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NATIONAL ADVISORY COMlHTTEE FOR AERONAUTICS . 

TECHlJI CAL lEE1JIORANDUM NO . 521. 

1t1JINGS 17ITH NOZZLE-SHAPED SLOTS . * 

By Richard Katzmayr . 

Aerodynwnic engi neers have always sought to discover devices 

which v;[Quld produce the greatest lift with the least possible 

drag. Their f ir st successes were obt a i ned by giving a suitable 

shape to the wing profile. This device failed. , however, at 

l arge angles of attack (18-210 ), so that it appeared impossible 

to obtain gr eater maximum lifts than 2 cA = 150. g 
Only after 

the cause was found for the s ud.den decrease in the lift after 

reaching a certain angle of attack, were means adopted which 

enabled a furthe r increase in the lifting effect of a wing . 

The lift decrease VIas found to be due to the loss of energy 

which finally takes pl ace in the so- called "boundary layer" of 

the a ir flow. This occurs in connection with a rap id and ex-

cessive pressure increase ar-d causes the bDundary l aye r to sep

arate from the upper surf ace of the wing, thus leading to a 

partial reversal of the direction of f low and finally to the 

formation of vortices. The most obvious waY to counteract this 

evil is to replace the lost energy in the boundary layer . This 

can be accomplished in various ways . 

In the case of "rotors," for example , the energy is added 

by causing the surface of the roto); to move in the directiorr_ of 
'" IID{is enflugel, II from Berichte der Aerodynami schen Versuchsan

stalt in Wien, Vol. I, No .1 (1928 ), pp . 57- 75 . 
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the main flow, thereby impart ing , through friction, a suppl e-

mentary ac c eleration to the air near it s upper surface . 

Wi th the II slott ed wingsll of Lachmann and Handl ey Page , the 

boundary layer on the upper s i de i s accel er ated by the addi-

tional a ir f lowing through the slots . The kinetic energy of the 

additional ai r is derived from the pr essur e diffe r ence between 

the upp er and the lower side of the wi ng . The ener gy t r ansfor-

mation i s effected with the l east loss i n nozzle- shaped slots . 
II 

I n Gottingen an attempt i s be ing made to r each the s wne 

go al in a third way . Thi s con s ists in r emoving the boundary 

layer f r om the top of the wing by suction into the i n s i de of 

the wing , a method which also means nothing but an accelerat i on 

of the boundar y l ayer, s i nce a p ressure drop i s produced on the 

upper side of the wing by creat i ng a negnti ve pre ssure i ns i de 

the wing . Thi s pre ssure drop accelerates the f low of the sur-

rounding ai r . 

The direct use of r otor s as airfoils i s very une conomical , 

s ince the considerabl e t r ansver se force pr oduced by them i s 

acc ompanied by a gr eat drng in the main direction of moti on_ 

which r eq"Ldres considerable ener gy to ov ercome. For construc-

tionnl reasons, on the other hand , it i s no t poss i ble , in the 

case of unsymmet ri c al bodies like airplane wings , to employ 

the method used wi th r otors . Experiments wi th wi ngs having 

rotors fitted into thei r leading edge showed that no conside r 

able l i ft increase can be thus oht a i ned. 
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Wi th slotted wings , however, 0., considero.,ble increase Vio.,S 

found in the lifting pOTIer, especially in the maxi mum lift. 

It was found , however, that a cor r esponding dr ag i nc r ease oc-

curred o.,t small and medium angl es of attack , so that slotted 

wings are of pr actical importance only when the slot openings 

can be regulated during flight . 

The r esul ts of only a few laboratory experiments with suc-

tion a r e yet available. They indicate, however, a considerable 

increase in lifting power without change in dr ag ~ Even befor e 
11 

the publication of the results of the Gottingen experiments on 

the r emoval of the boundary layer by suction, exper iments Vii th 

nozzle-slo tted wings wer e begun, at the suggestion of Josef 

Mickl, in the Vienna Aeromechanical Laboratory. A report of 

these experiments will be given here. 

With this type of wi ng the additional energy i s suppl i ed 

to the boundary layer on the top of the wing by a current of 

air flowing out through a slot parallel to the leadi ng edge 

and tangent to the wing profile . Only toward the end of this 

investigatiow did it become known to the writer that this meth-

od of investigation had been proposed in other count ri es, e . g ., 

by Professor Baumann irr Germany, by professor Lafay in France, 

and by Professor stroescu in Roumania. I do not know whether 

experiments with such nozzle-slotted wings were actually irrsti-

tuted in the above-mentioned countries. In Vienna special im

portance was laid, from the first, on the correct form of the 
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passages at the out l ets . They were made nozzle- shaped, i n order 

to effect the compl etest poss ible conver sion of the pot ential 

energy of the compressed air i n s i de the wing into k i ne t i c ene r gy 

at the mouth of the slots . The nozzl e shape of the air passages 

led to the use of the express ion "nozzle - slotted wings " to de s 

i gnate this typev I t differs from the ordinary slott ed wing in 

that the ai r i s not taken f r om the l ower s i de of the wing , but 

f rom the inside of the wing , to which it can be constantly sup

plied in any desired manner . Thus it is poss i ble , indep endently 

of the angle of attack , to impart to the auxili ary a ir the ve

loci ty of discharge best sui ted to each particular c ase . Ivlore

over, the slot openings can be located at t hose points of th e 

wi ng profi l e whe r e they will be ;nost effect i ve . Lastly , it is 

possible to regulate the discharge of the auxil i ary air without 

movable parts on the wing itself , as in the case of ordinary 

s lo tted wing s. 

I n or der to obt ain an idea of the effec t of the discharge 

of the compressed air tangent i ally to the wi ng surface on the 

magnitude ruld direction of the resultant aerodynami c fo r ce , ex

periments wer e fi r st t ried wi th a cylinder. This cylinder h ad 

a diameter of 150 mm (5 . 91 in.) and a length of 990 mm ( 39 in.). 

I t was made of sheet brass 0 . 2 mm (0 . 008 i n .) thick and was p r o

vided with twelve slots parallel to the cylinder sur f ace , and 

0 . J5 wn (0 . 03 in .) wide . Sheet - b r ass tubes l ed the air t o these 

slots , as shown in Figure 1 . The cylinde r surface was stiffened 
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by two rings a and b, between which the vlid th of the slot s 

was fixed by soldering in short pieces of wire c . The end 

wall s e and f (Fig . 1 ) Vlere provided Yri th connecting tub~s 

g and h, of 65 mm ( 2 . 56 in.) diamete r and 100 mm ( 3 094 in. ) 

length , through which the compressed. ai r could flow into the 

cylinder . 

5 

Since the passages to the dischar ge slots all led in the 

same direction, the outflowing air fo r med an envelope around 

the cylinder c ir culating in a definite direction . In order to 

determine the effect of the c i r culating supplementary ai r on 

the magnitude of the ai r force on the cylinder, it was exposed 

to the air stream in a wind tunnel and the drag and transvers e 

fo r ce ( i . e . , the lift) were measured. 

For this purpose the cylinder was suspended on two wires 

from the dr ag balance and connected with the lift balance by 

means of four l evers . It was also necessary to make further 

provisions, to enable t he delivery of the compressed a ir to the 

cylinder without h~ftpering the action of the two balance s . 

Lastly, it was necessary to eliminate the effect of the finite 

cylinder length on the results . The air supplied to the cylin

der was highly compressed by a centrifugal blowe r . The com

pressed air was led through p ipes to the border of the artifi

cial air stream and thence i nto the cylinder by means of two 

thin- walled rubbe r tubes of I me ter (3.28 feet ) fr ee length and 

the connect ions g and h. Since the t hin rubber tubes were not 
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strong enough to withstand the internal ai r pr essure, they were 

enclosed in nets of fine thread, which kep t them from bursting 

without dimini shing their flexibility . This devi ce proved sat 

isf ac tory and did not hamper the operation of the b alances, 

even when the rubber t ubes were fully distended. I n order to 

protect the rubbe r tube s fr om the action of the a ir stream, 

they were enclosed in sheet- metal pipes of 150 mm ( 5 . 9 ino) 

diameter . Th e se p i pes wer e brought clos e to the ends of the 

cylinder and fi::mly secured by stay wires against the action 

of the ai r st r eam. Since the protecting pipes had the same 

outside di amete r as the cylinder, they all formed one continuous 

body of uniform cr oss section passing transver sely through the 

who l e a ir st r eam. The effect of the fin i te cylinder length on 

the r esults was thus el i minated. Figure 2 shows the Whole in

stallation as viewed f rom the lift - balance side , and Figure 3 

as vi ewed from the air-pipe side . 

The quant ity of ai r flowing from the cylinder could not be 

dete r mi ned by means of a measuring orifice (S taur and ), because 

the st r a i ght sect i ons of the a ir p ipes were not long enough. 

The quantity of air was est i mated from the exit velocity at the 

slots . The pr essur e i n the cylinder was also measur ed occas i on

ally. The exper i ments we r e conducted at diffe r ent dynamic 

pressures and exit velociti e s both with all the slots open and 

with only a part of them open . 

The cylinder was first subje cted t o the air st r eam wi thout 
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causi ng any air to f l ow f r om the slot s . The test s were made 

at s ix dynruni c pr essur es and c onsequently at s i x differ ent 

Reynol ds Number s R. The r esul ts , a s given i n Table I and Fig

ure 4, show the chax acter ist i c decline in the dr ag coeffi c i ent 

wi th i nc r eas i ng values of R. The dr ag coeffici ent s ar e based 

on an area F = 0 . 99 x 0 .1 5 = 0 . 1 485 m2 (1 . 6 sq . f t.) . The rel

atively h i gh v al ue of 2 Cw for R = 214, 300 i s a s cribable 

to the pecul i ar character of the cylinde r sur face . 

Tabl e I I and Fi gure 5 give the r e sul ts obtained wi th air 

i ssui ng from the slots in the cylinder, di agr~ns a to e (Fi g . 

6 ) show the numbe r and d i stribu tion of the slots open dur ing 

the experiments , t he rest of the slots be ing cl osed wi th wax . 

Figur e 6 shows the number of the open slo ts and thei r l ocat i on 

wi th respec t to the di r ection of t he ai r f l ow. In case a , al l 

the sl ots we r e open . Fr om Tabl e II and Figure 5 , i t i s seen 

that, as the r atio u /v i nc r eases , the t r ansver se fo r ce ( l i f t) 

i nc r eases , while the dr ag first dec r eases and then i nc r eases . 

The curves in Figur e 5 ar e similar to t_e char acteristi c curve 

of an or dina,l'y wing . I n analy z i ng them , it shoul d be noted 

that the s~ne scale was used fo r and I f the char-

acterist i c cur ve obtained fo r the slotted cyl i nder i s compar ed. 
\I 

with the cur ve obtained in Gott i ngen wi th a rapi dl y r evol v i ng 

fin i te cylinder of 70 rr~ (2 . 76 i n.) d i amet er and 330 mm (13 in . ) 

length between two te r mi nal di sks of 140 mm ( 5. 5 i n . ), the 

great similarity of the resul ts is apparent ( Fi g . 5, . curve b ) . 
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The drag coefficients a re smaller throughout for the slot

ted cylinder than for the plain cylinder compared with it. This 

is probably due to the infinite length of the cylinder used in 

the Vienrra experiments. It should be noted that, from the sta

tionary end cylinders enclosing the rubber air tubes, no air 

flowed out tangentially to their surface , so that the flow dia

gram around the cylinder suspended from. the dr ag balance was 

not quite like the one ar ound the statiorrary end cyl inders. 

Hence the resulting 2 Cw values are probably too high. The 

Vienna lift coefficients axe very similar to those obtained in 

G~ttingen. 

This fundamental experiment showed that the compressed air 

flowing out tangentially to the cylinder had an effect very sim

ilar to that of the cir culatory flow produced by the surface 

frictiorr of a plaim rotating cylinder. 

The results given in sections b to e of Table II and in 

Figure 5, show that closing part of the slots causes a diminu

tiorr of the transver se force (lift) and also of the drag. It 

is noteworthy that the latter has smaller values thr oughout than 

in the case of a cylinder from whose surface no air flows . Com

parison of d and e shows , moreover , that the location of the 

slots with respect to the direction of the main flow greatly 

affects the results. The effe ct of the ad.d i"tional air is all 

the greater, the more of it is blown into the dead-air space 

behind the obst acle, a r esult n ot apparent in the following 
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~ing investigations. 

It should also be mentioned that the ratio u/v Was so 

changed that the velocity of the main flow varied, while the 

outflOW of the supplementary air remained constant. It would 

probably have been better, at the highest possible wind velocity, 

at p ~ about 30 mm (1.18 in.) water column, to increase the 

velocity of the flow from the slots by a corresponding pressure 

increase inside the cylinder, since the various measurements 

would then have been made for one and the same index value. 

The centrifugal blower at our disposal did not furnish, however, 

the high pressures required and we had to adopt the previously 

mentioned expedient. 

After the above-described experiments showed that trans

verse forces could be generated by the tangential flow of com

pressed ai r from slots in the surface of a cylinder, the same 

as with roto~s, we also investigated the effect of objects with 

wing-shaped cross sections. The performance of these experi

ments Was much more diff icult than those wit.h the cylinder . 

We had to abandorr. the introduction of the air from the sides on 

account of the necessary changes in the angle of attack. The 

air duct was transferred to the center of the lower side of the 

wing. Great pressure drops in the intake pipe had to be ac

cepted, since its small size necessitated high velocities , and 

since it had several sharp bend.s. The central positiom of the 

intake pipe was also unfavorable for the uniform distrihutiom 



· N.A.C . A. Technical Memorandum No. 521 10 

of the out flowing air throughout the whole span, which has to 

be taken into consideration in the analysis of the r esults. 

The intake pipe is shown in Figure 7. It was a streamlined pipe 

and WaS fastened to the upper c entral support of the lift bal -

ance . The end toward the wing model was tapered and was con-

nected with the latter by means of a short thin-walled rubber 

tube and a tubular connection on the model. This flexible union 

was necessary because changes in the angle of attack shortened 

the lower part of the tube. The end toward the model carri ed 

a 900 elbow with its free arm extending upward . The center of 

curvature of the elbow was so located that the di rec tion of the 

mean centrifugal force of the air flowing through the pipe 

passed through the fulcrum of the lift balance. Any impairment 

of the lift values by this reactiorrary force 'was thus avoided . 

To the free end of the elbow there was fastened a .thin-walled 

rubber tube 700 mm (27. 6 i n.) long and JO mm (2.J6 in.) in diam-

eter, which , as in the experiment s with the cylinder, was pro

tected against bursting by a net (Fig. 7). The connection VIi th 

the centrifugal blower is compl eted by means of another . elbow, 

a tapering piece and a p ipe 120 mm (4.7 in.) in diameter . A 

measuring orifice had been introduced at 2/3 the length of the 

verticQl part of the pressure p ipe. The quantity of ai r del iv-

ered could be varied by throttling on the suction side of the 

centrifugal blower. A small tube, which passed through the large 

elbow near the balance into the inside of the wing, enabled the 
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measuring of the pressure on a micromanometer shown in the right 

foreground of Figure 8. The wing models were supported in the 

usual manner by two v'Tires from the drag balance and were con

nected with the lift balance by three rods . 

Tests were made with four models 'which diffe r ed from one 

another in t~eir cross-sectional shape and in the number cmd 

distributioIT. of the outflow slots . Three of the models \-..rere 

"normal wings" while the fourth li'lCl,S a monoplane model. Two 

different wing sections or profiles were us ed for the normal 

wings, one of \vhich will be designated by I (Fig . 9) . The com

pressed ~ir could escape through three slots, two of them being 

on the upper side and the third one on the lower side of the 

wing. Their location, shape and size are shoVITl in Figur e 9. 

The slots extended the whole length of the model (900 rom = 35.4 

in . ) . The channels were closed at the ends of the model by 

metal plates. The leading edge of the model was connected with 

the trailing edge by an iron plate which had a row of large 

holes for the passage of the air. The re a r ch~nnel was con

nected viTi th the cha-nnel in the lower portion of the vJing by a 

series of hollowed- out passages. The slots Vlere covered Yli th 

cardboard strips 12 mm (0.47 in.) wide, glued firmly to the 

vlOod on one edge . The compressed air pumped into the wing 

raised the .' cardboard strips and flowed from the slots almost 

tangenti ally to the wing profile. The strips 'Tere attached in 

such manner that the escaping air couid flow only toward the 
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rear on the upper side of the wing and onl y toward the f r ont 

on the lower s ide . 

The second pro file shape ViaS the G~ttingen 398. !l1odel s 

we r e made of t'v10 no r mal vlings of this shape 900 x 150 mm 

( 35 .4 x 5.9 in.). One of these he.d three slots and riill be 

designated by II ( Fig. 10). The other model had n ine slots 

and nill be designated by III ( Fi g. 11 ) . Model II, like model 

I, had two slots on the upper side and one on the lower s i de , 

while model III had six on the upper side and thr ee on the 

lower side . The slot openings vrere parall el to one another 

and extended t he whole lengt h of the models. These models 

wer e made of seasoned wood and di f fered from model I princi

pally in the shape of the inside passages to the slot openings . 

As shown by Figures 10 and 11, the passages t ape r ed toward the 

sur face so as to form nozzle-shaped slots , thr ough which flowed 

regulated air st r eams . The flow losses were thus consider abl y 

r educed and the flow velocity was the maximum for the given 

internal pr essur e . fi.:ode l II cons i sted of three separate parts 

held together by a number of pl ates throughout the span . 

Model III cons isted of n i ne parts . In the mi ddle of the span , 

where the inlet tube fo r the compr essed ai r was attached to 

the lower side of the model, the parts were held together by a 

met al band 50 mm ( about 2 in. ) vIide passing entirely around 

the model, the slots be i ng inter rupt ed for th~ width . As in 

the case of model I , cardboard strips 12 mm (0. 47 in. ) wide 
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we r e glued at one edge to the wood parts so as to cover the 

slots. The opposite e dge Was l i fted by the compressed air and 

released thin ai r jets dur ing the tests. 

Due to the small dimensions of the model, the inside chan

nels could rrot be perfectly shaped. In par t i cular, the free 

section of the main channel in the middle of the spamwas rel

ati vely too small, thus occasioning considerabl e flow losses. 

Special attention is called to this point, because these un

favorable conditions, which do not exist to so high degree in 

full-scClle wings, must be taken_ into consideration in the anal

ysis of the final results. 

Many tests were made with the above-described models, but 

only the most important ones will be refer r ed to here . The 

tests cover the determination of the lift and drag coefficients 

at different angles of attack. The t ests were made both with 

and wi thout air flowing from the slots. I n the former case , 

as in the case of the cyiinder, the rat i o of the discharge ve

l ocity u to the air- stream velocity v was var ied. This 

could be done only by varying the veloc i ty of the air stream. 

The number and location of the open sl ots were varied by gluing 

silk paper over some of the slots, in or de r to deter mi ne the 

effect of the air jets flowing from the slots . 

Tables III-IV and Figures 12- 13 g i ve some of the r esul ts 

obtained with model I. The vnng model WaS first sub j ected to 

an air-flow pressure of 5 rum (0 . 2 in.) and then of 20 rom (0 . 8 in. ) 
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water column . In both cases the tests wer e made wi th all the 

slot s closed, then with all the slots open , and finally, with 

the front upper slot open and the other two closed. The charac

teri stic curves fo r the case with all the slots closed show 

r elatively small lift values and qui te h i gh dr ag value s , both 

being due to the card~oard str ips which i111favorabl Y affected 

the surface of the wing model, abnorma~ly thickened the boundary 

layer , and increased the ski n frict i on. The l i ft values 'were 

20 to 25% smaller than fo r the wing wi th a smooth surfaceu 

The character istic curve , which was obtained at a small Reynolds 

Number, shows, mor eover, the sudden char acteristic fall in the 

lift values . 

The characterist i c cur ves fo r the model with the air jets 

issuing f r om the slots show, throughout, a considerable ~ncrea.se 

in the lift values , which , in contrast with the well- knoWIT or di 

nar y slotted wings, extends over the whol e r ange of the angles 

of attack and is connected with a moderate increase in the dr ag 

at small angles of attack 

It is obvious that the test results requi r ed some correc

tions, in order to represent accurately the effect of the out

flowing air jets . First it was necessary to deter mine the addi 

tional drag pr oduced by the inl et tube and t o make allowance 

for it in the e~aluation . For this pur pose, the model was test 

ed both with and without the inlet tube and the additional drag 

was determined from the" difference in the results . Fur thermore , 
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the reaction fo r ce of the air jets was measured fo r various jet 

velocities with the main air stre~n stopped, but with the 

compressed-ai r pump still working . It was likewise deducted 

in the subsequent correction of the measured drag values. The 

forvlard thrust was repeatedly measured at medium angles of at 

tack and large u/v ratios. I t might have been allowable not 

to deduct from the test results the forward thrust produced by 

the reactiorr of the ai r jets, because this thrust was due to 

the system chosen and not to the arrangement of the exper i-

mental apparatus. 

As in the case of the slotted cylinder, it is possible to 

establish the dependence of the magnitude of the effect of the 

air jets on the r atio of their velocity of discharge to the 

velocity of the main air stream (Le., u/v). The larger this 

ratio is, the larger the lift values will be . The unfavorable 

flow ratios, mentioned at the begimTing, per mitted no value of 

u/v greater than 0 . 803. This value Was obtained at a pressure 

of p = 5 mm ( 0 .2 in. ) wate r columrr\7ith an open slot on the 

upper side of the wing model. It is about twice as large as 

the value (0.402) obtained at p = 20 mm (0 . 8 in.) H2 0 and, at 

a medium angle of attack 0., increases the lift about 20%.* 

The absolute increment in the lift values, based on those of 

the 'wing model without the air jets but with the glued cardboard 

strips, is about 80% for medi um angles of attack . It has been 

*It must not be forgotten that the two tests we r e made at dif-
ferent Reynolds Number s . 
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demonst r ated tha.t the number ~nd location of the slots in the 

wi ng pro file ar c of i mport ance . I t has been found that the ef

fect of a slot on the lower s i de of the v:ing is to r educe the 

drag . I t is quite important at a large u/v r at io and s;nDl l 

angles of attack a I F ' \ 19 . 12 ) • At l arge ~nGl es of attack, how-

ever, a slot on the lower siae of the ning does not increase 

the lift vc:Uues so nn:..ch as one on the upper s i de . Experi ments 

have sho \ffi that the effect of an a ir jet issuing from a slot 

near the le ~ding edge is greater than the effect of a simllar 

j et behind the thickest portion of the wing . I n particulnI, 

the tests made Vlith the nine- slotted model III confirmed t he 

correctness of this phenomenom as observed in the tests TIith 

model s I cmd I1. 

The j et veloc i t i es u, given in the tables , are mean val 

ues , since they vary cons i derably throughout the span. One of 

the portions tested is represented in the left part of Figure 14. 

The maximum. ug is about 2/3 of the distance from the center 

of the span , the magnituqe of u decreasing from this point in 

both directions . Negc"ti ve flow velocities were observable in, 

the middle thi rd of the vlhcle span for some of the slot arrange 

ments . Even the direc"bion of the flow f r om the slots was in no 

case perpendicul ar to the trailing edge of the mode l throughout 

its whole length . I n the middle of the model the directions 

diverged up to about 45°. At the position of the Ug they 

were mostly perpendicular to the t r ailing edge , whil e at the 
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wing tips the direction of the u again diverged 10- 150 toward 

the middle of the vling , as shovrn in the right por tion of Figure 

14. 

In .~he experiment s ,,-i th models II and III the pressure dis 

tributiorr. on the upper sur face \7aS also measured at different 

angles of attack. The measurements were made at 12 points on 

the periphery in a plane situated 180 mm ( 7.1 in.) f r om the 

plane of symmetry of the model. We are giving here only the 

results obtained with model III at the angle of attack a. = 0 

and under the two dynamic pressures p = 5 mm and 20 mm ( 0 . 2 in . 

and 0 . 8 in. ) wate r colul1m. The location of the measuring points 

and that of the six slots is shown in Fi gure 15. The three 

slots on the lower s ide of the wing were closed in these tests . 

The results ar e g iven in Table V and Figure 15 . They show that 

during the discharge of the compressed air from the slots , a 

reduction in the negative pressure occurs in the vicinity of the 

leading edge , but a consider able increase in the negat ive pr es

sure towar d the trailing edge . This is particularly noticeable 

for p = 5 mri1 (0 . 2 in. ) wat er column"., whereby u /v had a value 

of 0 .402 . 

Before giving the results of the experiments with a nozzle

slotted monoplane model, I will compare the r esults obtained 

with ordinary slotted wings and with nozzl e- slotted wings . 

Figure 16 shows the ch3.I'acteristics of the s e tvlO types plotted 

side by side . I is the L/D curve of the slotted wing as de-
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rived in a modified form from the G8ttingen wing profile No . 

422 by the introduction of nozzle- shaped slots . II i s the LID 

curve fo r the unchanged wing prof'le 422. * III is the envelope 

curve of the characterist ic curves g iven in zeit schrift fur 

Flugtechnik und Motorluf tsch iffahrt, 1924, p . 175 . _ Tll is vJing 

tapered to'.'iQ.rd the tips both in ,,-;idth and thickness . I t had 

an adjustable auxiliary wing on the le ading edge and a movable 

flap on the t raili ng edge . IV and V are the charact eI'istic 

curves of the nozzle- slotted wing ( with and without air j ets ), 

as taken from Figur e 12 . I n order to enable direct compa:rison, 

the results were converted to the standard uspect ratio of 6 . 

The relat i ve posi t iorr of the curve s cleClI'ly demonstrates 

the superiority of the nozzle-slotted wing s, especially at small 

and medium angles of attack. Curve III passes above curve IV 

only after the angle of attack exceeds 160 • Ourve IV, which, 

for lack of space, is only partially shown , corrtlnues to climb 

up to 2 cA ~ 292 at IT = 240
• The t e sts showed that the 

lift A continued to increase even beyond this angl e of attack . 

It i s also worth noting that the lift values of curve IV were 

reached at a smaller a. than those of curve III, which is of 

practical importance in landing . 

The good results obtained in experiments with normal wings 

furnished, the reason fo r test ing a nozzle-slotted wing in com

binatioIT with a fuselage . Drawings of the wooden model-are ----
*These curves were to,ken from IIErgebnisse, If Vol . II, pp . 61- 64, 

and Vol. I, p . 109 . 
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shown in Figure 17. The fuselage was hollow and made in two 

parts j oined in the plane of symmetry. The two parts we r e held 

together by two screws with the interposition of a thin rubber 

plate. The side of the fuse l age facing the lift balance was 

provided with a short connection fo r the compressed- air pipe . 

The two wings we r e joined to the fuselage at about half its 

height . They were made of wood and had three nozzle - shaped 

slots on the upper side, the openi ngs being cover ed with card

board strips glued at one edge . The slots were perpendicular 

to the plane ' of symmet ry. They began at the fuselage and ended 

about 15 m,'1l (0.6 in . ) from the wing tips . Each wing consisted 

of three parts. One part formed the leading edge , lower por

tiorr. and trailing edge of the wing . The two other parts lay 

between the slot s. They we re joined to the lower part at two 

points of the span. 

The tests we r e made at the three dyn~nic pressures of 

p = 5, 10 and 20 mm (0 . 2, 0 . 4 and 0 . 8 inch) wate r column . By 

clos ing some of the slot s, the effect of their nTh'1lbe r and posi

tiomwas tested. The pressure of the a ir was r egulated by 

throttling at the suction side of the centrifugal blower . In 

orde r to det ermine the e ffe ct of the compre ssed- air tube on the 

drag , the model was tested in the air st ream, like an ordinary 

vYing model, both with and 'without this tube . The addit i onal 

drag due to the tube Was thus determined , and allowance was maq.e 

for it in the calculations. The r eactiom effect of the out f low-
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ing air was also deducted in the same way as for ordinary wings . 

The II angle of attack" WetS measured between a reference 

line drawn on the . side of the fuselage and the direction of flow 

of the air stream. The anglES formed by the wing chords with re-

spect to this reference line ar e indicated in Fig . 17 . The wing 

area F, required for calculating the forces per unit area, was 

1056 cm2 (1 . 1367 sq . ft .). 

From the great number of tests made with this monoplane mod-

el, only the results obtained at pressures of 5 and 10 mn water 

columw~ with air flowing from all three slots, are given here 

(Table VI and Fig. 18). In both cases, the mean jet velocity 

u wa$ J . 15 m/s (23.5 -ft./sec.), making u / v 0.8 in orrB case, 

and 0 . 565 in the other. 

The experimental results indicate that, when air is flowing 

from the slots, the lift values increase about 80% over the 

whole range of the angles of attack. The corresponding drag 

values decrease but little, ho'weve!'~ The maximum lift values 

are obtained at greater angles of attack than with ordinary 

wings. Naturally the maximum values of the coefficient of glide 

(L/D ratio) and of cA3/CW2 are very l~rge. If, for example, 

u/v = 0.8,~ we then have as 

compared with 11.15 and 123, r e spectivel y, in the case of a wing 

without air jets. 

Also in the case of a morroplane model, the pressure distri~ 

butio~was measured on the upper side of the wing in a cross 
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sectioIT 200 mm (7. 87 in.) from the plene of synli~etry of the mod-

el . Table VII and Figure 19 g ive the negativc pressures for 

p = 5 
. a 

o.nd 10 mm ( 0 . 2 and 0 .4 in . ) H
2

0 at Q'- = 0 and 12 • 

It is appnrent that the lift increase is ascribable to thc very 

eonsidero..ble lessening of the pressure reduction. towa.r d the 

trailing edge . 

The velocity distribution of the outflow and its direction 

throughout the span is much the same as for normal wi ngs, i.e • . , 

a r apid r eductiorr~ in the veloci ty of the outflow near the fuse -

lnge and a great divergence in its dir ect ion. 

Taken colle cti vely, the experiment s sho w that, as regards 

incre as ing the lift value s, the effect of the 0.i r flowing from 

the nozzle- shaped slots is similar to the effe ct produced in 

the case of ordinary slotted wings . The high l ift values a.re 

attained, however, at the smalle r angles of a.tt ack employed in 

ordinary flight . The dr ag values are only a little gre a.te r 

than for 'wings of simpl er cOITstruction . I n thi s r egard it does 

not matt er whether a.ir is flowing f r om the slots or not . Unlike 

or dinary slot ted wings , nozzle- slotted wings require no movable 

parts for regulating the effect of the slots, it be i ng necessary 

only to vo..ry the outflow velocity of the ai r. The number and 

location of the slots in the wi ng profile greatly affect their 

aerodynamic action . The outflowing air i mparts energy to the 

boundary l ayer and consequently dela.ys i ts separation and the 

formation of vortices . Simultaneously, the di stribution of the 
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negative pr essure on the upper surf ace of the wi ng i s improved 

toward the trailing edge. 

Note .- While the magazine from which thi s ar ticle was 

taken Was in press , the wri ter learned that experi ments 'were 

being insti tut ed in Germany and in Switzerl and i7i th the ob j Gct 

of i ncreasing the maximum lift by r emovi ng the boundary layer 

f rom the upper sur face of the ,'ling . I n Germany , Mr ~ Se e-'~:.JJ.d 

of Berlin, published the r esult s of such eA~erimentG in Z,F . M., 

1927, p . 350 . * The r esult s of the i nvestigat i ons by Mr . Heland 

of Basel, are given in the same magazine, p . 346 .** 

In both cases , compressed a ir Was r eleased on the upper 

side of a ir fo ils parallel to the leading edge . The results 

we r e simi lar to those g iven above , in that both invest i gators 

observed a conside r able increase i n the cA values . The Ger
g 

man experiments we r e per formed at very h i gh p r essur es ins ide 

the ai rfoil (up to 4 atmospheres gauge pressure ), which probably 

could neve r be used i n practice . Values of 2 cA up to 335 
g 

we r e obtained at o a. = 30 • Wi eland als o used very high pres-

sures . I t should be noted, however, that both experimenters 

measured the pressures a long way from the outflow openings 

on the upper surface of the ai:rfoil s . The r esult s were there

*For translati on, s ee No.t\.C . A. Techr. i cal Me'morandu!:1 No . 441 : 
"Increasing Lift by Releas i ng Compressed Air on Suction Side 
of Airfoi l. II 

**For t r anslat ion, see N. A. C. A. Technical MemoJ'andum No . 47 2: 
"EAperiment s with a vV i ng from 'INhich the Boundary Laye r is Re
moved by Pr essure or Suction. 1I 
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fore aff e cted by the considerable pre ssure los ses in the deliv-

ery pipes, which had to be made quit e s mall . Seewald also men

t ions t h i s fact in hi s treati se. 

Wi el and found, in ,q,greement with our inve stigations, t hat 

the .nagni t ude of t he dr ag WaS hardly ilff e cted by t he 10c 2.tion 

a nd oper a tion of the slots . Thc increas e in the lift values 

even at small Gnd medium an gles of a t tack , a s uni fo rml y observed 

in the nllincrous Vienna experiments, differed from the experi-

ment al re sults of Wieland and the theoretic al conclusions of 

Seewald. 

TABLE I . 

R 87,800 123,800 152 , 000 I 175,600 I 196 , 000 214 , 300 
P 5 10 1 5 20 25 30 
v 8 . 95 12.7 1 5 . 5 17 . 9 

I 
20 . 0 21 . 9 

2 cy,/ 
I 

94 . 6 73 .0 60 . 0 57 . 0 51 . 0 47 . 5 
i 

TABLE I I. 

u/v 
a b 

p v u 
2cA ') 2cA 2cW t..Jc1v 

5 8 . 95 19 . 6 2 ~ 19 1416 ! 73 .1 343 68 
10 12 . 7 19.6 1 . 54 [261 63 . 6 215 61 
15 15.-5 19.6 1 . 26 160 59 . 1 138 55 . 3 
20 17 . 9 19 . 6 1 . 09 116 54. 0 104 51 
25 20 . 0 19 . 6 0 . 98 94 57 . 0 79 52 . 9 

} open I 12 9 No . of slot closed 0 3 
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P 

5 
10 
15 
20 
25 

TABLE II ( Cont .) 

I 
'r---

u/v 
c d G 

V u --
2cA 

1
2cw 2c A I 2cW i 2c A 2cW i 

8 . 95 19 . 6 2 .19 274 60 . 5 261 I 60 1 131 • 5 53 . 1 
12 . 7 19 .6 1 . 54 158 52 .5 154 I 53 I 8 4 ~':"5 
15 . '5 19 . 6 1 . 26 104 . 9 46 . 4 105 . (3 I 46 . 5 

I 
t) 7 40 .1 

17,,9 19 .~ c o09 78.4 44.5 I'; 1 38 . 7 80, 5 I 42 . 7 .. ~}~I ~ I 

20.0 
Sl~~ · 6 ~J;:8 , 

57 .. 5 46 .1 62 i 45 . "2 I <'.:8 . 6 ' --10 . 8 
---'- I -.L 

No . of 7 5 
I 

5 
/ cl osed "5 7 7 -

TABLE II I . 

Wing model I . 
Norinal wing , 900 x 150 mm (35 . 4 x 5 . 9 in .), rectangular plan. 
F = 1350 cm 2 (1&453 sq . ft . ) 
Dyn~~ic pressure p = 5 mm ( 0 02 inc ) H2 0 
Wi nd velocity v = 8 . 98 m/ s ( 29 . 46 ft . 7sec .) 
2 slots on upper side of wing , 1 on lower stde . 

All slots All slots closed Only front upper open slot open 

J et 
velocity 0 m/ s 6.45 m/ s 7.2 m/s 

u 
u/v 0 0 . 72 0 . 803 

0.0 2cA 2 '-:', 'lF{ 2cA J 2cW 2cA 2cW 
-

- 6 , . 7 . 46 7. S1 I 35 . 8 I 18 . 05 43 . 4 21 . 1 
- 3 17 . 18 4 . .48 5] ,5 I 5 . 81 70 . 9 6 . 87 

0 32 . 8 4.,/!:8 71 . 6 4. 07 95. 5 6 . 12 
3 50 . 0 5 c 57 '9 7 . 8 4 . 40 123 . 0 6 . 56 
6 64! 2 7 ,. 16 1 2~<. 1 5 . 98 146 . 0 8 . 36 
9 79 . 1 10 ,,0 14~L O 9 . 35 1 73 . 0 14. 2 

12 71 . 6 1 4~ '15 172, 0 15 . 2 199 . 0 22 . 6 
15 85 . 2 2O,9 19'1,,0 24. 5 224,5 

I 
22 . 1 

18 - - 2120 0 37 .1 248<0 L1S . 6 
21 - - 243 . 5 56 . 8 27000 65 . 0 
24 - - 257 . 0 I - 2'92 . 0 --
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TABLE I V. 

Wing model I. 
Normc,l wing, 900 x 150 rom ( 35 . 4 x 5 . 9 in. ) rectangular plan. 
F = 1350 cm2 (1 . 453 sq . ft . ) . " 
Dyn8~ic pressure p = 20 mm (0 . 8 in.) H~O . 
Wi rrd v e 1"0 cit y v = 1 7 • 9 m / S (58 . 7 ft . Is e c . ) 
2 slots on upper side of wing, I" on iower side . 

Al l slots operr All slots closed Only front upper 
slot open 

Jet 
velocity 0 ml s I 7 . 05 m/s 7.2 ml s 

u 
u/v 0 00394 0 . 402 

aP 2cA 2cW I 2cA i 2cW 2cA 2cW 

- 6 1 . 49 _7 . 46 30 . 2 

I 
13 . 85 21 . 6 9 . 6 

-3 10.81 3.92 45 . 6 6,,09 36 . 7 6 . 82 
0 24.6 4.18 58 . 6 5 . 195 68 .0 5 . 32 
3 38.4 5 . 23 79 . 5 5 . 62 91 . 4 6 . 84 
6 53.0 7. 77 97 . 0 6 . 81 111 00 8 . 95 
9 64. 2 fb ~ "43 11"6 . 8 8.75 1 30 . 0 11 . 58 

12 73.75 13 . 06 131 . 2 10 . 75 145 . 0 14. 25 
15 82 . 8 15 0 7 145. 0 14008 162 . 5 19 . 2 
18 92.0 19 .0 155. 0 18 . 5 179 . 0 24 . 0 
21 99.5 22 . 2 1 61 . 2 22 . 7 188.0 29 . 75 
24 107.0 16 . 95 165 . 0 27 . 8 197.0 35 . 4 
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TABLE V. 

Wing model III . 
Angl e of at tack a. =: 00. 
P1 - s t a tic p re s sure i n mm H2 0 . 
+ = po s itive pressur e . 

= n egat ive pressur e . 
I 

Dynam i c pressure p = 

Without~ -
Measur i ng po int 

No . _. Air j e t 

I +2 + 1 . 6 
2 - 4 - 2 . 5 
3 - 6 - 5 . 4 
4 -6 - 6 . 4 
5 - 6 .5 - 7 . 2 
6 -7 - 7. 6 
7 - 6. 5 - ·s .4 
8 - 6 -10.2 
9 - 4 .6 -12 . 7 

1 0 - 3 . 4 - 13.1 
11 -0. 6 - 10.6 
12 

I 
- 0 . 2 - 7 . 6 

I 

26 

20 

Without I With 

Air jet 
--

+ 8 + 8 
-16 .4 -15 
- 22 . 4 - 23 
- 24 - 27 
- 24 . 6 - 28 
- 25.4 - 28.6 
- 25.5 -28 .6 
- 23.7 - 28 .6 
-19 - 23.3 
-11. 6 -20.5 
- 4 -11.8 
- 1 - 8 . 9 

I 
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TABLE VI . 

Monopl ane model . 
F = 1056 cm2 (1 . 1361 sq . ft .) 
3 slots on upper side of wi~g 

Dynamic pr essure p 5 rom H2O 
Wirrd veloc ity v 8 . 98 m7s 
J et vel ocity u 7 .15 ml s 

u/v 0 . 8 

All slots closed 

0.0 2cA 2cW 

- 6 8 . 6 3 . 4 
- 3 31 3. 8 

0 55.6 5 . 0 
3 80 7 . 2 
6 103 9 .. 4 
9 115 110 6 

12 116 15 0 2 
15 108 25 . 4 
18 90 36.0 
21 82 40 . 8 

TABLE VI (Cont . 
Monopl ane model . 
F = 1056 cm2 (1 . 1367 sq . ft . ) 
3 slots on upper side of wing , -

Dynami c pre ssure p 5 rom H 0 
Wind veloc i ty v 8 .. 98 mis 
J et vel ocity u 7 .. 15 mls 

u /v 00 8 
-

All s lots closed 
0.0 2cA 2cW 

- 6 7,,5 3 . 7 
- 3 30~8 3 . -S 

0 55 ,,0 4 . 8 
3 78n 5 6 . 3 
6 98.5 8 . 8 
9 108 . 5 11 . 5 

12 III 15 . 2 
15 110 24 . 0 
18 95.5 34. 5 
21 86.5 41 . 0 

27 

-
1 0 mm H?O 
12 .,63 m/s 

7 "J 5 ml s 
0 .,5e5 

All slots open 

2cA 2cW 

34. 8 5 64 
60 . 5 :5 .4 
89 . 2 3~3 

118 . 6 4 . 4 
150 . 0 7 . 0 
175 . 2 1-0 ~ 0 
19 8 . 4 I fl .. 8 
213.0 2~~n 6 
190 . 4 39 ,,0 
149 . 6 40 . 6 

10 mm H 0 
12 . 63 mis 

_7 . 15 mls 
0 . 565 

All slots open 
--

2cA 2cW 

26 4 .. 5 
53 3,,4 
80 . 8 2.,,9 

116 . 8 4~6 

142 . 3 7._ 4 
162 . 6 f O. 9 
179 . 2 16 nO 
178 . 5 23.5 
165 . 7 35 . 8 
127 . 3 40 . 4 
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TABLE VII. 

Monop1 ane model. 
Pl - static pr essure in mm ~"'20. 
+ = posit i ve pressur e . 

= negat i ve pr essur e . 

Angl e 
00 of 

a.ttack 
a. 

Dynamic 
pressure 5 10 

P 

Measuri ng Without lwith Wi thoutl With 
point i 

No . Air jet Ai r j et 
-

I 

I 

I 
I 

1- 2.51 1 - 0 .5 - 5 + 3 
2 - 8 -10 -13 1-16 
3 - 8 -10.5 - 13.5 -17 . 5 
4 -7.5 -10.5 . -12 . 5 
5 - 5 . 5 -11. 5 -10 
6 - 3 -13 - 4 
7 - 1 -15.5 - 1 .5 

Translat i on by Dwi ght -fi . Mi ne r, 
Nat i onal Advi sor y Committee 
fo r Aeronaut ics . 

1- 18 
1 -18.5 
1- 20 
\ - 22 

28 

+12 0 

5 10 

Wi thou t J Wi th Without With 

Air jet Air jet 
i 

-10 1- 9 . 5 -14 - 21 
- 9 . 5 \ -14 - 14 - 25 
- 9 -1 3. 5 - 16 - 24 
- 5.5 - 13.5 - 9 - 23.5 
- 2.5 -1 4.5 - 4.5 -22 
- 2 -15.5 

1= 
4 -21 

- 1.5 -17.5 3.5 - 21.5 
! 
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