used technically;
their production by means of the Magnus effect would require a
v2ry high revolutidn speéd, irvolving, in its turn, such great
technical difficuities; that ‘he advantage sought would be en-
tirely wiped out. | .

" In tte case of a sailing ship, tie conditions arc cspeciaily
favorable. The wind vélocitias ~equired to produce the maxiwum
efficiency are-not hizh (5 to iO m/sec.} and congequently, the
pe-ipheral veloéities_also rcemain - within modcraté bgundg:(up to-
about 30 m/écc;).‘ The cylinders are always several meters in di-
“ameter, so that, cven the grbatest periokoral veiocity reguires
" only moderate revolutlion speeds, which occasion no fear of disa-
sreeable resonance phenomena. On the otiler Land, the advantages
are very great. OWing:ta tac fact thdt the moxirua 1i£%3 -g force v
with rcﬁolving c?linders is about thiriy times as great as +trs
resistance or drag praduced by nonwrevoliing cylinders lr a wiind
of equal velocity, cven the most violent gale Llsw_ ., (.2inst
nc ..-revelving Fletthef rotors bas n. ﬁovcreffect than g moderai2
wind revolving cylinder driven at a suitadlie mumber of revolu-
tions. Whereas, on an ordinary seiling ship, the forces muet e

adapted to the velocity of the wind by setting or rsefing the
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sails, all %that is ﬁeccssary on a to‘-;o*?f 1ip is to adjust ine rev-
olution specd >y neans of a kand-wheel nr two.

The exceptionzlly powerful lifting folces oc tained by Aczerct
were particulariy va.lnable in this conmzcticn. '.x"‘oey arnppled the
designer to keep the dimensions of the revclving ‘oesrs (rotors 8} e-
within such moderate limits, that they dc not evuanger the sta.—
bility of the ship in 2 gale. If, for instance, we bad been com .
velled to calculate the dizensions ol the rotors on the basis of
Lafay ‘s measurements, they rould have bad to be five times as
Zarge, which weuld v::obablv bave madie the whole thing mssible.

The ready adaptab;lity to the force of the wind renders it possi-
bie ‘o utilize stronger winds to 2 far greater exte..t than is
feasitle with ordinary saile. Witz the latter, ome is zlways
efraid that it may a0t be possible to furl the saiis quicki_y
‘enough, 1o the event of a grle brewing, and coneequent’li does not
always Gare tc set all the sail tke ship mght e adle to carry
at the time. Witk a rotor skip ve car come muck cleser to util-
izing the reximum power. Anciaer &LV&D’G&"’& ie, that the effeut
oi‘ squa.llsion the rotors is much 1l2ss pronounced than on saille.-
®itn the ter the force imcreases as the square of tle velocity. s
In the case of the wotor with ircreasing wind velcc:.ty and up-
changed revolulicn speed, the ratio of the peripheral velocity to
tke wixl velocity decreases and the force dimizishes with it, so
taat it does not increase according to the square of the velocitw

tut approrimtely as the velocity.
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The revolving upricht cvliniers also present gavantages It
a navigation pcint or view. With careful calzulsiion Y& can rul
cicser to the wind than - it an oxdinary £3iling ship ancé more-
over, in turning, we can assist tie maneuvering of the chip very
easily and effeetively_ by meaas of the rosors. For thas p'arposé
the direction of rotation of either rotor can ve reversed.

The a'-ea.t ad\'anzac s ¢f revolvirgz cylinders led Fletirner to v
pursue energetically his resclve to exploit thc Magmus eff=ct for
the propulsiorn of ssziling ships, rotw:ihstanding the techmical
¢ifficulties of conmstruction. Further experimentc mere carried
out at Gottingen with the assistame of the Flettiner cou:mny
By these experiments the po«:uliar properties of revo.nring cyiin-
ders were explored and dete*mnsd nﬁ~st1u greater accuracy .
tha.n vefore. In these oxpanments tae motor was fitted into the |
cylinder itself. The arvangemeat is shown in Flg. 19. The ends
of the shaft pro;ectlng from ths cylinder, or rathef their ball-
bearings, were connected by wires to. the regular wind;tunnel bal-

ncese In this vay it was possi‘ole to meascre not only the lift-
irg force, but also the resisiance or drég of the cylirder and
the power required to drive it. To exaable the meaéu:eients of
the mements to be mede, tae motor itself was aiss Tittsd o as %o
he able to revolve on the bearing at the extreae right in Fig. 19,
and could be prevented from revclving cnly by m€ans of 2 lever
adjoining the balance. Scme of the results obtaiped are shown in
Figs. 2C and 21. OQther experiments hea to do with the acticn of

the rotors on the ship. For this purpose, a model of the sktip
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wap madc. The rotors or the rodel could be operated by high-speed
uctors instziled in $he model. The whole ship with its revelving
rctors was suspemiéd by wires from the balance beams.
In adéition to tuds oxperimental werk, the first working
- Grawings were made at GOitingen for the rotors to be fiited on
board the ship, ihese drawings being ultimately followed with but
tzifling alterations. In t2is work we were suoported by the encr-
getic cooperation of enginser Croseck, whom the Flettner Coepany
sent to GOttingen. The work thus planned was “hen executed at
- the Germania Ship Ianis ?.t Eiel, wﬁich adwmirably adlved the many
difficult probleins p‘res;qted. One especially remarkable achleve-
ment deseﬁes sp&:ia.l mentioﬁ; namely, that the ’ro'ta.tion of the
towers (which a.ie é.a m in dia;meter and 15 m k}.g“u‘aru'l revoive at
- the rate oi 120 R.P.k.) produces practically no nois€é nor vibra-
tion. - »
| " I hope the foregoing remarks may not only cortribute toward
a fuller understanding of the Hagn‘éga 1te_:ffec_:i:, so mysterious to the .
average laymn, but may also show/such revolutionary -advences in
technical science can only gm?', &s it were,. cn soi]:"hi.ch has -
been carefully prepared by long, scientific and practical prelim-
inary work. Now that we are enjoying the harvest, let ue not for-
get the secedtime, nor neglect tc provide the means for facilitat-
ing to the utmost the bencficent work of our sclentific institu-
tions. '
Translated in Office of
Navsal Attache, serlin.

Reviged by D. K. ¥iaer,
N. A. C. A .
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Fig. 1 Diagrax cf Kagnus
effsct.
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Fig. 2 Peath of teunris cvall

Fig. 3 Diagram of circuinticn
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Fig. 4 Cylinder in pzrallel flowing
aon-viscous fluid.
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Fig. 5 Circulation fiow around a cylindar

Fig. 6 Tne fiows in Figs. 4 & O vec-
torizly combined. Tre rcsultant
fiow producss a2 1lift.
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Fig. 7 Pressurz and saearing forces
in a viscous fluid.
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Fig. € Yolocity distribution (or voriation)
aear a ¥oll (xnrginal loyer).



N.A.C.A. Techuioal Memcrandusm Nc. 310 Figs.9,10,1i & 12

-

Fiés.'g-tc>ll Develcpzent of
:vortices (or eddies) from the
marginal iayer..

Fig. 12 Strear lines aad mar-
giral layer in the casz of a
rotating cylinder, frcm a phote
by Prandtl.
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Fig. 13 Flo¥ through two constriczicus
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Figse. 14 & 15 Experimental arrangezent
for determining the wagnitude of the
Zagnus effsct.
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‘E;""'”““" Fig. 16 Effect cf a high negative pressure
——d c. the air next tc the cylinder.

Inflcr® cf neightoring air, in
spite of fixed disks.

Fig. 18 Inflow of neighbering
air prevented ¢y rota-
wing disks on ends cf
cylinder.
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- End disk

End‘disk-ﬂ__u~_l

Fig, 19 Rctating cyiinder with buiit-in metor for the
more accurate wind tunnel tests.
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Fig. 380 Exper, Cesults with a rotating cylinder,

Fig. 21

diameter 70 mm, length 330 mm. Wind
velooity v = 11 m/scec.
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Lift coefficients of a rotating cylinder
of 7C mm diameter and 330 rm length, with-
cut end disks and with end disks of 120

ond 40 mn diameter.



