
TECENICAL MEMORANDUMS 

NATIONAL ~VISORY COMMITTEE FOR AERONAUTICS. 

. .... 

No. 323 

" RECENT EXPERIMENTS AT THE GOTTINGEN AERODYNAMIC INSTITUTE. 

By J. AckerGt. 

" From II Z oi tschrift fur F1ugtochnik und Motorluftschiffahl't, II 
February 14, 1925. 

July, 1925. 

RfPROOUCfO BY 
NATIONAL TECHNICAL 
INFORMATION SERVICE 

u.s. DEPARTMENT OF COMMERCE 
SPRINGFiElD. VA. 22161 



I~.-lT rONAL AD TISORY COl.=.~ ITT:L:; FOR AERONAUT ICS, 

TECHNICAL ijIE1.~ORANDUM 1 O. 323 . 

RECEI\~T EXPERL'lZNTS AT THE 
II 

GOTT I NGEN AERODY:JAl'.i I C IlJST I TUTE . * 

By J . Acl:eret . 

I nill tell you today about a few recent experiments at 

the GSttingen Aerodynamic Institut e . A short time ago the In-
.. 

stitute had a hard struggle fo r ex i stence ~ s i nce i t i s not a Gov-

ernment institution and i t d i d not r eceive much pr i vat e or off i-

c i a l a i u during the reconst ruction period. I t was compelled~ 

ther efore ~ to seek commi ss ions from manufactur i ng firms~ in or-

der to obtain money . However p r of i table th i s course might be 

for the f irms ass i gn i ng the tasks ~ there was gener all y no great 

advantage ob tained i n thi s way, because the exper i ments were 

necessarily unsystemat ic and the mode l s were always made with 

regard to the construct i ve r equi r ement s . The scien t i fic serv-

i ce for the past year i s t herefore not very large , in spite of 

the hundreds of exper i ments per fo r med • . The s ituation ~ however, 

has recently been somewhat i mproved . The II Kaiser Wil helm Gesell-

schaft zur Forderung der Wissenscha ft en" (Emperor William Soci

ety for the Advancement of the Sciences ) has again~ by official 

and p rivate assistance, ,b e en pu t i n a pos i t i on to give the Insti-

tute its support ~ , so that in futur e we may expect mo r e attention 

* Fror:l "Zei t schrift f ilr Flugtechnj,k und Motorluftschiffahrt ~ II 
February 14, 1925 , pp . 44- 52 . ( Lecture del ivered at a meeting of 
the W. G. L. at Frankfort , Septemb er 4, 1924 . ) 
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to be given to scientific re search . 

I vIil1 tell you abou t threc seri cs of experiments, vrhich 

seem to me to be of general interest. It uould naturally be of 

little usc, in the short time at my disposal, to go very mi

nutely i!1tO the deta ils of the experimental arrangements and I 

'lT ill th8refore cOr1fine myself to the essential points. 

I. SYSTElSAT Ie EXPERIMENT S WITH 

JOUKO-,~·2KI WING PROF ILES. 

I VIi 11 f:.'. r st t ell you aboll t the syst em.at ie experiment s VI i th 

uing profiles . These consisted of a series of 30 so-called 

Joukows~i prof iles, in the form of rectangular wings of 20 cm 

(7. 87 in.) cho rd and 100 cm (39.37 in.) span, which were tested 

in the usual way at 15 and 30 m/s (49.2 and 98.4 ft. per sec.). 

The airpl ane builder 1,7ill ask: "Why use JOUkOVISki profiles?1I 

for he does not like their sharp trailing edges, uhich leave 

hardly r eam enough for the rear spar. The reason for this 

choice \"Jas tho de s ire to be able to compare the exp erimental re-

suIts ''''ith t h e theory and tnese profiles \lere \lell adapted t o 

this purpose . They '.7er8 named ror a Russ ian aerodynami c engi

neer uho di8d sever al years ago. Jou~o~ski d i scov8red a method 

'.7hich rendered it comparatively easy to compute the flo\7 dia-

gram about su ch a profile under the assumption of a frictionless 

flo\7 "rithout the formation of vortiees .~· 

* "Zeitschrift filr .Flugtechnik und Moto~luftschif fah:rt,fI 1910, 
p. 281, and 1912 , p. 81. The method of Trefftz i s espec ially 
convenient (Z.F. M. 1913, p. 130). The drauings i n the present 
artic18 ~crc tak8n from t hese. 
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Lift coeffic i ents , location of center of pressure, pressure dis

tribution 2nd veloc ity c i str ibution can all be accurately deter

mined by it. There was also another reason for choosing them. 

For characterizing the shape of the profi le, it is only neces

sary to have t wo numbers which are practically proportional to 

the ratio of the camber to the chord or of the thickness to the 

cho rd, hence two perfectly obvious parameters, the camber para

meter being designated by oiL and the thickness parameter by 

26/L. According to the expanded methods of Karman and Trefftz, 

:.1ises , Geckeler , -,i{lller and others , it has ind.eed rec9ntly be

come possible to treat theore tically even very complex profiles) 

but the number of the parameters characterizing the shape is 

g:reater and therefore the number of the experiments which must 

be made fo r p r oving the theory, is greatly increased . Uoreover, 

Jouko'7ski prof i le8, noh-vi thstanding the aforement ioned def ect, 

are often employed on airplanes . 

Fig. 1 shows the tested profiles arranged according to these 

paramet ers. The camb er paramet er oIL increases , toward the 

right , from 0, corresponding to a symmetrical prof ile, until 

sl:apes are reached which are no longer practicable. The thick

ness of the p rofiles increases ccown'.1ard, thus increas ing the 

thickness parameter 26/L. Very th i n prof iles are of little 

inte:re st to airplane builders , but are very i mportant for tur

b ine makers, t;Iho priz e the small resi stance of such prof iles . 
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For ?ig . 2* a s ingle profile was selec ted, with which I 

vr ill show how c 10 se17 the theoret i cal re su l ts app roximat e the 

v a lues obtained by actual measurement. The wing resistance or 

drag vms resol v ed i nto t wo essentially d i st inc t c omponents : 

n3.mely, the inc..uced d r ag , whicl1 is entirely independent of the 

sh3.pe of the wing sect ion or p rof ile and which increases as the 

square of the lift , 2.nd the p rofile drag , which depends very 

largel y on the shape of the p rof ile . Two parabolas we re p l otted 

for the induced drag , one of '.'Thich corre sponds to the usual as

sumpt ion of ell ip t ica l d istribut ion of the lift a nd represents 

the mi nimui'i1 of the possible inG.uced drag . The abscissas of the 

other parabola were increased 4% by lli:r . Bet z, who showed that 

a rectangular ·.;iing vdth un.iform angle of attack has no ellipt iB-

al d istribution of lift and therefo re has a s omewhat g reater 

induced drag . The given inc r case of 4% has not yet been experi-

mentally determi ned n i t h absolute certainty, but probably comes 

nearer the truth than the computation with ellipt i cal di st ribu

tion . TvJO po l a r curves Vierc p lotted for 1 5 (49 . 2 ) and 30 m 

(98 . 4 ft .) per second . This is an effect of the so-called lIin

* The graphic rep2.'es e~te" t i on of the r a t io of 1 ift to d:r8.g i s 
termed the :polar curve (or :pol a r) of the profi le . The lift and 
drag are computed according to the f ormulas : 

1 = CLS P/ 2 V2 ; 

D = CDS P/2 V2
• 

The moment of the air forces about the fo remos t p oint of the n ing 
chord is computed by t he formula 1i = C S p/2 \j2 c , in r;hich 
S = the proj ecJceC:. area of t he vling; c , its chord; p / the &.ir 
densi t~f; V', the cdr vclocj.ty . Sne IIEr gebn i sse der A· ',T . A. U_ero
dynal:'lischen "ers-L1chs- Ans1:aIt zu Go t ti:'1gen) , Vol. I, vV'here all 
these def ini t ions are I110re fully explained .. 
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dex va l ue , II def i ned as t he Jroduct of the chord and n ind veloc

ity. We ~ill recur b~icfly to this pO int later. The dash mo

ment line 1uas theoretically computed and a gr ees remar kably vJel l 

'-;i th the exper i ment al values. The agreement is not so good, 

hOVTever, fo r the more highly cambered p ro f iles. The lift (Fig. 

3 ) can a lso be plotted against the a ngle of attack. It i s seen 

that the ratio between the theoret ica l and actual lift i s qUite 

ccnstant at the smaller angles of attack, but undergoes a re

ma r kable change at larger angles, due to the gener al l y kno '-n 

fact that the f low no l onger smoothl y follows the top of the 

wing but separates from it, with the formation of powerful ed

c ies or vort ices. Theoretically the lift should reach it s max

imum at an angle of attack of 900
, but actually it is nearly 

zero at that angle. Thi s enormous d iscrepa ncy coul d almost rob 

us of all hop e of ever see ing the theoretical result fulfilled. 

In the last part of my lecture, we will f ind, hovJever, t:1at a 

very special J bukows ki prOf ile, namely, a cyl i nder, can, under 

certain conditions, a l most attain the theor eti cal maximum. 

In Fi g. 4, two pol ars have been selected from -'che column 

of symmetr ical p rofi les. The dash moment line again represents 

the theoretical s traight l i ne and here also the measuring pa i nts 

are quite well situated. The po l ars, however, are v ery c~ i ffer

ent for the thick and thin profile. The latter evidently sepa

rates at relatively small lif t s . The f low does not separate e11-

t irely, however, f rom the upper side of the VJ ing , but seems to 
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cleave to it again farther back:. Wi th increasing angle of at

tack, the ar ea of separatjon b ecomes continually greater, with 

a corresponding increase :',.n the d rag. Ot he r wise the course of 

the polars is ent irely re lplar . The flow cleaves perfectly at 

fi!'st . When the separation occurs, however, the angle of at

tack i s p robably already too great, so that it canno t cleave 

again and the lift is greatly diminished, accompanied by a great 

increase in drag . In the food region , the profile re s istance 

increases continually i.'T ith the thickness. 

Fig. 5 shows the results of a series of constant th i ckness 

but diff erent cambers . With increasing camber, the who l e polar 

moves toward higher CL va lues. ~h e moment line moves to the 

right, k-:.;ep ing almost narallel n ith itself, as required by the 

t:neory . Very great lif ts can be obtained only at the expense 

of very (?,T eat increases in the drag . The maxi mum seems to lie 

in the vicinity of CL = 1.9. ~e see that, for all the polars, 

ther e is an enveloping curve, wh i ch can also be designa ted as 

the polar curve of a profile of constant thickness bu t variab le 

cc mber. Polars ()f this kind are ac tually obtained by varying 

the camber ( e . g . by means of f l aps ) . 

By pl ott ing all the envelop i ng curves, we obtain a diagram 

17hich g ives a comprehensive v i ew of the ·whol e ser ies of Jou

kor:sk i profiles (F i g . 6 ). Only the p rofile drags have been plot

ted on a correspondi ngl y increased s cale. We f i nd that in

creased thickness always increases the profile drag . Thin, 
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slightl y camb ered profiles have the great est lift-dra o rat io. 

~he best lift-drag rat i o in this figure is 1: 120. We obtain 

the greatest l i ft with p rofiles of med ium thickness , very thick 

profiles being her e a l so less favora.ble . With t he a.id of t h i s 

series of curves , VIc can i:lterpolate the values for t~e Joukows

ki profiles wh i ch have not yet been tested. Fig . 6 gives an ap

proximate idea of t he characteri st ics to be expected for differ

entl y qhaped prof iles . 

I cannot here go into further d etails, but must refer you to 

a more detailed repoTt , which will a pp ear shortly. I will 6 i s

cuss only one other i mpor t ant probl em, namely, a s to how the 

results obtained from ~odels can be a pp lied to full- s ized wings . 

Do the differences found in the properties of the model s also 

exist in connection with ful l- sized wi ngs ? At present , we are 

Quite far from a ny fina l solution of thi s p roblem of the II index 

val ue . II Recently we p erf ormed fu rther expe riments i n G~ttingen 

with profiles of gr eater chord . (See IIErgebni ss e der Aerodynam

ischenAnstalt, 1I Vol. I, p . 54.) This kind of experimentation, 

however, has a characteri st ic d i ff i culty. If, e . g ., we wish to 

determi ne the profile res i s t anc e., we must deduct, from the meas

ured drag, a corr ection which , like the incuced drag of a finite 

wing, increases a. s the squa.re of the lift . Hence we obtain what 

we wish , f ir st as the difference between two qu i te large quanti

ties , which is always a v ery unreliable method. The greater the 

chord, the mo re preponderant the correct ion will be. 
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However, there is perhaps another alternative. According 

to the Prandtl-Karman boundary-layer theory, the effect of the 

surf2ce friction i s confined to a · very thin l ayer of air in im-

mediate proximity to the surfac e. The surface fr iction pract ic-

ally retards only the fluid flowing within this marginal or 

boundary layer, so that conversely we can draw conclusions con

cerning the surface friction from our knowledge of the velocity 

distribution within this layer. It is conce ivable that a proc

ess can be formulated with comparatively simple means, for find~ 

ing the loss of force in the boundary layer and thereby the fric-

tion on the surfaces, probably with greuter accuracy than by 

measuring the force. I b elieve, indeed, that we shall be able to 

make boundary-layer and profile-drag measurements du.ring fli ght. 

In order to g ive you an idea of "the thickness of the boundary 

layer, I am showing you , in Fig . 7, a few curves, which give 

the thickness of the boundary layer at diffement pOints on the 

surface for several angles of attack. It is evident that, in 

this case, the process of separation starts from the trailing 

edge, vlhile , at large angles of attack, the thickness of the 

boundary layer great ly increases and gradually ':lorks forward. * 

*The Joukowski profi le tested was made of sheet metal and was hol
low. From vJi thin ou twa.rd there opened very smal l pressure tubes 
(0.25 mm inside diameter) . The total pressure or energy was 
measured. The nreEsure dist ribution in the boundary layer could 
be directly r(;corded by a Wieselsberger manometer ("Ergebnis s e 
dcr AerodynamischenAnstalt,ff Vol. II, p. St. Similar experi
ments are reported by Lachmann (Z . F.M . . 1924). 
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II. -EXPERlMENTS ON AN A In.l?1A 7E MOtEL WITH A EUIL'l'- IN MOTOR 

AhTD :~.'1JEC-' rOE 11 G- PRCPE:::"LER. 

We will r..ow leave the p:'ofile exper:'ments and devote our 

attention to a problem whicl:l fi..as hi.therto proved theoretically 

. inaccessible and had t o be approached fl'om the experimental side. 

~very airplane manufa~turer 1::no7iTs that the performances of an 

airplane may be great ly afIGcted by tb.e k i nd of p·:ropeller chosen. 

We have., in the -AmericaE m'::asurement s of Durand and Lesley, ex-

collent data on th() propeller as such, but vAry little is yet 

known concerning the e:fect of the fuselage and wings on the ac-

tion of the propeller . Experiments on Illll·-sized airplanes are 

na turally of very great Lnportance., especi3.lly wheIi performed 

with hub d]namometers, but they are exceedingly expensive. It 

is therefore v:orth whi le to dev8lop me-:;hcds tc e:lable the study 

. Gil • of propellers on a small model. Such eyperlr!'_snts in the ott In-

gen Laboratory will here be reported . An especial ' difficulty 

lay in the construction of small motors to g ive relatively high 

power, while still being capable of installation in the small 

body of the model . Some time ago we reported, through the 

Z. F . M. (1924, p. 101), the results of our labors in this direc

tion. Here we will only discu.ss br i efly the construction of the 

motors, which are built essentiall y accord i ng to the design of 

Dr. Betz.* Fi g . 8 is a long itudinal section of the motor. It 

*The first motors were ~ade in his own wo rkshop, but their rmnu
facture has recently been assumed by the Ggttingen "Elektro
Schaltwerk." 
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is driven by an alternating current, which has the advantage of 

a very simpl e roto~ const7ucticn. It is very long in proportion 

to its diameter . The stator consists 0= thin metal sheets; the 

rotor, of a massive p iece with inlaid copper rods. Worthy of 

note is the use of very large copper cross-sections and rela

tively small stator teeth, whereby the pOVler could be greatly 

increased. The current dens ity ~as made as high as cor~atible 

with the amount of heat produced. We obtained the best results 

with the three wires, which conveyed the current to the motor 

from without and which lie in the cooling current. With 0.7 mm 

diameter, they can carry as much as 30 amperes. The maximum 

revolution speed of the motors was 30,000 per minute and the 

power could be increased for a short time t o 1. 25 HP. (the motor 

weighing 1.8 kg), whereby , however, the heat was very noticeable. 

This is of little importance for experimental purposes, s ince 

some time always elapses between the indiv idual experiments, 

thus allowing the engine to cool off somewhat. Larger propellers 

(20 to 25 cm diameter) are provided with gears. 

The mutual action of propeller and ai rplane i s manifestly 

of a very complex nature . The fuse lage obstructs the propeller 

stream, thereby changing the angle of flow against the propeller 

blades and c onsequently the air fo rces. The blades, on their 

part, have a field of flow espec ially dependent on the angle of 

a ttaok. The propeller stream is cut by the v!ings and obstruct

ed by the fuselage. On the other hand, the surface friction of 
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the fuselage and tail i s increased . We accordingly f ace a tre

mendous complexity of opposi ng f or ces and it will require long 

and systemat ic work to separate the ind i vidual f orces as much as 

pos s i ble . Such wo r k i s being undertaken, but today I wish to 

show you, by means of an example, tile resultant effect of those 

forces on which ultimately the most depends . 

Fig. 9 sho'ws a b.i gh- vr i ng brac eless a irplane model with pro

peller. Th e Focke-1:1.ul f Oompany has had experiments performed 

with it and has gracio~ sly allowed u s t o i mpart the results. 

The motor wo r ks on a spur gear, which r educe s the revolution 

speed one-half . I t is s o installed that it can revolve around 

the propeller shaft, so that the torque can be mea sured from 

without. The revolut ion speed is read on a tachometer (placed 

behind the motor), which can be observ ed t'hrough a vlindow in the 

fuse l age- The lift, drag, longi t udinal or p itching moment, pro

peller speed and to rque are measured. Fi g . 10 shows the experi

mental resul ts i n a series of polars, each of which corresponds 

to a definite d egree of p ro gress ~ = v/u. (V = f light speed; 

u = peripheral veloc ity of propeller.) The polar without pro

peller is plotted in dashes and corresponds to the normal three

component measurement. The effect of the p ropeller i s to change 

the lift, drag and p itch ing momont. At a small angle of attack, 

the lift i s only slightly increased; mo re a t l arger a ngles of 

at tack, part l y b ecaus e the p ropeller is pulling upward . The dim

inution of the drag i s natu r a lly the ma in effect we are str iving 
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fo r. We have~ succ eeded i n entirely eliminating the drag of the 

model and still obtain i:np1..i.lsion. . The points of intersection 

of the po12rs with the ·axis of the ordinates give the pO i nts 

where the reS'<..l lt1ng drag is 0 and hence hori.zontal floating is 

possible. The portions to the right denote sinking; t o the left, 

c limbingo We see immec. i a:;ely wi th what speed the propeller must 

revolve~ if we know the load per uni t a rea and the velocity V. 

The p it ching momsnt is l~kowise noticeably changed, again partly 

because the p ropelleT thrust prOQUC8S a moment about the chosen 

point of referenc e (~oremost point of wing chord in the plane of 

symmetry of the wing) . The tail rroment and the moment produced 

by the wing itself are likewise affec ted~ though it is naturally 

impossible t o p ick out all the details from the figure. The 

slowly running propeller ( larg e \) offers considerable addition

al drag, as likewis e t he stationary p r opeller, which we have 

tested on other mode~s. 7he braking ef fect of running the pro

peller backward ~as also tested . 

For the sake of comparison~ the propeller had a l so to be 

tested alone . For this test we used the same motor enclosed in 

a special hous~ng to avoid disturbances of the air s tream. The 

housing was then suspended like a pendulum in the wind tunnel 

and the thrus t, to r que and revolution speed d·ctermined . The ar

rangement is plainly shown in the photograph (Fig. 11 ), w·her e 

half of the housing is removed. The driving gear i s recogniza

ble, as likewise the tachometer, the moment lever and the cur-
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rent intake consisting of spiral strips of copper. 

Fig. 12 shows the comparison between the free and the 

built-in propeller. Since, as already mentioned, it was not 

possible to separate the individual effects, we decided to cut 

the matter short by throwing all the burden on the propeller 

and defining its efficiency accordingly. The coefficients en

able the calculation of the thrust, torque and efficiency ac

cording to the formulas: 

Thrust T = ks p/2 UZ S; Torque Q = ~ P/2 UZ S D/2; 

Efficiency ~ = ks/kd A, in wh ich p = a ir density, 

S = area of propcller disk and D = propeller diameter. 

In accordance with our earlier ey.peri~ents, we adopted, as 

the useful p ropeller thrust, the difference between the drag 

wi thout propeller and \iJi th revolving propeller at the same an

gle of attack . All the drag produced by the propeller was there

fore counted as thrust. From the curves we find that the effic

iency of the propeller running alone is rather low, due proba

bly to the small index values and, possibly to the relatively 

rough surface of the wooden propeller . There i s, howeveT, .qui te 

a large difference between the dash-line curves of the free

running propeller and the pl ain-line curves of the built-in pro

peller. The efficiency falls off rapidly and t here is a greater 

shifting of all the curves toward a larger A, indicating that 

the air flow at the propeller was somewhat obstructed and that 

this was largely due to the wing . Thi s s i gni fies that, in choos-
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ing a propelle7 for normal flight, we should allow for about 

510 diminution of flo~ velocity, which diminution rnay increase to 

15% in climbing flight. It is pro~ably unnecessary to emphasize 

the fact that this method cannot be a pplied directly to other 

models r:ithout modification. By cumulative and systematic ex

perimenta tion we rna:T yet succeeo_ in considerably diminishing 

the unce:rtainty in choosing a propeller . 

III. THE RO'rATIJG CYLIrJDER Oagnus Effect). 

In connection with the above experiments with a l ternating

current motors built into the models , I would like to speak of 

still another series of experiments , which were likewise first 

rendered possible by these motors . This is the repetition of 

rather old experiments with nevI apparatus . I n 1853, the physi

cist Magnus published, in Berlin, data on the lifting effect of 

rotating cylinders exposed to an air current at right angles to 

their axes. He made these exper i ments with especial reference 

to ballistics. Any projectile from a rifled gun is exposed to 

a side wind, ~s soon as its axis does not exactly coincide with 

the tangent to its trajectory. The rotation, however, in con

junction with this side wind, produces the above- mentioned lif t

ing f orce, which acts perpendicularly to the trajectory and is 

naturally very objectionable to the gunner . Lord Ra yleigh spoke, 

in a shorter article, of similar phenomena in connection with 

tennis balls . He thinks that there must be some sort of flow 

around the ball , VIi thou t making any suggest ions as to how it is 



N.A.C.A . Technical llemo~andum No . 323 15 

produced. Since very li t tle was knov.rn concerning the magnitude 

of the lift, it was necessary to repeat the experiments of Mag

nus on a somewhat larger scale. Lafay performed similar experi

ments in Paris over ten years ago . We TI ill return brief l y to 

these later. After the f ir s t results had been obtained, the 

Flettner Company became much intere sted and very a ccep t ably 

supported us in further researches . This company had in mind 

the possibil i t y of more pract ical app l icat i ons . Here, however, 

I wish to discuss only the phy s ica lly interesting pr operties. 

Fig . 13 represents a cross-section of one of the cylinders 

tested with a built-in motor . The length of the cylinder is 

33 cm Emd its diamet e1' is 7 em . It i s made from brass tubing. 

The rotor of the motor is connec ted wi th the cylinder walls , 

from vIhi ch the s tator i s s epara ted by a ball bearing . The stator 

is rotatable abou t it s axis, in order to enable the torque (re

quired for the rotat ion) to be measur ed f rom without . The drag 

and lift V"e re measu r ed on the regul a r balance . The elec tric 

current is c onducted through t hree wir es vrhich pass through the 

axial hole . These wires run to thr ee me r cury contacts, which 

enab le freedom of mot ion. The revolution speed is g iv en by a 

tachometer . On the ends there are fa stened t wo disks whose di

ameter is gr ea ter than that of the cylinder . These were put on 

at Dr. Prandtl ' s sugges tion and ar e fo r t h e purpose of making 

the flow diagr am approximate the theoretical as nearly as possi

ble. If they ar e lef t of f , the air p :i:lVSSeS from the s ides into 
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the region of relatively great negative pressure or suction. We 

always have suction when lift is produc ed . In this case, as we 

shall show, the suction must be especially great. It has been 

noticed that the lateral introduction of air has a disturbing 

effect, even in drag measurements of rectangular plates exposed 

to a perpendicular a ir blast, in that the lateral introduction 

of air, which naturally produces a greater effect with square 

plates, considerably diminishes the drag of the same in compari

son with the drag of an oblong (Wieselsberger, Ergebn, der A.V.A., 

p. 33). 

Fig. 14 shows a few results. The curves appear very simi

l ar to normal polars, only it is to be noted that the same scale 

is used both for the lift coefficient and for the drag coeffici

ent . The CL coefficients refer to the dynamic pressure and 

the area of projection (diameter x length) of the cylinder. 

The great absolute lift and 'drag are noticeable at first. The 

polar of a good ordinary ai r foil was introduced into the figur e 

for comparison. The thre e pl ain curves correspond to two differ

ent disk diameters and to the cylinder without such disks. The 

effect is very pronounced and fully explains the great differ

ences between ou~ measurements and those of Lafay who obtained 

lift coeffic ients only up to about 2 . It is not in itself 

strictly correct to devote our princ ipal attention to the lift 

coeff icients, wh ile the induced drag in th i s case has a magni

tude no longer negligible in comparison with the lift. It is 
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better to take into account the resulting force OR = jo] + 0n'd • 

We now have a case before us, where the assumptions of the cus- . 

tomary wing theory contain too great omissions. In particular, 

the downward velocity induced by the departing vortices i s ex

traordinarily large, as likewise the bending of the lines of 

f low. Especially in cylinders which are relatively thick,in 

comparison with the span , very great derivations are to be ex

pected, according to the calculations of Prof. Prandtl. 

The induced drag is considerably reduced by the end disks, 

as a comparison of the curves immediately demonstrates. ' ~he de-

parting vort ices are, to a certain extent, spread out by the 

disks , whereby their kinetic energy is diminished. End disks 

reduce the drag even on ordinary surfaces. Many experiments in 

this connection a re described in No.2 (1925) of the nVorla~fige 

Mitteilungen" of the Gl:)ttingen Institute. In Fig. 15, 0L is 

plotted against the ratio u: -v (peripheral velocity: wind 

velocity), which pl ays some such role as the angle of attack in 

normal profiles. Here also the effect of the disks is quite 

evident. In order to obtain the maximum lift, the peripheral 

velocity must therefore be about thrice the wind velocity. 

Fig. 16 gives the results of the torque measurement. A 

coefficient is plotted which is proportional to the torque and 

dependent on the Reynolds number connected with the cylinder diam-

eter and the peripheral velocity. In this case the air stream 

was discontinued, so that there was only rotation without lift. 



N.A.C.A. Technical Memorandum No . 323 18 

Vii th increas ing Reyno l ds number , the torque coeffic ient fell 

off rapidly and the straight l i ne ( CM and R being logarithmic

a lly plotted ) , fall i ng somewhat be l ow 450
, indica ted that the 

flow in the boundar y l ayer had a lami nar character. The point 

a t the lower right-hand corner was taken from a Lafay experi-

ment and falls almost exact l y on the straight line . Similar 

exper iments by Riabous chinsky and Ka mpf ( "vortriige aus dem Ge

b i ete der Hydro- und Aerodynamik ," I nsbruck, 1921, p. 168 ) on 

rotat ing disks, show , however, that lami nar flow only occurs 

up to a certain Reynolds number , beyond wh i ch there is turbulence 

in the boundary l ayer . The decrease in the torque coefficient 

is then cons iderably less, there be i ng poss i bl y, at very large 

Reynolds numbers, no decrease at all. The dimensi ons of the 

tested cylinders were hi therto too small to so l ve these questions 

exper imentally, but new exper iment s are now being instituted. 

The theory is not yet prepa red to f u rn i sh an accurate de-

scr i ption of the actual flow phenomena . In particular, it has 

not yet succeeded in comput i ng the force exerted in terms of 

u/v. Nevertheless, the boundary-layer theory of Prof . Prandt l 

g ives a good qualitative idea of i t . * This says that the fr ic

tiona l effect of the f l uid is restr i cted principally to a very 

thin layer n ext to the object . The p roduct i on of this boundary 

layer often prevent s the formation of the f l ow required b'~r t:1e 

* Fgttinger has already app li ed the boundary- layer t heory to t h e 
explanation of the Magnus effect (liJahrbuch der schiffbautech
nischen Gesellschaft, II 19 18 ). 
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potential theory. In the ev ent of pressure increase along the 

surface of the object, the boundary l ayer soon separates ; unless 

the pressure increase is a very gradual on e, and the inert bound-

ary layer is borne away by the outward flowing fluid. All these 

facts have been fully developed in a lecture of Dr. Bet z before 

the W. G. L. *:' The formation of the boundary layer can be very 

largely dimini shed, however, if the relative velo city between 

the outflowing fluid and the surface of the cylinder is dimin-

ished . Here lies apparently the key to the explanation of the 

peculiar properties of the rotating cylinder. On top, where 

the cylinder surface moves with the flow, the boundary layer is 

very thin and shows no tendency to separate. On the bottom, how-

ever, the relative veloc ity is just s o much grea ter, so that sep

aration soon occurs. With the cylinder at rest, we know that 

the boundary layer separates more or less symmetrically soon af

ter passing the region of greatest suction. With rotation, 

there is a strong dissymmetry of separation , ac companied by a 

dissymmetry of fl ow and by a lift. The more rapid the rotation, 

the greater the shifting of the separation point. On an ordi

nary profi le, the lift is increased by changing the angle of at-

tack, a process which i s equivalent to the shifting of the two 

coincident separati on po ints on the rear ed ge. 

We wil l t herefore not hesitate to d iscard, as unsatisfacto-

ry, the often expre ssed theory that the air i s se t i n circula

* A. Betz, "Die Wirkungswe i se von unterteil ten Fl{lgelprofilen." 
(For translat ion , see N. A.C·A· Technical Note 100.) 
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tion in a broad circle by fr·iction on the cylinder, and to con

clude that the effect of the rotation is to free the boundary 

layer unsymmetrically. Hence the comput~tion methods are wrong, 

according to which the 'circulation is supposed to be obtained 

by simply finding the product of the circumference and periph-

era1 velocity, the actual relation being obviously much more 

complex. 

We can, to a certain degree~ follow theoretically the for

mation of the boundary layer in s tart ing the cylinder. Fi g . 17 
1\ 

shows the results of a calculation made by Dr. To11mien at Got-

tingen. The figure is to be understood as follows : Imagine 

the fluid to be entirely devoid of viscosity, so that it does 

not cling to the cylinder . Then u : V must equal 1. After a 

g iven interval of time, it s normal viscosity is suddenly re

stored to the fluid . Then a boundary l ayer will immediately 

form, as here shown on a highly magnif i ed scal e. With a wind 

velocity of 10 mls and a cylinder diameter of 20 cm, the thick

ness of the boundary layer at the forward p ressure point is 

about 0.67 rom . The chosen time unit corresponds to a turn of 

the cylinder through about 300 from the pos ition where the vis

cosity set in . In spite of the fact that only very little time 

has elapsed, the entirely unsymmetrical flow in the boundary 

layer is clearly recognizable- The reversal of tho lines of 

flow on the r ear side Nou1d probably chang e to closed fi gures 

in a short time, whereupon, with the flowing away of this vortex 
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region, a c irculation flow would set in and a lift be produced. 

The f i nal fl ow d iagram will again app roximat e the well-known 

d iagram of a flow with c irculation around a cylinder (Fig . 18 ), 

vl ho se det ermina t ion acco rding to the methods of the pot ent ial 

theory is found in every text book of aerodynamics. I n the 

prescnt status of the boundary-layer theory, however , it is not 

yet poss ible to follow t h is tr a ns ition mathematically. 

Po stscr ipt.- The former sailing ve ss ol "Buckau" has now 

been prov ided with rotating cyl inders and has made its first 

trial trips. So far as we can yet tell, the wind tunnel re

sults have not been contravened . Regarding the history of its 

origin, it may b e sa id that Mr . A. Flettner ori ginally contem

pl ated tho uso of metal a irfoil s ins tead of sails . Since the 

area of theso metal sails would hav e been only a littl e loss, 

the danger of ups et ting i n a storm could not be disregarded. 

Rotating cyl inder s , a s made in Gbttingen, are much less danger

ous in thi s respect . Mr . Flettner therefore i mm ediately aban

doned his or i ginal plans and , with the aid of the German Ship

yard at Ki el, carr i ed t hrough with great energy the conver s ion 

of tl1e "Buckau" on the new bas is. 

For further detail s on the l~gnus eff ect and the rotor ship, 

you are referred to a small pamphl et by the wr it er , soon t o be 

published by Vandonhoeck and Ruprecht, Gottingen . (S oe a lso 

IT . A. C. A. Techn ica l ~Ii.emorandum No . 310 : The "Magnus Eff ect,lf tho 
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P rincipl e of the Flcttner Rotor, \I by A. B8tZ.) 

Transl at ion b y DVJ i ght M. 1inor, 
National Adv i s ory Committee 
for Aeronau·t ic s . 
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a =140mm di sks 
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Fi g .14 Pol ars of r otating cyli nder . 
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Fig.17 Boundary layer on rotating cylinder according 
to Tollmien . 
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Fig.lS 

Fig.lS Flow about a rotating cylinder according to the 
theory of frict i onless pot ential flow • 


