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FATI01TAL ADVISORY CO~,E':rr TTEE FOR AEROr;;AUTICS 

TECH1HCAL NOTE JYO. 1007 

BOUNDARY- LAYER- CONTROL 'IES'J.1S OF TV'.rOV"IITGS 

IN THE LANGLEY PROPELLER- RESEARCH TUNEE'Ll 

By Hugh B. Free~an 

SUmlfARY 

Tests of two ~i ngs were made in the Langley propel ­
l e r-research tun~lel to determine the increase in li ft 
obt ainab le by boundary - lay er control and t.o det.e r mine 
the povve r required f or:' the blower . One wing , des~ gnated 
the sttib wing , had a 6 . 5 - foot span, a 5.5 - foot. chard, 
and a naximtut1 t:tlckness of 0 .3 0 cho r d and was fitt.ed with 
l a r ge end pl a te s ; the sec ond wing WgS an NACA 2415 ai rfoil 
of 1 6- faot sprl11 and 2 . 67 - foot cho rd an d was tested wi t h ­
out a f' l ap , vIi t h a p lain flap, an d wi tl1 a zap fl ap , 

Lif t cOBfficietits of about 3.2 were obt ained for 
the stub v;ing ei the r , by the s 'l .. ction or the pressure lTlethod) 
but the p r essure met:Cod requIred severa l times more powe r 
than tb,e suction me t hod , '1'28 b est slot location for t hls 
wing was found to be near the midchord positlon . A s ing J. e 
suction slot was. Illore e,ffeetive thill1 any multiple slot 
arrangen:ent wbe n the S8.1ne pressure wa s app li ed t o all 
slots. 

ITh:'i. s renort 18 a r e vi sed a':1d edtted version of a paper 
that was origina lly p r epar ed in Apr}l 19 35 . At that 
t ime t h e p8:;:Je r ,ra s no t publi d'lecj and was gl '.len only 
l imited circ u lation b e c aus e It was expected e ventually 
to expand ' it to inc lude the r esult s of fur t her, moY'e 
exten sive j studi es , The p r~ ?o s ed stUdies were no t COM­
p l eted , however , and the rep ort 1s being pub l i. 8hed now 
iti response to r ece nt requests for this info r~ation . 

In the absence .af the author , the 1'e \11.S ion has been made 
by D:r' . S. Katzoff ::mo. My, P. K. P5_erpant of the Langley 
Laborat ory . It shoul d be noted that several minor que s­
t io ns that arose on careful eX[j,.rrin t:~ tion of the results 
could no t be clarified be c ause the original d a ta a re 
not av ai l able . 
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FOI' the NASA 2h15 wing , wh~ch wa's test.ed only with 
suction, the best slot posi tlor: wG.s-·bp,tv;een 0 . 11 and. 
0.20 chord from the leading · edge for .either the plain 
wing 0r tbe wi ng 1'i th 9. zap l·lap. Ii or the vring wi th a 
plain flap , a slot on the fl~p just D~hind the hI1ge 
requi red least suction pOVH~:;:' F..u.'ld pr-ovided hi [;h mnxi'I1UY:1 
lift coefficients at angles of attack in thelractical 
ranse . Slots near the flap hinGe apPear to be effeci.:L ve 
in maintaining high lift - curve 010pe and hi 6 h f lap effec ­
tiveness, but those near the leadlng adse are more 
effective in holding the flow at high angles of attack . 
Naximum lift coefficients vlfere about 2 . 8 for the plain 
flap and aoout 3 .1 for the 28.0 flap . Sorr-e te st s of the 
plain vnng vd th a slot at 0.71 chord showed an appreci able 
increase in the lift-drag rat:l 0 (\"here the drag inc lud ed 
the blower drag) fo r the tal<:e - off and climb range . 

INTRODUCTION 

Boundary- layer - co~trol tests reade with smel l models 
at the Langley LaiJoratol'Y (referen:)e 1) and elsewhere 
(reference 2) have shown that cor:-sr-o l of the bounda.ry 
layer offers a lJowerful means of increasing the rr:axirnum 
lift Bl"ld. tbe range of angles of a ttack for safe flying . 
In the V'Jorlr for t.he pree:ent report l arge model wingR 
were tested in the langley propeller - researGh tunnel in 
a.1"J. effort to obt:Un r.ore inforr:l8,ti on on the practica­
bility of the method . 

One set of tests rDS ~ade of a stub wing of 6 . 5 - foot 
s~an, 5 .S- foot chord, and a ~axiITu~ tbickness of-O . 30 chord , 
fitted with large end p l at~s to i;:1CreHse the effective 
aspect- ratio and t.o ;na.k~ the flo';" more nearly two ­
cUmens.ional. 'fhe greo.t thiel-mess and short· span fac] ll­
tated. thE? tests because the blower ~ol;.ld be installed 
directly inside the wing and. becaus e the mechanic8.1 work 
involved 5n ~akinr clmnges would be simplified . For the 
second set of tests y ~onventional wing of aspect ratio 
6 $ 16-foo-L span, and thickness of O.l~ chord v\as used, 
8.:rranged above a II fuse lage 11 i n W~:11 G h the blo'fler ':vas 
housed. This wing was also tested with ~lain qnd with 
Zap flaps. . 

• 

, 
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MODELS AND TESTS 

For the first s e ries of tests , the stub wing and the 
arrangement o f the end plates are shown in figures 1 nnd 2, 
and the 8i rfoi 1 ·ordin ate s nre gi ven in tabl e I . 13oundary­
layer control on this v.'ing wa$ effected both by sucking 
the boundary layer into the wing through spam-Jise l1ormal ­
opening slots and by discharging air through spanwise 
backward- opening slots . (See fi g . 3.) Vari ous s lot lac a ­
tlens , slot sizes , and wing internal pressures were 
tried in both ~ases . The motor- driven bl ower served for 
both types of boundary- layer control and inducted or 
discharged the air through the end of the wlng . 

The convent:i.onal V'ing used fo r the second series of 
tests had a 2 . 67 - foot chord with the NAG A 2415 airfoil 
section (fig . 4). This Vlring was tested only 11'.11 th stlCtion, 
and the blov'er discharred the :inducted air through the 
rear of tile fuselage . The wing was fitted with a 
O. 30 - chord full - s~an hinged tra:tling-edge flap thB.t could 
be deflected 15 0

, 300
, 45 0 , or 60 0 • A removable 0 . 25-chord 

full-span Zap flap was also tested , but at only one flap 
angle (500 .~o .the chord line). 

fo r the stub- wins tests the airspeed was approximately 
ho mile s per hour . For the N ACA 2415 v'll ng of aspec t 
ratio 6, the airspeed was reduced to about 30 miles per 
hour for most of the tests in order to attain larg e 
ratios of ':ving pressure to dynmric pressure wi th the 
low blower power available . A few tests were also made 
at an alrspeed of approximately 60 mi2.es per hou:.. .... to 
dete r mine the effect of boundar~ - layer control on the 
drag characteristi c s , especially in the ran ~e of lift 
coefficients corresponding to ·the t8.ke - off and cllmb 
conditions . 

SYMBOLS 

c airfoi l chord 

b airfoil span 

Vo free - stream velocity 

Po free - stream stati c pressure. 
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qo free - stream dynamic p~essure 

Hb total pressure inside wing 

~ volume rate of flow through s l ot; post ti ve for 
flow entering the slot 

P powe'r inout to blo'Ner 

CL lift coefficient 

' C~ dr~g , coefficient 

C.,... 
Vb 

1riduced dra~ coeffi~ient 

( Hb q- oP O '\ internal wing pressure coeffi~ient \ ) 

I Q) volumet r ic coefficient ( 
If ct \ ° 

ideal - blower arag coefficient 

(
CDt is the drag coefficient 

, (ideal) 
equivalent to the power required (IOO- percent 
blowe r efflClsncv Rssumed) 'I) for 
suctron ' slot~ to~discbar~e , at free-
stre8 11'\ t.ot:;l pressure , air wi thdrcwrl. from 
the i:.1OundB,ry layer and (2) :['')r 9res-
sure slats,to incre ase the prassure of the 
iricowing eir, assumed to enter with tle 
free - strs&lTI total ~ressure , enough to 
di schsrge the desi red ':'juanti ty of ai l' 
into the boundary layer at a given total 
pre s sure Hb ) 

blo"ler drae: ,oefficient; drag coefficient equi valent 
to power In")ut to blo'tJer "! :!:' )' 

~ I q b..,11 
\ 0 v'a 

total drag coefficient (CD + CD 'J' 

\ ~(id3al) 

'I'he ')lov'er drag coeffi c:j:' eEt 
venien~e in compClring 1'e suI ts of 
tests ~ howeve r, the ideal blower 
when comparisons with result Q of 
made. 

dD, is used for con -
u ' several of the )resent 

draB coefficient is used 
other lnv9s i gaticns are 

, 
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RESULTS. Atm DISCUSSIOi\;. 

stub vnng 

Pressure slots . - Typical lift curv.es for a backward­
opening pres sure slot on the st·Ll: b .wing are shown in 
figur e 5 for four values o f: the wing nressure coeffic:!ent 
and are corr.pared \1,..-1 th the li f t curve for t he wi ng vIith­
out bounclary - l c.yer contro,l. 'Ihe low lift - ::;urve slope 
resulted from the lew effecti ve aspect ratio of t he wing . 
For an aspec~ ratio of 6 , a l ift coefficient of 3 . 0 would 
occur near 300 angle of uttac1 as determined by extrapo ­
lating the curve for GIJ = 10.20 (flg . 5) to ze r o lift 

"0 
and COYrnuting the angle of at t8.cl~ for the ne',! aspect 
ratIo. In f~ gur e 6 the I!"axi),pulY, lift cae ffi eien t :1. s 
p l otted a gains t blowe r drag coefficient for G.a ch slot . 
Wlthil1 the r ange tested the 0 .00750 slot at 0 . 42 c appGars 
to require the s~allest blower drag coefficient for a 
g~~ ven maxi 1"1um 11 ft . 

Single_. suction s l ots . - 'l:ypj cal l ift curves for the 
stub wlng 1Ni th stngle su.ct ion ·slot.s a.re shoV'm in figure 7, 
and plots .of ~aximum I i ft Goe ffi aient against· ·b l oweY' drag 
coefficient tor each slot are sh;o'.vn , in figure.s . 'The 
mos t interesting features of the Qurves are the low pres -
sure coe ffi c1 ent S CR. and the l ow .blowe r drag coeffi -

'b 
cients ,'" vDb r equired in co'rparison v\1i th those for t he 

pressure slots (figs . 5 aDd 6) . 0f the slot·s tested., 
the most ef'f~c i ent appear to be the 0.83c " 0 . 04 5c , 
and 0 . 06c snction slots at 0 . 5tec. The higl es t !E8.ximu:rn 
lift coeffi~i9nt ( 3.2 ) was obtained with a 0.0610 slo t 
a t 0 . 54c ~ith a blower drag coefficient . of 0 . 07. Vear ly 
the saj-;(e lift coeffIcients were obtain9d wi th , a pressure 
slot at O. ti.2c , but the b lower drag coefficient was eeveral 
tilTes as !l1uch . A few tests, for VIlli ch the data · aY'e not 
shown, were made with a 0 . 015c forv·ard - QPti3nJng suction 
slot at 0.50c; these slots '.'le r e found to req.:;d re less 
blower power than the best pressilre - t~f'pe 81.ot but niore 
than the b8st normal - opening su.Gtior.. slot . 

l" ultiple slots. - A few [,1u lt :'i.Dle - slot. arran.gernents 
'Here tried wi th both rrethods of C;Lt r ol. The r88ul ts for 
the best of each type ure sh')wn in figure 9 . Each arrange ­
ment shown had two slots , ,~ xcept one that had 23 very 
narrow . slots s-paced 0 . 03c '1.part. None of these arrange ­
ments appear s as favorable ~s the best single suction 
slot ! 
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Comparison of results of stub- winp.: tests .- In .... 
figures 10 and 11, respectively, the maximum l ift coef­
ficient of the st~b wing is plotted against ideal-blower 
drag coefficient and volumetric coeffici'en-c -for the most 
efficient of the arr8ngements teste.d. In figure 11 the 
curve for the s lot ~t o. 5L~_c shows that the volume of 8.i I' 

required to obtain a g.iven lift coefficient is indenendent 
of the slot vvidth . F~r corroari30n, results are also- sh vm 
for tbe 0 . 15c "virtg tested with pressure control in 
reference 1 ~nd for the o.hOc ~ing tested with suction 
control in refe 'rence 2. As alre ady indicated , the suction 
s lots are $e'311 to be several tlT1es more efficlent than 
the pressure slots, because thoy require .both smaller 
pressure c ae ffi ci ents and smaller volumetric coefficients. 
The comparison with the results for the wing of reference 1 
is merely a further example of the fact that boun.dary­
laye r control increases ~-flaximum lift more easi l y on a 
thick ling than on a thin '.'Jing . 

NACA 2L:15 'Wi ng 

Slot tape·r. - 001y the sncb_on type of , slot Vi.'as 
tested on the NACA 2D.15 vvlng of 16- f oot· span'. With a 
large span and .S', corr.par.api vely- J~hin '. ing , ' soltedlffi­
culty in obta1ntng uniform sOB.Ylwise dJ.stribution of the 
quanti ty of a1 r sucked oTf ' was antJ.ctpated because of 
the flow losses inside the wIng and the increase in the 
veloci ty of flow fro;tl1 the tip to. the center of the ~:Jlng . 
This distribution presurr.ably vlOuld ~)e uniform. if the 
product of' the slot wldth and t he square root of the 
pressure di 'fference acros s the slot were uniform. For 
this series 'of tests, the slot that was used for all 
wing configu.r at ions \j'!as tape red f'rmn . a ' dd th of o. 0231~.c 
at the center to 0 . 0350c, n ear tb.e tip - an arrangerrent 
that satisfied tl~ propo~ed criterion for a high-11ft 
condi tion of the plaJ.n wing . It .s hould be noted that 5 

even with a tapered slot, the t~in wing is handica,ped 
because an ex'ce s 8 S \.l.C t ion mus t be PI' ovi ded throw~;hou t 
the span :1.n orde'r to provide the rriDi[(;um suction requl_Y'ed 
near the wing tip .. ' . 

", . ... ~~-. . ., 

Plain win g . - Lift curves for 'the p'l .a!n ring aire 
shovm in figure 12 for si.:: slot lo·cations . . The bl0'.1IJer 
speed was constant faY' these. cur,ies and, .the b lo"'{er input 
povJer approximate ly 80 . Fi~~ure 13 shows. maximum lift 
coefficient for the same slots p lotted agairY~t ideal ­
blower drag coefficient. The bes t slot location appears 
to li e between O. llc and O. 20c frorc the nose; for thi s 
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location , the maximum lift coefficient 2 . 6 1s obtained 
with an ideal - b l ow.e r drag c oeffi'eieht of anproximately 0 . 3 . 
The slot .effectiveness decreases steadIly as the slot is 
mo ved t award the trai ling edge . 

V::ing wi th plaj.n f l ap . - 'fwo slot locations were 
tried for the tests of the wing with the p l ain flap; 
namely , a slot on the main ·wing 0 . 200 behind ·the leading 
edge , and a s l ot on the flap itself at 0 . 73c (or 0.03c 
behind the hinge) . The r esul ts for ~ r ange of flap 
deflections are shown in f i gures l~- and 1 5 . For the 
slot at 0 . 20c , the maximurr. 11ft fo r al l the flap angles 
i.s somewhat greate r than for the wing without the flap 
and. , in all cases , the stal l occurs at an angle of 
attac .r above 300 • The slope of the lift curves , however, 
is less than for the p l ain wing (0 0 f l ap setting) prob ­
ably because of separati on of the flow on the flap itself. 

The curves for the slot on the f l ap (fig . 15) show 
about the S8.l11e slope as fo r the plain "'ring; howev6r , 
because of increased f l ap effectiveness , these curves for 
the several f l ap angles a r e shifted about tpree times as 
much as those for the slot at 0 . 20c (fig . · IL!.) . Only two 
of the f"l9.p angles - 30 0 and 45 0 - gave mE',ximurn lift 
coefficients grea+-e r than that for the best condit':'on of 
the plain ring 'ith boundary-layer control. (fig . 12), . but 
these maxi:-:cm. lift coe ffici ·:mts V'lere obtained at very 
much lower Hngles of attack , a characteristi..c that is of 
conslderable Dractical irrportance. 

Because slot, locations ilear the flap hinge thus 
appear to be effective in maintaining high 11ft - curve 
s l ope end htgh flap effectiveness , and those near the 
l eading edge are more effective in holding the flow at 
high angles of attack , two slots , one at the front and 
one at the rear , appeqr to be desirRble . , 

Figure· 16· shows maxi. l.l..'il lift c oefficient plotted 
against ideal - blower drag coefficient for the most 
efficient arr8r..gements of the plain and flapped wing. 
All the flap arrangements appear to be more· efficient 
than the plain wing , and the highest maxiJ1"uTrl lift (2.8)-1-) 
W 3S obtained .hen the s~ot was located on the flap just 
behind the hinge. 

Zap flap .- qesults for the wing with the Zap flap 
(fig . 17) ~re similar· to those for the p l a.in vvinG . The 
slope of the lift curve is very little affected by 
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boundary - l s..ye r control , and the increase in Ii f't "vi t h 
control j,s obtained by delaying the stall tCl higher 
angles of at t a ck ; fo r trus purpose the slot at 0 . 20c 
ap oear s most effective . 

, r 

Ii'ic.,"urE: 18 shows maximum Ilft .... c"o,e·f.f-lcient p lott ed 
against 'idea l - b lowe r' drag coe ffic ient . The zap flap 
wi t h sucti on at O. 20:J p rovided the highes t l ift 80e1' ­
ficient (3 . 2) obt.a:'Lned wl th a single s uc tion s lot in 
these tests of the hlgh- aspect - rat5.0 wing. A comhinat·ion 
of two s lots, at O .05~ a,nd O. 73c '- howeve r , y i Glc1ed a 
s l i ghtly h:tghe r maximmn li ft cae f f1 cj, ent but requi red a c on­
siderably l a r ger ideal - blower d r ag coefficient t hrou gh-
O'.lt tIle en t i r e range . A comparison of thE: maximum l ift 
coeffi cient obtained wi thout a cOI!.tro l slot wi th the 
values obt&lned with the slot located near the l eadin g 
edge indicates t hat a sl;:a l l amount of powe r is require d 
to overcorne the adve rs e effects of the slots . A CQriJ. ­

parison with the best ,of the other arrangements is sbown 
in figu re 19 . . 

Drag reducti on fo r tRl-:-e - off and cli mb . - Some 
add! tion a l t.ests of tce p l aln wLl~g---;: e r e r~ade vvi. til a slot 
at O,cHc in order to .investigate the p ossibility of 
achieving a ne t increaSG in lift-drag r atio for the raYl.ge 
of li f t coefficients of interest for cl:Llb and t aKe - off . 
These tests 1J'e r e made at a tun:lel speed of 30 miles pe r 
hour . The r ea r s lot location appe 3r e d the most logica l 
!i th res,?6ct to economy of 1) 10W8I' power , because the 
velocl ty in tho bO'l..mdsry l ayer is J.. west in tha t r egion 
and the pressure on the v':ing ~s higbes t . The exhaust 
v e locity c\t the rear o.f thE: fuse l a l:'e v'as approzimately 
equal to the tunnel ve loci ty for t b ese tests . 

The po l ars wi th and wi tttOut cont r ol are comoared in 
figu re 20 wi th th e induced- dra£f p o18r CD; " fo r a wing 

1 

of aspe ct rati'o 6 . The total dreg coefficient C";"'\ 
LIT 

1.13 

th.e sum of the· measured drag coeffJ.cient CD and ideal-
blo ',;er dl"'ag ~oeffi8i ent (' Because of t.he 

vDtJ( ideal).' 
l arg e reduction in pro f i le drag in the r ange of li f t 
coefflcients corresponding to take - off and climb, a net. 
incre8 s e ls shown in the lift - drag 1'e.tio for this range. 
The mi nimum d rag 'Ls increased SQl'118 W.:."..£'.t by boundary-1Byer 
control . . 

• 
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:)UEkAEY OF RESULTS 

"Results are preseClted of boundar-;;T - l::lyer-control 
t ests at tv/O ''fllings to ce t er mine the increase =-n lift 
obtained and the p01."Jer r equired for the' blower . One 
wing , tested with both pressure and suc t i9n , had a 
6 . 5 - foct span:, a' 5 . 5 - foot c.r':)rd, and a? a i .rf'oil sectio~l 
of 0 . 30 - chord maximum thickness and was fitted .VI.'i tY , 
targe end p l ates . '1'he othe r wing , tested v.'ith 'suction 
only, used an NACA 2L~15 ai r foj_ l and had a l 6- foot span , 
a 2 . 67 - foot 8flO r d , and was tested 1JIrlthout a flap , w:!.tb 
a plain flap , and wi th a Zap flop . A s'-1...'11Inary of the 
result.s fo llo'ws; 

1. 1?or the s tub wing of O. 30 - chord l'!!axi mum thick-
ness: 

9 

(a ) A lif t coefftcient of ~:;.bout 3.2 waf: obtained with 
a suction s l ot a t 0 . 5L+. chord fmd at a power exoenditure 
corresponding to a ~l owe r d r ag coefficient of 0 . 07 . 

(b) Nearly the same lift coefflcient WRS obt8.ined 
wi th a pressure slot at 0 . 42 cllord as 1:"i th the slot at 
O . 5~. chord , 'Jut Ple blower dt·Et3 coefficien t was several 
t'i.mes as :rn.uch . 

(c) A single la~gG suction slot near the midchord 
of the wing was mo re effective than any !mltiple - slot 
ar r ange]'i]8nt ~ 'hen the. same suction ','8.S applied to all 
slots . 

(a) 'filth the ~)laln 'fling or the VJ'i.ng with !:" Zf.lP flap, 
the highest mayirrum lift coefflcients VFere obtained vvlth 
the slot r)etween 0 . 11 an d 0 . 20 chord from the leading 
edbe , with jdeal- blov'!er d.rag coefficients of about 0 . 3 . 
The maXi111Um Ii ft C oeffj c1 en ts were about 2 . 6 and 3 . 2 for 
the p lain \ ing Elnd for the W'i"1g wi th t:he Zap flap , 
r3specti vely . 

(b) I.n th a p l aIn fl3.1: I , le8.st Dower for the highes t 
maximum. lift a btai nod was requi red vuhen the s l ot was . 
l ocated on the f l ap just behind the hin::re , and the 
a.ne~ les of a tt ack req1J_ired for mayirrmm. 11ft were more 
ne 8rly in the prac ti c a l range ttBJ.''I tb os e requl red by 
the plain liVing. 



10 NACA TN No . 1007 

(c) 1,:i th a p lain .flap, slot locati ons near- t:16 flaD 
hinge appear to be effecti ve in ma:i..l'~tnining high Ilft ­
curve slope and 11igb flap effecti veness , but thO.'3A near 
the leading edge are r!1ore effecti ve in holdlnc th9 1'loVI 
at high an~le s of attack . 

((..:) '1'1 th the plain Ning 'Jl'i th a s lot at 0/)) chord an 
afJPreci able incre ase in the Ij ft - drag rat i 0 (where the 
dr8.g lncluded the blower drag ) occurred for the t?ke - off 
aile: clin'b range . . 

Langley '1:emorial Aer0nautiGal Laboratory 
~Tationa l Advisory Cor.:xittee i 'o r Aeronautics 

Langley Field , Va .• July 23, 194~ 
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Figure 1.- Stub wing ot O.30c thickness and blower 
tor boundary-layer-control tests with pressure­
slot arra,ngement shown. 
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NACA TN No. 1007 Fig. 2 

Figure 2.- Stub wing of 0.30c thickness mounted in the 
Langley propeller-research tunnel. 
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NACA TN No. 1007 Fig. 3 
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Figure 4.- NACA 2415 wi ng model mounted in the Langley propeller-research tunneJ. 
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