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SUMM.kRl.’ OF MEASUREMENTS IN LANGLEY FULL-SCALE TUNNEL OF MAXIMUM LIFT
COEFFICIENTS AND STALLING CHARACTERISTICS OF AIRPMNES

By HABOLD H. SWEBEJM and RICEAED C. DINGELDEIN

SUMMARY

lle results of measurements in the Lungley full-ecale tunnel
of the maximum lift coejTm”ent8and stalling churacteristic8 of
airplane8 hare been collected. The data hare been analyzed
to 8how the nature of the e$ect8 on maximum lijl and stall of
wing geomet~, fu8elage8 and nacel[e8, propeller slipstream,
surface roughness, and wing leading-edge appendage8 such. a8
duet8, armament8, tip 81at8,and airspeed head8. ~ompari80n8
of full-scale-tunnel and Night meawrementi of man-mum lij?
and stall are included in some case8 and the e~ects of the di~erent
te8ting technique8 on the ma.mum-fifi mea8urenwnts are a[80
p“ren.

The result8 indicated that large improrenwnt8 in the marimum
lift and stalling characteristics of airplane8 can. be obtained by
careful attention to detail design. Surface rough ne88, wing
leakage, and the improper location of du~8, armament, and
slat8 at the leading edge of a wing hure been found to cau~e
8eriou8 lo88es in the marimum lift coe#im”ent of an airplane.
U“ing$ having high taper ratios and large amount~ of eweepback
hare been down to be subject to poor stalling characteristic
became they are susceptible to tip 8talling. Tle proper com-
binations of ?oa8hmd and changes in camber and wing thickne8s

from root to tip with taper will ummlly produce 8ati8factory
8tal18 on wing8 euhject to tip 8talling. A wmpation of full-
scale4unnel and jlight measurement of the mazimum lift
coefficient of an airplane 8howed that satisfactory agreement may
be obtained if the compation is made under similar te8t
conditions, such as Reynolds number, 81ips@eam, and time rate
af change ~f angle of atiack.

INTRODUCTION

A considerable amount of data have been obtained relative
to the maximum lift coefficients and the stWing character-
istics of the miIitary airpIanes md mock-ups tested in the
LangIey full-scale tunnel. The results of these tests, which
have been reported separately, have been incorporated in the
present report ta facilitate the use of the data by aiqdane
designers.

The data incIude, mainly, lift curves and tuft surveys for
each airplane in the service condition and as modified in
wmioua ways in attempts to improve the maximum lift and
the stallii characteristics. The effects of wing geometry,
such as taper and sweep, me shown with the effecti of pro-
pelIer operation, Reyuolda number, and other characteristics
of the testing tdmiques. The effects on maximum Iift and

stall of adding irrcgdarities, such as naceIles, guns, cooling
ducts, and airspeed heads, to the wing surfares me also
shown Flight observations of the stall were avaiIable for
some of the aiqjanes and have been included in the discussion
tith an analysis of the differences between wind-tunnel and
flight- results. The increments of ljft coefficient due to split
and slotted flaps as calculated from the results of tests in
tm-o-dimensional flow are compared with the increments
obtained from these flaps when instalIed on the airplanes.

AIRPLANES AND EQUIPMENT

Pertinent descriptive data for the airp~anes tested me
gi~en in tabIe I and in the thre+view draw@s of @gge 1.
Photographs of the airplanes and mock-ups mounted in the
LangIey full-sctde tunnel are presented as figure 2. Most of
the airplanes and mock-ups me shown in the condition as
received at the LangIey fuILscaIe tunneI (designated service
condition); a few exe shown in various stages of modification
as described in figure 2.

The Langley fti+cale tunnel and its equipment we
described in reference 1.

METHODS ND TESTS

The staIl vras investigated by noting the behavior of
numerous wool tufts, approximately 3 inches long, attached
to the upper -U surfaces oi the airplanes. Violent i3uc-
tuations and reversak of the flow direction of the tufts
indicated separation of the air flow from the wing surface.
In some instances the tufts -were attached, at various h~ights
above the wing surfaces, to light masts in order to obtain
a more positive indication of separation. The use of masts
was found to be particularity desirabIe on -wings ha-r-i& Iow-
drag airfoil sections and huge amounts of sweepback since, .
in these cases, the boundary-layer flow caused the surface
tufts to change direction and appear stalled before actuaI ~
separation occurred.

The behavior of the tufts was studied over a range of
angIe of attack above and below the angIe of maximum lift. ._
For several of the airphmea, observations viere made nith
the Ianding flaps retracted and deflected and with the pro-
pellers removed and operating at various thrust coefficients.
In each case, force measurements were made of the variation
of lift with angIe of attack to supplement visual and photo- .
graphic observations of the WOOI tufts. The angIes of _
attack shown in the &m-es refer, in every case, to the angle
of the wing root ohord line with the free-stream direction.
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(o) Alrpkme 8;mmplete mock-p.

(e)Airplane6 Ineervlm condition.

(b) AIrplene In servlco sondltfom

(d) Alrplene 4; eor.nplae mmk.up.

(f) Airplene 6 tn swvko mndklon.

.-

._-. n--

k) Af@me 7 In eaviee eonditfon. 0s) Als@ene * whny fakedandseakd.

Fm3uBE2,—AIrnkme9end mock-upsmOUI.It?Ufor tests In L8@ey fId]-sc91et~el.
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(1) Afrplme 9 in Wrvfce Ccmdwm.

fk) Airpkme 11in wmke ccadltkm

(m) Ai@ane lit mmpkte mock-m.

(0AhWane 10In swfca mrdtion.

(l) ALrPhIIe 12h .sem’feecondftkm.

(n) M.rPlane M; complete mock-up.

(o) AfrPkma M manpkte mock-rip.
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(q) AirPIP.uo17\vIthravlwd C2110py, (r) Ah’plane 18Inwvtcecondlt[on.
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s@.11 of wing geometry, fusi+iges and nacdlcs, propeller slip-Most of the measurements were made at tunnel airspeeds
of approximately ,60 miks per hour; a few tests were made
at- sli.ghtly lower airspeeds. In order-to indicate the effect
of variation in Reynolds number, measurements were made
for some of the airplmm over an approximate range of
tunnel velocity from 20 to 100 miles per hour.

Force readings were taken for one of the airplanes (air-
plane 18) at regular intervals while the angle of attack was
being changed at a constant rate in order to obtain a com-
parison with flight measurements of maximum lift coeffi-
cient. The rate of change of angle of attack per second for
these tests was varied between 0.025° and 0.200°.

The usual wind-tunnel jet-boundary and blocking cor-
rections have been applied to all the data.

RESULTS AND DISCUSSION

The results of measurements of maximum Iift coefficients
and stalling eharacteristiea of 18 airplanes tested in the
LangIey fti-scale tunnel are summarized in the foIIowing
sections. In most cases the rewdts are given for the air-
planes with landing flaps retracted and with landing flaps
fully extended. The data are grouped in the first five sec-
tions to show the characteristic effects on maximum lift and

stream, surface roughness and leakage, and wing leading
edge appendages. In the final sections, comparisons are
made of the increments of lift codlicient duc to spli L and
slotted flaps and of wind-tunnc4 and flight mcmuremunts of
maximum lift coefficients of airplanes.

WING GEOMETIZY

Conventional plan formst-%ali progressions for nirplancs
with untwisted wings of diffc’rent taper ratios (airpkncs 13,
12, and 8) are presented i~ figure 3 for landing fhtps. rclractwl
and fully deflected. Although thmc data arc givrn fur com-
plete airplanes with fuselages and naccllcs INILwith proprlhm
removed, the results show trends generally churact rristic of
the effec@ of wing tapw ratioon tlw progrmsion of the stall,

W3th the landing ffaps rctractcd (fig. 3(a)), lord arms of
separation appeared on airplane 13 (wing taprr ra[io, 4:1)
at the wing trailing edge ucar the fuselngr nnd behind oil-
cooler outlets locatcd just outboard of each nacrlk for rela-
tively low angles of attack; the main stall, however, started
at the wing tips and progressed inboard with increasing tmglc
of attack. Theoretical studies (references 2 to 4) show tlm~,
for pla~ untwisted wings of high taper ratio, the section
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Iift coefficients are highest near the wing tip and these sec-
tions should therefore be the first to approach mminmm
Iift. Tip staII ia further precipitated on highly tapered
wings by the spantise variation of section Reynolds number
(reference 4). For airphme 13, the ReynoIds number of the
tip sections is thus about on~fourth that of the root sections
and the tip sections tend to staII fit.

Owing to the loss in aileron effectiveness and damping in
roll usualIy associated tith wingtip still, several methods
have been devised for moving the location of the initial staII
inboard. These methods, which include washout, central
sharp Ieding edges, l&ding+dge tip slats, and increases in
camber from root to tip, are discti ~ det~ ~ reference 4.
A backwaxd mo-rement of the mmirnum camber of the wing
sections from root to tip will also generally improve the 5MI
(reference 5).

Stalling characteristics for an airplane vrith a ~ of low
taper ratio (airpIane 12), for which k= 1.4S, me shown in
ftgure 3(a). For this airpIane, stall initially occurred at the
wing root and progressed outboard with increasing angle of
attack but did not include the wing tips for the range of’
ax@ of atttick tested. ~~fie &@Y tapered wings, the

section Lift coefficients are highest at the root for wings with
Iow taper ratio. H~h section Iift coefficients at the root,
together ~th tbe ~terference effect of the fuselage, shod-d -

cause the stalI to occur initially at the root sections for air-
planes with wings of Iovr taper ratio. The Rewelds number
effect previously discussed for the higldy tapered wing is
relatimly unimportant for wings of low taper ratio.

@Iane 8, ~~ch h= a ~ with ellipticrd chord dktti-

butio~ exhibited stalI.@ characteristics somewhere between
those for an airplane with n w@ of high taper ratio and

—
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those for an airplane with a wing of Iow taper ratio. Stall
initially occurred at the root section but, as the angle of
attack was increased, the wing tips began to staII. Further
increnses in rmgle of attack caused the two regions of stall to
merge at about one-third of the semispa.n inboard from the
wing tips.

Extending the landing flaps to maximum deflection for

airplmes 13,”12, and 8 produced the stall progressions shown

in &Ire 3(b). For all three airplanes, flap deflection gener-

ally tended to “clean up” the inboard sections of the wing.
No small areas of separation appeared at the wing trailing

edge near the root section of airplane 13 and the stall progres-
sions for airplanes 12 and 8 showed that, at similar angles of

attack beIow the angle of maximum lift, smalIer portions of

the wings of these three airplanes wore stalled with flaps
deflected than with flaps retracted.

A particularly undesirable condition near the nmximum
lift coefficient was exhibikd by airplano 8 with tho land iug
flaps defiected, A rapid incrcasc in t.ho arcn of scpamtion
with a change of only 10 in angIe of attack WW+observed and
the lift decreased rapidly with small increases in anglo of
attack above the angle of maximum lift (fig. 3(b)). F]ighL
observations of the stalling characteristics of t.h”k airplane
with flaps eitended showed a strong tmlcncy for the airplano
to ground-loop to tho left in th thee-point attit udc. A
brief study of this condition in flight, with tlm aid of tufts
attached to the wing surfacw, indicated that m asymmct rical
stalling of the wing occurred at the time the ground-looping
tendency deveIoped.
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The exact nature of the effects of flap deflection on the
stalling characteristics of airplanes is not weII defined.
Flight observations of a large number of airplanes tested
in the United States and in England (references 5 and 6)
have indicated that. flap deflection either improved or
aggravated the stalI in about an equal number of cases.
Flap deflection generally tends to aggravate the stall by
increasing the upwash over the outer unflapped parts of the
wing and by cleaning up the area of separation at the root.
On the other hand, the handling characteristics of an airplane
in flight near the stall may be improved by flap deflection if
the flap wake envelops the taiI at anghx of attack near the
stall and thus produces a stall miming either by tai.I btieting
or by a rapid change in trim due to the loss in taiI
effactiveness.

StaII progressions for three typical presentday pursuit

airplanes having twisted wings of low-drag airfoiI sections
(airplanes 1,2, and 3) are shown in @re 4. The taper ratio
and washout- of the wings of these three airplanes are nearly
the same. (See t-able I for wing detaik) The stalls are
strikingly similar; separation begins, m each case, at the
vring-fuselage juncture and progresses outboard along the ,
reamvard portion of the wing with increasing angle of attack.
The stalling characteristics of th=e airplanes, as interpreted

from the tuft observations, are probably good. Although
airplane 3 shows a rapid loss in Iift after the stall, no serious

trouble should be encountered by the pilot inasmuch as the

root-section stalI should provide adequate warning of the

appma~ of dLm=.
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Sweptback wings,-The effect of sweepbRck on the stalli-
ng behavior is illustrated in figure 5 by tuft observations
for airplanes 9 and 10. According to the tuft observations,
these airplanea should have poor stalling characteristic.s. The
control surfaces of airplane 9 are stalled at an angle of attack
well below that for CLmz. For airplane 10, the initial stall
occurred at tb e wing tips and the area of separation spread
rapicUy inboard along the wing trailing edge with increasing
angle of attack. In both cases, the air flow over the-upper
wing surfaces near the trailing edge, prior tg s@in~ Was

toward the wing tips.
The spanwise location of the initial shdi on a swwptt)uck

wing is primarily dependent on the sptmwisc flow of the
boundary layer on the suction surfaco (rcfwmce 7). On n
sweptback wing, the surface pressure gradivnts sweep thc
slower moving air of the ~oundary layer towtird the tip. The
thicker boundmy layer near the tip tends to ahdl lhc wing
first in that region. Inasmuch as the traihg odgo of the
wing of airplane 10 ha9 a greater amount of swccplmclc than
that. of airplane 9, the surface pressure gradients bc~wccn
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chorclwise sections near the trding edge of the vzing of air-

pkme 10 are stronger than the pressure gradients on airpkme 9.
The flow toward the wing tip and the wing tip stalI should

therefore be more pronounced on airplane ld than on airphme 9

and figure 5 shows that such is the case.

FUSELAGES AND NACELLES

The rtddition of a fuselage and nacelles to a wing frequently

introduces centers of local sep~ration that may reduce the

mrmimum lift of the airplane but will usualIy imprcme the
handling characteristics of the airplane near the stall When

the flow separates from the irmw sections of the wing, the

downwash at the tail ia reduced and a nosedown pitching

moment resdts, which tends to decrease the areas of separa-
tion. Furthermore, the wakes from the vi-ing-fuselage junc-
ture and the nacelles may cause a stfl m.rning by reducing
the effectiveness of the tail or by producing tail buffeting.

The effects of fuselages and nacelles on the maximum lift
and stalling characteristics of two modeIs of four-engine air-
planes (airplanes 13 and 14) are shorn in figures 6 and 7.
Figure 6 shows lift curw and staII progressions for airpkme 13
with the landing flaps retracted and deflected 60.S0 for
the -wing alone, for the airplane with outboard naceIIe-o~
and for the complete airplane. With the landing flaps r~
tracted (%. 6(a)), the st~- progression for the wing alone
was characteristic of a highly tapered untwisted wing. The
addition of the fuselage and two inboard nacelles caused
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local areas of separation to appear at the trai@g edge of the
wing adjacent to the fuselage and behind the nacelles md
oil-cooler outlets prior to the main stall, which started at
the wing tips. When the outboard nacelles were added to
the model, additional stalled areas, which were particularly
noticeable behind the oil-cooler outlets, appeared at the
lower angles of attack. Flap deflection (i&. 6(b)) generally
cleaned up the inboard sections of the wing. As for the
case with the flaps retracted, the addition of the. outboard
nacelles with the landing flaps deflected 60.8° reduced the
C.maz of the airplane and caused premature areas of separa-

tion behind the oil-cooler outlets near the outboard nacellw.
Tuft observations of airplane 13 in flight (unpublished}
showed stall patterns very sindar to those observed in the

wind tunnel. The power-cdl stalls, as okrvcd by the pilot.,
were characterized by a relatively slow roll-off tind small
angles of roll. Adequato strdl warning was given by a de-
crease in the effectiveness of the elevators rmd rudder and
by a relatively large change in the required control movc-
rncnt. The stall patterns were practically tlw st-mm with
the landing flaps up or down and with the landing gmr up
or down.

Stall progressions and lift -curves for a model of a lmge
flying boat (airplane 14) are shown in figures 7(a) and 7(IJ)
for landing flaps rctrac.ted and deffectcd 55°, respectively.
For the wing alone with flaps retracted, stall iuitidy oc-
curred at the center section. The area of separation sprmd
outboard along the flaps with increasing angle of attack and



merged with the tip staU, which started after the rna,..~
~i,ftcoefficient had “been mach~. &tio@ t~ @ ~o~d

be expected to stall first at the tips because of its high taper
ratio (x=3,35), root stall occurred tit, probably because the
thiok XA.CA 23024 airfoil section at the root has a lowm

maximm sectionliftcoeticknt than the NAC!A 23009 sec-
tion at the tip at the test Reynolds nnmb~. Addition of
the fuselage to the wing delayd the stall about 2° and in-
creased the maxi.mu lift coeflkient” about 0.10. With four
nacelles added to the wing, locd areas of separation occurred
directly behind tha nacelles at relatively low angles of attack.
The matium lift cm%cient of the rnodeI with the nacelles
on, howevw, was about 0.06 higher than with the nacelles

removed and is attributd to the incre~d effective wing
area due to the nacelles.

Deffec@ the landing flaps 55* for the -wing-aIone condi-
tion (ilg. 7@)) resulted in essentially the same stall pattm
as obser-red with the flaps retracted, except that the stalled
areas arm the unfiapped ~rtions of the wing wme S?@~tiY

larger for corresponding amgIes of attack owing to the inducd
Upwash over those sectio~. For the complete airplane,
deffec~ the ffaps 55” removed the 10C8Iareas of separation
behind thenaceUes thak were observed with the fiapgmtict~
and also increased the area of separation near the wing tips.
No data were awiJabIe for the airpbe with nacelles re-

moved and flaps deflected.
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PEOPELLklRSLIPSTFtEAM

The hinge changes in the stalling characteristics of air-
planes that result from propeller operation are usually
attributed to the separate effects of the increased axial veloc-
ity within the slipstream and of the. slipstream rotation. The
increased velocity within the slipstream tends to clean up the
inboard sections of the wings by increasing the local Reynolds
number and thus delaying separation along the sections
directly behind the propeller. The rotation within the slip-
stream increases the effective angle of attack of the wing
section behind the upgoing propdler blades rind decreases
the effective angle. of attack of the wing section behind the
downgoing propeller blades. An asymmetrical stall pattern
is thus produced, In addition to these effects, the downvn-ish

behind an inclined propeller tends to rwiucc the cffwtise
angles of attack of the sections behind t-ho propeller and
thereby delays the occurrence of std.

The effects of propcllvr operation on the stfilling rlmrac-
terist.ics of airplane 6 arc shown in figure 8. With the
propeller removed, the siall progression with nnglo of utturk
was fairly similar for both wings; with the propvllcr oprmt irlg
at a thrust coefficient Tc of 0, howcwcr, the wing section
behind the upgoing propeller blades stalled at R considerably
lower argle of attack than the wing section Mincl tho down-
going ~mpellcr blades. Increasing T, to 0.2 dcqrmscd t l~r
asymmetry of the stall that was rncasurcd at Z’C=O,owi.ug to
the fact that the increased slipstream velocity hnd a grca tcr
effect than the increased slipstream rotation,
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Flight measurements of the stalling characteristics showed
that airplane.6 developed a serious left-wing dropping tend-
ency during power-cm landin~. In order to-check $hese

AI@ of atfack,~ deg

FIOUIIEQ.—Ef?eetof propeller operation on the mlltng momenteof airplane6. AIrplane In
aorviceeondftia af- .50’;approximate teat vehelty, 00MIIM pm hour.

., ...:
;:WW unsteady. ......... ~- Stalled

n

GiifmiG.
u

M-130”

‘-” “
148”

15 7“

results, measurements were made of the variation of rolling-
moment coefficient with angle of tittm’k of tho nirplnnc with
the propeller removed and oporating. Thu results of thew
measurements nm givcu in figure 9, Yi7th thu yrolwllrr
removed, the rolling-moment coefficient of the airphmc was
essentially indepcncbmt of anglo of at Lack; with tho propellvr
operating at TC= 0.2, however, the roll ing-mommt cocffk’icnL
changed slovdy from – 0.00S at a=8” to – 0.024 al
a= 17.0° (angle of nmsimutn ]ift). Above a=] 7.0° Q shQI’p

increase in rolling-moment cocffkient, which wouh.i Lw
sui%cien~ to cause serious rolling inst tibility during pmwr-on
landings, occurred.

In an attempt to impro”ve the power-on stalling Aurac-
teristics of airplane 6, a ahrp leading cdgo wns installed on

the right wing as shown in figure 10. The resuhs of tufL

observations and lift and rolling-momont mcmuromcnts
made with the shrq leading edge instaIlcd on the wing am
also shown in figgre 10. In genoral, tho sharp kling cdgo
should considerably improve the shdling chnrnr twist ics of
the airplane, inasmuch as the asymmetry of tho stnll pnt km
at high angles of attack was clecrcwed mid the lnrgo vmiu Lion
of rolling-moment coo5c-ient with nngle of att tick was
eliminated. The masimum lift coet%cient of tho nirph~nct

.howeverj was reduced from 2,30 to 1.8S by tho shy lending
edge. –
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The effects of the propeller slipstream on the niaximum-
lift and stabg characteristics of airpkme 16 with the flaps
retracted are shown in figure 11. With the propeller idling,
litt~e difference in the progression of the staII on the right
and left wings was noted. At T== 0.013, however, a greater
percentage of the -wing was stakl on the side of the upgoing
propeJJer bhdes than on the side of the downgoing propeIIer
blades for equaI angles of attack. The masimum lift
coefficient was about 0.05 higher with the propeIIer operating
at T== 0.013 than with the propeller idIing.

Stall progressions for two four-engine monoplane models
(aixplanes 13 and 14) with propeLIem operating are shown in
figures 12 and 13. The effects of the propeIIer slipstream
on the staling characteristics of airplane 13 may be obtained
by comparing figures 6 and 12. Fropeller operation (7’C==0.30)
cleaned up the areas of separation behind the nacelIes

C-14 00

n
n

Im”

so thut the outboard wing sections were sta~ed ‘at CL-

whereas the inboard wing sections were unstalIed. This
icmdition may result in handIing difficulties near the stall
omirg to a probable 10SSin aileron effectiveness and damping
h“ rolI. Flight tests of a.irplane 13 tith power on and flaps
retracted, however, resulted in stalls characterized by a
relatively S1O-Wroll-off and smaU angle of rolI. The develop-

ment of the roUing instabilityw-as gradual and the roll

could be stopped immediately by a reduction in angle of

attack. These stalling characteristics, as measured in
flight, can probably be explained by ~ference to &gxg-e 12. ....

which shows that, for alI angles of attack, the stalIed areas

on the right and left wing surfaces are very nearly equal;

the development of any rolling motion wouId therefore be

gradual.

7D0

.Tr
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FKWRE 12.–Effect of propeller slipstream on the stallingcharoetorktfcs of eJrplone l%

I Approximate Wt veloelty, 50LO&Sw hour.

The effects of the propeller slipstream on the maximum
WING SURFACE ROUGHNRSS AND LEAKAGE

lift and stalling characteristics of airplane 14 with landing Because of increased armament. rcquirwncnts, wings of
flaps retracted and deflected 55° are shown in figure 13. present-day military airplanes must ho equipped with num-

Comparison of figure 13 with figure 7, which gives stall pro- eroua access doors, inspection platw, gun ports, ammunition-

gressions for airplane 14 with the propeller removed, indicates ejectiori slot+ and many other items that.tcml to mnkc thI:

that in this case the stall progressions were. not altered wings axtremely rough and to allow airlmkage through the

appreciably at the low values of T. (T.= 0.03 with flaps wings. In several cases it has been found thut h! cLm= mfiy

retracted and T.=0.09 with flaps deflected), although the be increased appreciably by rrlativcly simple modiflm(ions
maximum lift coefficients were increased from 1.32 to 1.38 of the w@% In order to show tho extenL to whic]i wing
with flaps retracted and from 2.08 to 2.17 with flaps deflected. roughness and air leakage affect the maximum lift coeffkicnt
Increasing the thr~t cc@c@@ to 0.13 with flaps retracted
and to 0.15 with flaps deflected decreaaed the percentage of

of an airplane, data are preacnted in figur~s 14 to 16 for t~~rcc

the wing area behind the propeller that was stalled at the
present-day til.ita~ airplanes (airplmws O, 5, and 1). ‘lW

lower thrust coefficients and further increased the maximum data include lift measurements with tho wiugs in the scrvicc

lift coefficients to 1.53 with flaps retracted and to 2.28 with condition and with the wings ftiirccl and scnlcd in attvmpts
fl.n~ doflmtoil to increase the ma.timum lift coefficients of thcw rtirplflncs.
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The maximum liftcoefficientsobtained for nirphmc 13with

the wing in service condition and with the wiI]g completely

faired and sealed are comptircd in figure 14. As shown by
the photographs included in figure 14, the mrtico wing has
an excep~ional]y large numbrr of rover plates, mccss doors,
and construction irregularities. In addition, a rough walk-
way projects inore than % inch from the wing surface and
the wing fold line leaws a large gap in the wing. Tho nNxi-
mum lift coefficient was only 1.17 for this airphme with the
wing in the servico’ condition. When tho wing wtis faircd
and sealed by masking tape, as shown in figure 14, the CL~=

was increased to 1.2& The Lapo seals eliminated Irnkngc
through “the wing; nevertheless, thu wing was not smoolh tmd
the CL~~ iemained rchtively low.

The effects of surfam roughness on thu maximum lift.
coefficient of “airplanc4 5 are shown in figure 15. A fillvL was
installed at the wing-fuselage jum:ture of [his airphmr to
eliminate the sharp break nlong the junctur~, but the in-
~efise in CL~u was only 0.03. Sealing the wing ncccss doors

and the fold line further incrcagcd the CL~a by 0.06. It is

noted that the variation of airfoil.section from the root it) (11c
tip of the wing of this airplane is nearly similar to thnt of
airplane 6; the m~~imum lift cocfficicuts obt-aincd for air-
plane 5 in the service condition and with the wing fuirwi Rmi
sealed, howuver, are about 0.10 higher thtin tIN corrmpondiug
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FIGCEE 16.–EfWt of whg smface roughuem on the staIUng chmackhtfcs d afrpkr.le I.
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coefEcients for airplane 6. This ditlerence is attributed
chiefly to the fact that the wing of airplane 5 was aerody-
namically “cleaner” than the wing of airplane 6.

StaII progressions, in addition to Iift<oefEcient data, are
given in figure 16 to show the effects of surface roughness on
airplane 1, which has a Iowckg wing. The T@ of this
airplane is ~xceptionally clean aerodynamically inasmuch as
the few access doors and cover plates are set amoothIy into
the w-@ with no apparent breaks in the vc@ contour.
The maximum lift coefficient of 1.44 for the faired and sealed

condition and of 1.40 for the service wing are bigher than
those obtained for airplanes 5 and 6. The stall patterns show
that the stalled areaa of the faired and sealed wing were always
slightly Ieas, at comespond~ angles of attack, than the
stalled areas of the service wing.

WNG LEADING-EDGE APPENDAGES

&mament.-Some of the resuIts of an investigation to
determine the eilects on maximum lift coefficient of various
machine- and cannon insMlationa on the ~ of
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Frourm 17.–Eflect of varIOusmachine-gun KUWed!b@ fnatnllntiom on the mrmhmmrIIft
cwafScIantof afrplane 11.

airplane 11 are given in reference 8. The results of these tests
arc summarized in figures 17 and 18. The CL~U of 2.OO for

the airplane with bare wings and landing flaps deflected
was used as a reference value for estimating the effects of the
vmious machine-gun and cannon installations.

The smallest reduction k CL~U was measured with the

machine guns mounted in the flush position (&. 17). T1.le

C’LMzwith fourflueh guns mounted in the I@ position (fig. 19)

was only slightly lower than the reference value, whereas the

C’.mu was decreased 0.06 below the reference vtilue with the

flush guns in the low position (fig. 20). The lowest value of

CLW (1.86) was measured with the 2-inch barrel extension

(fig, 21), The combination of 10-inch barrel extension and

low flush-gun mounting fairings and breech fairinge (fig, 22)

decreases the CL,U~Zby 0.09. YTlth these fairinge removed, the

~:L,,iazwas reduced 0.13 below the reference vtdue. The PL.W

was 1.91 with the 18-inch barrel extension (fig. 23). It is

possible that, with the 18-inch extension, the disturbances
ctmsed by the ends of the gun barrels passed over the wings
tind remdtsd b a srmd]er 10SSof (?L~~zthan with the 2-inch

and 10-inch extensions.

I . . I
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Three 20-millimeter-cannon installations wero teshd cm
airplane 11 and included the underslung wing cnnnon shown
as inshdlation I (fig. 24), a moclificntion dcsigna ted cannon
installation 2, and the completely submerged instnllution
(fig. 25). The results of theso tests (fig. 18) show that the
highest C’L~ti (1.96) was measured for the submcqgd instal-

lations. The maximum lift coefficient was 1.91 for undcr-
ahmg installation 1. Installation 1 was then modified to
installation 2 by decreasing the width of the section near the
leading edge of the wing and thereby reducing the abrupt.
pressure change at the front of the cannon fniring. The nlaxi-
mum lift coefficient was 1.95 for cannon installn t ion 2,

‘l’he effect of installing a 37-millimeter-cwmon mock-up rtt
the leading edge of each wing of airp1mle4, which hus low-drug
airfoil sections, is shown in figure 26. Obscrvtltione wcm
rnnde with the tufts on onIy tho left wing. The results of thcso
tests showed that the cannon inst~llntion mused prcmaturo
wing stall @~ich resulted in a reduction of 0.13 in C%U and

of about 30 in the angle of maximum Iift. The advc~o
effects of mounthg a cmnon on a wing mny be reduced by
installing a fairing at the wing-mnnon j uncturo to insure
smooth air flo~v.over the wing section dircc tly Mind tho
cannon.
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Two mock-ups of 20--eter cannon were tested on 1.77 for the bare wing with flaps deflected to 1.71 for the
both wings of airplages 5, 6, and 1 to determine the eft’ects wing with the four cannon mock-ups installed. Tho cmmon

on CL-; the results of these testsand sketches showing the installation on airphme 1, which lms a lowdrag wing, caused

cannon installations are given in figure 27. The largest a reduction of only 0.02 in C’LW. The sketches in figure 27

reduction in C~w due to the cannon installations was show clearly that the cannons were faired smootld,y into the

measured for airplane 5, which had no faking at the wing- wing of this airphme so that no abrupt changes occurred at

cannon juncture. For this case, CL- was reduced from the wing-cannon juncture.
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(8) Wing guncovw@W2sinstdlwl.

.. ....

(b) Wing gun cmor plumsrcmovad.

FIGURE2s.-Wlng gun ports on airplane L

The effect on the C’L~mof wing gun ports on nirphane 1

(fig.28) is given in figure 29. Sealin&the gun ports with

aluminum cover plates (fig. 28(a)) increased the CL~u of

the nirphme from 1.28 to 1.3!3. A fi-inclI hole wns drilled
in the cover plates to allow for firing the machine guns and
the resultant maximum lift co@.f6cient was 0.09 higher thrm
with the gun ports open.

Leading-edge tip slats,—The installation of leading-edge
tip slats on a wing provides a method for improving the air
flow over the outer wing sections of nirplrmes subject to tip
stxdl. The leading-edge slats~. however, are efTgctive .o~ if
they increase the stnlling angle of attack of the tip sections
of the wing to a higher value than thnt of the root sections.
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Special care shouhl be taken in the detail dexign of wing tip
slats inasmuch as eeveml cases have been noted in which

their instahtion has resulted in ndverso cfkta on the nir
flow over the wing 9ections behind the slats, On airplano 7,
for example, extending the original leading-cdgo slats ro-

. suited in premature stalling of the wing c1ircctly behind the

slats (fig. 30). As originally tested, the construction of L11O
shit trniling edge on this airplane required a depression in
the wing to mnintain the desired wing-section contour whrn
the SIativas retrncted. (See fig. 30.) In wldition, the
slot entry wns of poor aerodynamic design, so [hut. the air
flow wns not smooth, even at the slot entry. In oidcr tu
improve the stalling characteristics of this airphme with Lhc
slnt extended, the depression in the wing into which tho slt~L
trniling &lge retracted was eliminntcd by fuiring into [he
wing contour nnd the slat wns moved to a higher position m
shown in-figure 30. With the modified slat” oxtcmicd, n
substantial improvement in the nir flow over the wing wrts
observed, espec.ially in the region of tlm a ilcrons; tho m&xi-
mum lift coefficient, however, was not rnn tminlly alkct cd
(@. 30). Results of aileron-eflcctivencss t<wts (fig. 31)
ehowecl that the slopes of the curves of rding-momcn L
coefficient against aileron deflection nt high tingles of tit t~~li

were greater for the modified slat inst.allnt.ion thnn for the
origkd dat ihsta~ntion.
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Tests of airplane 9 showed that. a condition of longitudinal
instabdity existed at high lift coefficients either with the
original fixed slats attached to the airplane or with the slats

remcmed. h an attempt to impro~e the longitudinal stu-
bility of the airplane at high lift coel&knts, the original sIat
was raised slightly and moved closer to the vring leading

edge to permit smoother air flow at the slot entry. Further
. tests ~ere made in which the origimd slat spire was increased

from 20 to 36.6 percent of the wing span with the slat-in the
modMed position. Stall progressions with the Ori=tial slats,
tith the slats in the modified position, and with the extended
slats are gi~en ig figure 32 with sketches of the origimd and
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far airplmls 9.

mod.iiied slats. Mall progressions for the airplane ~ith the
slats remo~ed are given in figure 5. The results of the stall
studies show that each slat modification successively im-
pro~ed the air flow over the outer sections of the fig.

The effects of the slat modifications on the wwiation of Cm
tith CL and on the CL- of aiqiane 9 are shown in i3gure 33.

The extended slats in the modified position eliminated
the longitudinal instability near the stall and in addition
increased the maximum M coe.flicient to 1.26 from 1.15 for
the airplane with the slats remo-reel. Although the tests
with the original slats in the mocliied position were made at
a slightly higher tunnel speed, it is fairly evident that this
slat installation decreased the longitudinal instability at high
lift coefficients and also increased the maximum lift coefli-
cient of the airplane.

Wing ducts.—Considerable difficulty is usually encoun-
tered in the design of the shape and location of ~-duct
irilets owing to the critical nature of the flow at the lead~
edge of a wing. In general, if the inlet is placed too high
on the wing leading edge, the internal flow separates from

the lower lip of t$e duct inlet at moderate angles of attack
vrhereae the external flow separates over the upper lip of the
duct inlet at high angles of attack and thereby induces a
premature stall and a 1O-Wvalue of C~nU. If the inlet is

placed too 10W, the external flow separates at low angles of
attack from the upper lip just vcith.in the inlet and thus
causes serious losses of total pressure.

A study of swreral ducts installed in the wings of a fuU-
scale mock-up of a conventional single+ngine pursuit air-
plane (airplane 16) was made in the Langley full-scale tunnel
to determine the influence of inlet design on the pressure
losses -it& the duct and on the aerodynamic characteristics
of the airplane. The results of some of these tests, which are
reported in reference 9, are given in @ures 34 to 36. The
inlet profles, which are shovrn in figures 34 and 36, are
numbered in accordance with the inlet designations given in
reference 9. The effect of inlet size and shape on the maxi-
mum liit coefficient of the airplane is shown in figure 34 and
the effect of lift coefficient on the average total pressure at
the front of the radiator behind these same three inlets is
given in figure 35. Inasmuch as the inlet areas were not
equal for all the ducts, the inleh-mlocity ratios were unequal
at any particular lift coefficient; it is belie~ed, hovre~er, that
this d.iflerence -rrill not detract from the general conclusions
drawn from the results. The highest CL~w vras obtained

with inlet 5 installed on both wings, but the total-pressure
recmmry at the heat excharqger behind this inlet dropped off
~ery rapidly abo~e a .Ii.ft coefficient of 0.4. For this inlet,
the Muser and the plane of the inlet opening were inclined
farther downward from the wing chord line than for inlets
2 and 4. Inlet 4 gave the best over-all total-pressure recov-
ery at the heat a~changer; the maximum lift coefficient with
this inlet installed on both wings, howe~er, vms 0.07 lower
than for inlet 5. The lowest CL= and over-fall total-pressure

reco-rery -ma measured for inlet 2, for which the diffuser and
the plane of the inlet opening were most nearly parallel and
perpendicular, respectively, to the wing chord line. Refer-
ence 9 shows tha t, of the inlets tested, the one gking the best
compromise between high pressure reco~eries at the heat
mchanger and satisfactory masimum-lift characteristics of
the ducted wing had an upper lip -with a large leading-edge
radius conforming approximately to the contour of the
original -wing, a lower lip cut back to turn the inlet plane
do-mmrard 70° to the chord line, and a difFuser inclined
approsimatily 100 to the wing chord line.

Stall progressions and lift data are given in figure 36 for
three ~ery dissirnilm duct inlets located in the left wing of
airplane 16. These results further emphasize the effects on
maximum li_ft coefficient of lip position, leadi~m-edge radius,
and diffuser incliition. The highest C~~= (1.37) vras

obtained for inlet 7, which has the diffuser inclined down-
ward 11 Dto the chord line and a large upper-lip leadhg-edge
radius. The maximum lift coefficient was only 1.26 for
inlet 1, for vrhich the plane of the inlet opening was perpen-
dicular to the V@ chord line. Inlet 6 vms fitted with a
fla~ped lower lip that could be adjusted to provide smooth
entry of the air flow into the duct over a tide range of angle
of attack; for this case, however, the C%@was still low (1.22),

probably because of the sharp leading-edge radius of the
upper lip.
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The effects of the location of wing-duct outJets on the
maximum lift and stall of airplane 16 are shown in figure 37.
The maximum lift coefficient of the airplane was 0.07 less
with the outlet at the bottom of the wing than with the
outlet &t the top of the wing. A wingduct outlet located on
the upper surfnce of a wing has an advantage over a bottom

outlet, other than giving a higher maiirnum lift coefiicien t,

inasmuch as the quantity of. air flowing thraugh the duct

automatically tends to be adjusted with angle of attack

because of the relative increase with lift coet%cient of the

negative pressure at the outlet.

Frcmrm 36.-EJTect of Jf[toxtfkfent on the nwage totsl prossuroat the tit cdthe red!ntwr
JwblndMets Z 4, sud & PropelIer remov@ tr=~; bottom outlet; alrplrow 16.

Total-pressure measurements iu t.hc wing ducts of ttirpluno
2 with propeller opcratiug showed that the flow separated
from the lower lip of the inlet of the l~ft. duct, cspecirdly in
the climbing condition. This scpuration was prol.mbiy duc
to the slipstream rotation, which incrmscfl tlw cflective anglv
of attack at the left duct inleL behind thu upgoing propcllm
blades. In addition, thr inlet+docity ratios were too high
and caused separation of the intwntil flow. In order Lo
remedy these clif%culties, the inlrt arras of both ducts were
increased nnd tbe piano of the inlet. oprniug of the M duel
was increased from 14° to 29° as shown in figure 38. ‘NIv
effects 01 these modifications oJl[he maximum lift codikien L
of the airplane with the propdw removed and with Inmling
flaps and duct exit fhps retracted wld Mccted arc ako
shown in figure 38. with the hmding flaps n[Id duct mit
flaps retractccl, the GM was increfiscd from 1.10 for t lw

original duct installation to 1.26 for the modiflcd ducts.
VJlth the landing flaps cxtendrd 45° rtnd duct- cxiL flttps
deffected 41°, the ~~~,~ was increased from 1.:30 to 1.43.
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Aimpeed heads.-The effect on the air flow over the
wings of placing airspeed heads at the leading edges of the
wings of two airpkmes(airplanes 17 end 5)is shown in figure 39.
The airspeed head on airplane 17 was Iocated directly
at the wing leading edge and resulted in a premature stall
over the section of the wing behind the head. A70 effect on
the flow over the wing wqs observed for the airspeed-heac~
installation on airplane 5. This airspeed head was located on
the Io-iver surface of the wing and extended forward below
the wing leading edge.

COMPARISON OF SPLIT AND SLOTTED FLAPS

h analysis was made of the increments of lift- coefficient
contributed by split and slotted flaps when installed on air-
planes to ascertain whether these vaIues could be predicted
from results of tests in two-dimensional flow-. Measured
dues of ACLf obtained from tests of flaps installed on the

airplanes and corresponding dues of ACLf computed from

available twodimensionrd data for similar flaps inst ailed on
smooth ~~gs are compared in iigures 40 and 41. The Iift
increments due to the flaps have been taken at. about 30 beIow
the stalling angle of the wing tit.h flaps retracted or deflected
(whichever gave the lower dues), inasmuch as these dues
have been found to be relatively independent of test condi-
tions such as Reynokla number and wind-tunnel turbulence
(reference 10). For comparison, the two-dmensional lift
data have been evaluat.edforpatiid-panfips by the methods
presented in reference 11.

The measured vahs of AC~f for the split-flap installations

shored good agreement in every case with the values com-
puted from two-dimensional data. For the slotted-flap
installations, however, the measured vilues were, on the aver-
age, about 20 percent lower than the.cddated vahws. The
reason for the IO-Wvalues of AC~f obtained for the slotted-flap

inst allat ions is probably the difhdties encolmter~ by manu-
facturers in producing slot shapes of efficient aerodynamic
design. Tests of an NACA 2301.2 airfofl equipped with var-
ious arrangements of sIotted ffaps (reference 12) showed that,
in order to obtain high lift increments, the nose of the flap
should be located slightly ahead of and belom a slot lip that
directs the air dovrnwmd over the flap. In addition, h order

to obtain low ~aIues of drag at moderate Iift coefficients, thg_
nose of the flap should have a good aerod~amic form and
the slot entry should be of such shape that no abrupt changes
in the air-flow direction occur.

C03.IPARISONOF FULL-SCALE-TUNNEL AID FLIGHT MEASUREMENTS
OF ~L=u

In order to compare -ivind-tunnel and flight measurements
of the maximum lift coefhcient of an airplane, several factors
must be considered. Previous investigations (references 13
and 14) have shown that the maximum lift coefHcien&
obtained in tests with changing angle of attack were consider-
ably higher than those obtained in tests in which the forces_
vvere me~ured with the angle of attack tied. The di.flerence
is attributed to the lag in the separation tendency with
changing angle of attack.

—

—
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Masimum lift coefficients obtained in flight and in wind
tunnels should be compared at the same Reynolds number.
For the normal range of full-scale-tunnel and flight Reynolds
numbers, the maximum lift coefficients wiII increase with
Reynolds munber. In order to show the magnitude of the
Reynolds number effect, the variation of CL- with

Reynolds munbor has been plotted in figure 42, for several
of the airpkmes (airplanes 18, 13, 4, and 16) and for an
NACA 23012 wing. Except for tle case of airplane 4, the

CL- increased about 0,10 for each increase of 1X 106 in

Reynolds number. For airplane 4, which has a wing with
low-drag airfoil sections (h7ACA 66 series), t.hc increase in
C% with Reynolds number was considerably grcnter.

Prop@ller operation, even with idling power applied, may
ak!o appreciably increase the C&u of an airp]fln~ over thaL

measured with the propeller removed. In comparing willd-
tunnel and flight measurements of C~~U, conditions 01 pro-

peller operation must therefore bo reproducccl. Tlm cffccL

of idling propellers on tho maximum lift coefficient of two
typical present-day airplanes (airplanes 5 rmd 2) is shown in
figure 43. The measurements were made in the wind turuwl

by completely closing t.ho engine throttles nnd mmsuring

the forces with the engine idling. Increases of 0.13 and 0.OS

h C&U due to the idling prcqwllms were measured for rtir-

planes 5 and 2, respectively.

Reynoldsh, R

I?mmm4& EflectofReynolds numk on the maximum ltft a@Ment ofsoverel alrplanw
and an NACA 23UI!Zwing t~kl In the Langley foil-scalotwine],

Full-scale-tunnel and flight tlcterminmtioJM of the mrmi-
mti lift coefficient of an airplane hnvc been shown to bc
in agre~ent when tests w~rc made unclcr .&nilar test cov_
ditions of Reynolds number, slipstream, and time rat-c of
change 0[ angle of attack da/df. & an cxamplo, rrfercncc
is made to compara t.ive flight and full-scalo-t unnPI meamrc-
ment9 of the C’LW of airplane 18 (rcf~’rcncc 13). Sprcia].
care was taken in this case to reproduco the flight Lest con-
ditions in the wind tunnel tinrl the results of lhe measure-
ments s~owed agreement ~vithin 3 prrccnt.

The masimum lift coefficients of ttirphinc 11 as ~ctorminwl
for several flap deflections from full-scale-tumwl and flight
tests are compared in figure 44. Tile large discrcpallciw
between the two sets of measurements me altrilmtcd, in
this case, to differences in the tinting techniques. An
analysis of the flight-tes~ records shmvwl timt thwc

measurements were made at values of da/dt varying frum
0.2° to 1.00 per second; the full-wrk-tunnel mcasuruncnts
were made. with tho angle of titt ack fmxl. The full-wmlc-
tunnel measurements, in addition, were nmdc with the pro-
peller removed from the airplan~’ ; and the Lest Rcynohls
numbe~ for tho full-scale-tunnel measurements were be-
tween 0.5X 10s and 1X 10° has than the flight tesL ReynoMs



SUMMART OF MEASUREMENTS OF MASIMUM LWT COEFFICIENTS AND STALLIh-GCHARACTERISTICS OF AIRPLANES 625

FImuI #.-Comparison iwtween Sight and hdkak-tunnel meawmementsof the mrmlmnm
M dc[ent of afrplwm H. FnII+rao flaps.

numbers. The e--act contribution to CLm= of the propeller,

of da)dt, and of the variation in Reynolds number is not

readfly estimable at present because of the lack of suilicient

theoreticrdor experimental data; some rough approxima-

tions, however, indicated thak the combined effects of pro-

peller operation, da/dt, and Reynolds number may account
for the discrepancies shovrn in &ure 44.

CONCLUSIONS

From the results of maximum-lift and stalI me&.rement-s
of 18 airpIanes tested in the Lar@ey full-scale tunnel, the
foIIovring conclusions were drawn:

1. Large improvements in the staUing characteri@ics and
maximum lift coefficients of a$pkmm can be obtained by
careful attention to detaiI design.

2. Tingg ha~~ high taper ratios and large amounts of
sweepback have been show-n to be subject to poor stalling
characteristics because they are suscepil%le to tip stalling.
The proper combinations of ‘washout and changes in camber
and wing thicknes from root to tip with taper d usually
produce satisfactory stalls on vcings subject to tip stalling.

3. The addition of fuselages and nacelles to wings fre-
quently introduces centers of local separation and may
reduce the matium lift. coefficient if the w@-fuselage or
wing-nacelle junctures are not adequately faired.

4. Deflection of the landing flaps generaIIy tended to
“clean up” the inboard sections of a vring and increased the
upwash over the outer untlapped portions of the wing.

5. PropeIIer operation will generally increase the semrity
of the staII, e.specia~y on single-engine airplanes, by producing
an asymmetrical stall pattern and by cleaning up the inboard
sections of the wing%.

6. The maximum lift coefEcient “of an airplane may be
appreciably increased by the elimination of w-kg surface
roughness and air Ieakage through the wings.

7. The detrimental effects of placing machine guns and
cannon at the leading edge of a wing-may be reducecl cow

siderably by properly locating the guns m the wings. Highest
maximum lift coefficients were measured for machine-gun
installations in which the ends of the barrels were flush with
the wing surface at the leading edge and slightly above the
wing chord Iine and for cannon installations that were
submerged in the wings.

8. VTiig-duct inlets with well-cambered upper Iips prop-
~ly ~~~ ~th the flow at the Ieading edge of the wing ~
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generally cause no reduction in the maximum lift coefficient
of an airplane; whereas substantial decremes in the maxi-
mum Iift coefficient of an airplane may be caused by ducts
with the inlet plane perpendicular to the chord line and by
inlet lips with small Ieading-edge radii.

9. The increments of lift coefficient contributed by split
flaps could be computed with sufficient accuracy by the use
of two-dimensional test data; for sIotted flaps, however, the
measured increments of lift coefficient were, on the average
about 20 percent lower than those cdculat ed from the
available two-dimensional test data. These low values for
the slotted flaps are attributed, mainly, to dficulties en-
countered by manufacturers in producing slot shapes of
effieient aerodynamic design.

10. In a single instance where great care was taken to
reproduce the test conditions of ReynoMs number, propeller
operation, and the time rate of change of angle of attack,
satisfactory agreement of the maximum lift coefficients
determined from fuli-scale-tunnel and flight tests was ob-
tained. It is believed that equally satisfactory agreement
may be obtained with other airplanes provided that su.fE-
cient care is taken to reproduce the test conditions.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEEFORAERONAUTICS, “
LANGLEYFIELD,VA., May It?, 1944.
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