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TESTS OF THE NACA 64,4212 ATRFOIL SECTION WITH
A SLAT, A TOUBLE SLOTTED FLAP, AND BOUNDARY-
LAYER CONTROL BY SUCTION

By John H. Quinn,'d'r.
SUMMARY

An investigation has been conducted of the NACA 611-lAZL2

airfoll section equipped with a leading-edge slat, a double

slotted flap, and a boundary-layer-control suc'bion slot at

0.40 chord to determine the maximum lift coefficients attainable

with these high-1if+t devices alone and in conjunction with one ‘F'"
another. The tests wore made over a range of Reynolds num'ggf//

from 1.0 X 106 to 6.0 X 106 and included surveys to fine/the
optimum configurations for the slat and flap. The effects of
boundary-layer suction on the maximum 1lift coefflclent were
determined for a range of flow coefficient Cqp ZLrom O to 0.03,
where the flow coefficient 1s defined as the ratio of the quantlity
rate of alr flow through the suction slot to the product of the
wing ares and free-strea,m velocity.

In general, the meximum section lift coefficlent Ol iy

increased and the minimum section drag coefficlent decreased with
increaging flow coefficlents. These changes were acécompanied

by small increases in the angle of attéck for maximum 1ift and
by smaell decreases in the angle of attack for zeroc lift. The
results of the tests are summarized in the followlng teble for a

Reynolds number of 3.0 X 10

" _
Configuration ‘max Acy
Cq = 0-|Cq = 0.03 =
Plain airfoil 1.9 1.77 0.28
Airfoil and slat 1.86 2.6 .60
Airfoil and flap 2.82 3.12 30
AMrfoil, slat, and flap | 3.30 3.86 56
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For all combinations of high-1ift devices tested, the decrease e
in maximm 1if% coefficien‘b roduced by leading-edge roughnsss et
& Reynolds nunmber of Og and a flow coefficient of 0.025
wvas less then that oaused. by roughness on the corresponding
configuretion without boundary-leyer control.

INTRODUCTION -

Previous investigations (references 1 and 2) have been conducted
using boundary-layer control by suction on relatively thick
NACA 6-pories airfoll sections in an effort to bring about increases
in the meximm lift coefficient. Substantial increments In maximum
1ift appeared obtainsble by the uwse of boundary-layer suction,
although the ultimate velve of the maximm 1lift coefficlent sppeared
to be liimited by separa'bion from the airfolil leading edge. Increasing
the cambsr from zero to an amount that gave a design 1ift coefficient
of O.4 incressed the maximum 1ift coefficient but did not change
“the nature of the stall. It scemed reasonsble that 1f further
increases in the maximm 1ift were to be obtained with boundary-
layer control on these 6-series eirfoil sections, some meens of )
preventing leadlng-edge separation must be incorporated. The
leading-odge slat has become recognized as one of the most effective
devices for deleying leading-edge separation.

Tests have been conducted, therefore, of the NACA 641A212
alrfoil section with a lea.d.:l_ng-ed.ge slat, a double slotted flap,
and a single boundery-leyer suction slot at 0.40 chord to determine
the increese in maximum 1ift coefficient attaineble with this
combination of high~lift devices. The optimm slat and flap
configurations wore determined, and the characterigstics of the
airfoll wore measured for the high-lift devices operating individually
and in conjunciion wilth one e.gother over a Reynolds number range
from 1.5 X 10° to 6.0 x 10° in the Langley two-dimensional
low=-turbulence tumnel and the Langley two-dimensicnal low-turbulence
pressure tunnsl. The suction slot was placed et 0.%0 chord inasmuch
es this location was belisved to be nesar the optimum locatlon
in conjunction with the slat, because the elat could be relled
upon to delay separation neer the leading edge. A suctlon-slot
location closer to the leading edge might have a more favorable
effect on the maximum 1lift of the airfoil without the séat; therefore,
a few tosts were mede at & Reynolds number of 1.0 X 10° in order
to find the effect of suctlon-slot location on the characteristics o
of the plain sirfoil.
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SYMBOLS

cq sectlon 1ift coefficient

g gection drag coefficient

b airfoll span, feet

c airfoil chord, feet

Vo freoe-stream velocity, feet por second
quantity of ailr removed through suctlon slot, cublic feet

per =second ’

Cq flow coefficient Q_—;%;)

H, froeo~-gtream total pressure, pounds per square foot

Hy, total pressure inside wing duct, pounds per square foot

45 free~-gtream dynemic pressure, pounds per sguare foot

Cp pressure' coefflcient (Ho . Hb)

a,

x horizontal distance parallel ‘o chord line, feet
vertical distance perpendicular to chord line, feet
angular deflsction with respect to chord line, degrees

o section angle of attack, degrees

R Reynolds number (%’E

Y kinomatic coefficient of wviscosity

Svbscripte: o '

s slat

v vanse

£ flap
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MODELS

The 2-foot-chord models used in the present investigation
were built to the ordinates of the NACA 6MyA212 airfoil section as
presented in table 1. The A in the airfoil designetion indicates
that the cusp associated with the regular 6-series airfoil has been
removed. Models bullt of lamineted mahogany were used for the
preliminary tests at the low Reynolds number and a casgt-aluminum
model was used to extend the tests to the hlgher Reynolds numbers.
After the tests of the plain airfoll at low Reynolds numbers woere
finished, the leading and trailing edges of the wooden model with
the 0.40c suction slot were modified to accommodate the leading-
edge slat and the double slotted flap. The cast-aluminum model,
that also had the suction slot located at O.kOc, was fitted with
interchangeable leading edges to permit tests of the airfoil either
with the true leading edges or with the leading~edgs slat. Ordinates
for the alrfoll leading edge modified to accommodate the slaf and
for the slat, vane, and flap ere presented in tebles 2, 3, L,
and 5, respectlvely. A photograph of the aluminum model with the
boundery-layer suction slot, leasding-edge slat, asnd double slotted 5
flap 1s presented as figure 1, and sketches of the model are
presented as fligure 2.

TESTS

The tests were conducted in the Langley two-dimensional low-
turbulence tunnel- (designated herein as ITT)} and in the Langley
two-dimensionel low~-turbulence pressure tunnel (d.esignated. herein
as TDT). These tunnels have test sectlions 3 feet wide and
7% feet high and were designed to test models completely spanning

the 3-foot Jet in two-dimensional flow at a turbulence level )
approximately the seme as that of free air. The LIT operates at
atmospheric pressure. In the TDT the eir may be compressed to a
meximum value of 150 pounds per square inch absolute; therefore
tests may be conducted at high Reynolds numbers and low Mach numbers.
In both these tunnels lifts are obtained by integrating the pressure
reactions along the floor and ceiling of the tunnsl test section,
and drags are obtained by the wake-survey method. The tunnels and
methods of measurement are completely described in reference 3.

The air removed from the boundery leyer was led through the
suction slot into a duct inside the wing. The quantity of air .
removed was determined by meens of a Venturi btube located in the
pipe line between the alrfoil and the blower used to Fforce alr flow
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through the system. The total pressure inside the wing duct wes
obtained by e flush pressure orifice in the wing duct on the end
opposite that at which the air was removed. For the no-flow condition,
referred to as & flow coefficient of zero, the suctlon slot was

filled and faired over wlth plastelins.

Teats were made et a Reynolds mumber of 1.0 X 100 in the LTT
to.find the effect of suction-slot location on the characteristiocs
of the plain airfoil. The wooden model with the suction slot at
0.40c was then modified to permit swrveys to f£ind the optimum
locationg of the slat, , and flap at Reynolds numbers of
1.0 x 106 or 1.5 x 100. In meking the slat surveys no intermedists
supports were provided between the wing and slat, and fitiings on
the ends of the slat for changing the slat position and defleetion
were recessed in the tunnel end plates so that no disturbances in
the flow were created mear the airfoil leading edgs.

Once the optimum configurations of the flap and slat were
determined, the tests were extended to Reynolds numbers of

3.0 X 105 and 6.0 x 106 in the TDT with the aluminum model.

For these tests the slat was attached to the airfoll by four
struts, one at each end of the model and one 8 inches from each
side of the model center line. Two amall struts were also provid.ed.
to brace the vene to the flep.

-Some tests were conducted with 0.0l1l-inch carborundum grains
applied to the airfoil leading edge to Tind the effects of leading-
edge roughness on the aerodynamic characteristice of the eirfoil.
The grains were applied with shellac over an area of the airfoil
swrface having a surface length of 0.08c from the leading edge on
both surfaeces so that 5 to 10 Dercent of thls area was covered.

For roughness epplied in the slat-extended conditiona the entire
slat surface was roughened in addition to the :t‘oughness on the
alrfoil leading edge. . o )

_ RESULTS AND DISCUSSION
Effect of Suction-Slot Looation on
Cheracteristics of Plain Airfoil

-

The effect of suction-slot locetion on the variation of the
mexlmum 11ft coefficient and the minimum drag coofficient with
the flow coefficlent ere presented in figure 3 for the plain airfoll
section at & Reynolds number of 1.0 X 100, It was found that
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both the maximum lift coefficlent and the minimum drag coefficient
Increased asg the suction slot was moved toward the leading edge. =
At & flow cosfficient of 0.035, the model with the suction slot

et 0.20c gave a maximum 1ift coefficient of 1.72, or epproximately
0.16 greater than that for the slot at 0.k0c. Tnesmich as tufs
studles indicated that the air flow first separated at approximately
0.1c, it seems loglcal that the suction slot at 0.20c would

produce a greater effect on the maxirmum lift than the suotion azlot
at 0.40c would because the slot at 0.20c would be closer to the point
whore separation first occurred. In addition, for & given flow

rate, a larger part of the boundery layer is removed when the

suction slot is closer to the leading edge whore the boundary layer
is thin. Thie fact would alsc tend to bring about lerger increases
in the maximum 1ift as the suction slot was moved forward. The
increase in minimum drag coefficient with forward movement of the
suction slot is attridbuted to the increasing distance behind the

slot over which the bourdary layer can develop.

Plain Airfoil Chearacteristics

Lift end drag characteristics of the NACA 64,A212 airfoil
soction with the boundary-layer suction slot at O. hOc operating
and with the slot sealed and fgired are presented in figure Lt at
a Reynolds number of 1.0 X 10° for the model in both the smooth
and rouvgh conditions. The maximum lift coefficlents increased
stoadlly as the flow coefficient increased. This increase was
accompanied by small increages in the angle of attack for maximum
1ift and smell decreases in the angle of zero 1lift. The dsorease in
angle of zero lift 1s attributed to thinnsr boundary layers over
the rear part of the airfoil which produce an effect similar to
that of increased airfoil camber. Increasing the flow coefficlent
from O to 0.03 increased the maximm 1ift cosfficient from 1.09
to 1.50 for the smooth asirfoil and from 1.07 to l.44 for the rough
airfoil. The maximum 1lift coefficient was found from tuft observations
to be limited by stalling at the leading edge. For the smooth
condition at a flow coefficient of 0.02 and at an angle of attack
of 10°, a small reglon of separated flow was observed at epproximately
0.1lc although from the suction slot to the trailing edge the flow
adhered to the surface. At an angle of attack of 11 intermittent
separation occurred between the leading edge and the suction slot
with unsteady flow from the slot to the trailing edge. At 12°,
the angle of attack for maximum 1lift, the flow was completely
separated betwsen the lesading edge and epproximately O.lc, with
unsteady flow to the trailing edge. Observations of the wing with
leading-edge roughness showed that the stall progression was
similar to that for -the wing in the smooth condition.
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The effect of boundary-layer control on the drag characteristics
was to decrease the minimum profile-drag coefficient as the flow
coefficlent increased and to maintain loy drag coefficients to rather
large 1ift coefficients. )

The 1lift and drag cheracteristics for the airfgll with boundary-
layer control at Reynolds numbers of both 3.0 X 106 and 5.0 X 105
are presented in figures 5 and 6, reagpectively. The effects of
boundary-layer control are similar to those described for a Reynolds
number of 1.0 X 109, The pressure coefficient Cp is presented
as a function of section angle of attack. The drag coefficient
equivalent to the power required to discherge the alr removed from
the boundary layer at free-stream total pressure may be obtained
as the product of the pressure coefficlient end the flow coeificient
at any 1lift coefficlent. This drag coefficlent added to the
corresponding profile-drag ccefficient is the total drag of the
airfoil with boundary-layer coentrol.. The horsspowsr required for
boundary-layer control may be celculatsd for any glven condition
from the expression

; Q(Eo; - Hp)
HOorsepower = ~—e—eerme— 5= o

550

The values for Q and (Hy ~ Hy) may be obtained by multiplying
Cq and Cp by the applicable valuss of wing area, airplane
velocity, and dynamic pressure. ' T
The effects of Reynolds number and leeding-edge roughness on
the variation of maximum 1ift cosfficient and minimum dreg coefficient
with flow coefficient for the plain airfoil are presented in figure 7.
For the smeooth condition, large increases in maximum 1ift throughout
the range of flow coefficient were obtained by increasing the Reynolds
number from 1.0 X 106 te 3.0 X 105. This favorable scale effect
rey be due to improved flow conditions about the airfoll leading
edge at the higher Reynolds nuwber. Almoast no further increase in
meximum 1ift was cobtained by increasing the Reynolds number from
3.0 X 106 +to 6.0 x 105, The grestest maximum 1ift coefficient
moasured was 1.7T7 at a flow coefficient of 0.03 and a Reynolds

‘number of 3.0 X 106. This lift coefficient was 0.28 groater than

that of the airfoil with no boundary-layer control at the same
Reynolds nurber. ILeading-edge roughness had almost no effect on

the maximum 1ift coefficient of the airfoil at a Reynolds number

of 1.0 x 105, but at a Reynolds nmumber of 6.0 x 106 1t decreased
the maximum 1ift cocefficient from 1.50 to 1.13 at a flow coefficient
of 0 and from 1.75 to 1.4kt at a flow coefficient of 0.025. For the
rough condition 1little scale effect gas found between Reynolds
numbers of 1.0 X 106 and 6.0 x 10°. - T
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An appreclable decrease in the minimum drag coefficlent was -
obtained by increasing the Reynolds number from 1.0 X 109 +o
3.0 x 108, and 1ittle further decrease was obtained between
3.0 x 10% and 6.0 x 105. Teading-edge roughness produced large
increases in the minlmum drag coefficient without boundary-layer
control at Reynolds numbers of both. 1.0 x 106 and 6.0 X 106.
At a flow coefficient of 0.03 and a Reynolds number of 1.0 X 109,
the drag coefficients were approximately equal for the smooth and
the rough conditions. At a Reynolds number of 6.0 X 106, the
minimum drag coefficlent was greater for the rough condition than
for the smooth condition for ell flow coefficlents investigated.

Effeot of'Irregularities Cauged by Slat Instellation

A slat having a rounded leading edge would produce somewhat
greater maximum LIift increments than ons with the sharp edge necessary
to make the slat falr smoothly into the airfoil contour. (See
reference 4.) A round leading-edge slat was accordingly selected
for present tests and the effect on the 1ift apd dreg characterilstics =
of the dlscontinuity at the lower surface of the alrfoll with the
slat retracted was evaluated at a Reynolds number of 1.5 X 109.
The results are presented fh figurs 8. The sole effect of the .
discontinuity on the 1ift characteristics comprised a reduction in
maximum 1ift coefficient from 1.21 to 1.16. Somewhat lerger effects
were found on the veriation of drag coefficient with 1ift coefficisent.
The discontinuity generally produced rather large drag increments at
low 1ift coefficients by increasing the drag coefficient from 0.0050
to 0.0105 at a 1lift coefficient of 0.2. As the lift coefflclent
increased, however, the effect of the dlscontinulty became smaller
and at a lift coefficient of 0.6.1it increased the drag coefficlent
by only 0.0015. In practice, therefore, soms provision should be
made to fair over the discontinuity.

Characteristics of Alrfoll with Slat Extended

The results of the surveys to find the optimum position of the
leading-edge slat with respect to the airfoll leading e ars
presented in figurs 9 for a Reynolds number of 1.0 X 100 and s
flow coefficient of approximately 0.03. Tittle diffserence in the
meximum 1ift coefficlent attainable with the slat and boundary-
layer control was found within the range of slat deflection
between 18.2° and 28.3°. A slat deflection of 22.0° gave a valus
of the meximum 1ift coefficient of approximately 2.78 as compared
" with values of 2.70 and 2.74 for the 18.20 and 28.3° deflections

respoctively. The meximum-1ift contours presented in figure 9(b5
show that maximum 1ift coefficient increassd rather slowly as the
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slat was moved forward of the airfoil leading edge until & maximum
value was reached, at which point the 1lift dropped rapidly for

further forward movemsnt of the slat. As the slat angle was increased
the optimum location of the slat with respect to the airfoil changed
in such a way that the trailing edge of the slat moved down btoward

the alrfoll chord.

Observations of the stall progression by means of tufts indicated
that the stalling charscteristics of the sirfoll varied conslderably
with slat deflection. At a deflection of 18.20, the waximum lift
coefficlient was limited by stalling on the slat followed by separation
from the airfoil leading edge. At a slat deflection of 22.0°9, the
slat and airfoll appeared to stall simultansously, although the flow
on the slat at hlgh angles of atbtack was more unsiteady than that on
the wing. At a deflection of 28.3°, the slat was not observed to
stall, but separation again occurred at the airfoll leading edge.

Becauge the slat et a deflsction of 22.0° and a location of
Xg = 0.0k6c, y, = 0.03Tc gave the highest valus of the maximum 1ift
coefficlent, the 1lift and drag.characteristics of this configuration
were determined at & Reynolds number of 1.5 X 106 and the results
are pressnted in figurs 10. The maximum 1ift coefficlent without
boundary-layer control was only 0.93, or lese than that of the plain
airfoll section. At & flow coefficient of 0.0l, two entirely
different 1ift curves could be obtained, depending upon the testing
sequence used in obtaeining the dsta. A hysteresis effect on 1lift
dve to changs in the flow coefficient existed such that if the flow
coefficient was raised from O to 0.0l in sterting the 1ift curve,
the maximum 1ift coefficient was 1.15 and occurred st an angle of
attack of 13°. If the flow coefficient was first increased to sn
approximate valuo of 0.02 and then reduced to 0.0l before beginning
the curve, a maximum 1lift coefficient of 2.57 was obtained at an
angle of attack of 26°. No such hysteresis was found at a flow
coefficient of 0.02. The drag characteristics in figure 10(b) show
that beginning at a 1lift coefficlent of 0.3, the drag coefflclent
increased rapldly with the 1ift coefficient up to a 1ift coefficient
of spproximately 1.3, at which point the drag coefficient decreased
very repldly. Between lift coefficients of 0.3 and 1.3 the flow
between the slat and the leading edge was thought to be very poor
becauge of blenketing action of the leading-edge slat. At a 1lift
coefficient of 1.3 the flow probably became smooth at tlie leading
edge and, therefore, brought about large reductions in drag. The
inconaglstency of the lift results at & flow coefficilent of 0.0l
and the low maximum 1lift coefficlent of the airfoll without boundary-
layer control probably result from poor flow through the gap between
the glat end the lesading edge. Figure 9(b) shows that at a value
of Xg = 0.046c the slat was extremely close to the point where 1ift
decreased rapldly with forwerd movements of the slat. Because of this
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fact, and the uncertain 1ift characteristics at low flow coefficlents,
it was decided to fix the slat closer to the airfoil leading edgs

for further tests. The slat, thersfore, was fixed at xg = 0.036¢c,
¥g = 0.037Ta for e deflectian of £22.0°. Resulis of tests of the slat
in this position are presented in figure 11 for Reynolds numbers

of 1.5 X 106, 3.0 x 106, and 6.0 x 106. A compariscn of the . e
results presented in figure 1ll(a) and those for the slat farther
forward in figure 10(a) shows thet moving the slat back toward the
airfoil leading edge eliminated the uncertainties in the variation

of the lift cosfficlent with the angle of attack at low flow .
coofficlents, increased the maximum 1ift coefficient without boundary-
layer control from 0.93 to 1.6, end caused slight decreases in the
meximum 11ft coefficient with boundary-layer control. Results of
tests at Reynolds numbers of 3.0 X 10° and 6.0 X 105 for the

slat in its optimum position are presented in figures 11{b) and 11(c)
for the model in the smooth condition and in figure 11(4) for the
model with leeding-edge roughness at & Reynolds number of 6.0 X 106.
The meximum 1ift coefficients of 2.62, 2.46, and 2.26 were cbtained.
in the smooth condition at flow cosefficients of 0.030, 0.030,

and 0.02% at Reynolds numbers of 1.5 X 105, 3.0 x 106, and

6.0 X 106, respectively. These data are summarized in figure 12

in which the effect of Reynolds number on the variation of the
meximum section 1lift coefficient with the flow coefficlent 1s
presented for the alrfoil with the leading-edge slat. Without
boundary-leyer control the maximum lift coefficilent was found to
increase as the Reynolds number increased, although at flow coefficlents
above 0.01 the maxlmm 1ift cosfficlent was found to decrease as the
Reynolds number increased. Inasmuch as the optimum positlon of the
leading-edge slat wes determinsd at a Reynolds number of 1.5 X 105,
it 18 likely that the adverse effects of Reynolds number are dwe to
changes in the nature of the flow that would alter the optimum

slat position. For this reason, it would seem desirable to obtain
optimum slat positions at Reynolds numbsers as olose as possible to
those contemplated under flight conditions, although limitation of

the test equipment prevented slat surveys at higher Reynolds numberg
.for the present series of tests. At & Reynolds number of 6.0 X 10
and at a flow coefficient of 0, roughness reduced the meximum 1ift
coefficient from 1.94 to 1.h42. At a flow coefficient of 0.025, .
however, boundary-layer control had offset the adverse effects of
roughnsss and a maximum 1ift coefficient of 2.27 was obteined for

the model both smooth and rough.

Characteristics of Alrfoil with Double Slotted Flap
The results of the surveys to determine the optimum double-

slotted-flap configuration are presented in figure 13 for a Reynolds
number of 1.5 X 106. Thess surveys were made with the leading-edgp
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slat fixed in its optimum position and at a flow cosfficient of 0.02.
It was considered desirable to determine the optimum flap configurations
in conjunction with the leading-edge slat inasmuch as preliminary
measursements indiceted that, without the slat, a large region of
separated flow mear the leading edge caused the maximum 1ift coefficient
to be very insensitive to variations in the flap position. Little
difference in the meximm 1ift coefficient attainable was found for
the flap deflections.of 49.7° and 55.0°, as shown in figures 13(a)
and 13(b), respectively. A maximum 1lift coefficient of approximately
3.8 was o'bt&ined for a flap deflection of 55.0°. The maximum 1ift
coefficient was found to be relatively insensitive to horizontal
movements of the flep with respect to the vane, but was somewhat
more sensitive to vertical movements. With the flap fixed with
respect to the vane at .the best locations found for a dsflection

of 55.0°, the vane and flap were moved as & unit to find the optimum
positio’?@_‘@r the flap as a whole with respect to the airfoil section.
The maximmm 1ift contours for these surveys are shown in figure 13(c) .
It appeasred that little further increases in the maximum 1lift could
be obtained by moving the vane from its originsl position and that
the maximum 1ift coefficient was guite sensitive to movementes of the
flep as a whole with respect to the wing. With the flap in the
optimum position, random points were checked to determins whether

the addition of the flap had altered the optimun position of the
slat. The addition of the flap was found to produce little or no
change in the optimum siat position.

The lift characteristics for the airfoil with the doubls
slotted flap in ite optimum position and 't.h slat retracted at
Reynolds numbers of 1.5 X 108, 3.0 x 109, and 6.0 x 10 are
presented in figure 1. Figure 14(a) shows that little increase in
the maximum 1ift coefficient was g¢btained with boundary-layer control
at a Reynolds number of 1.5 X 100, The maximum 1ift coefficient
for a flow coefficient of O was 2.48,and a flow coefficient of 0.02
brought about an increase in the maximum 1lift coefficient of only 0.1k,
which resulted in a maximm 1ift coefficient of 2.62. The relatively
low maximum 1ift for a flow coefficient of O and the poor effectivenses
of boundary-layer control are attributed to the large dbubble of
laminar separation occurring close to the airfoil leading edge. At
Reynolds numbers of 3.0 X 100 and 6.0 X 106, however, as shown
in figures 14(b) and 14{c), considerably higher maximm lift coefficients
and greater incrsases with boundery-laysr control were obtained. At
& Reynolds number of 3.0 X 100 and a flow coefficient of 0.03, a
maximum 1ift coefficlent of 3.16 was obtained, as compared with a
value of 2.82 with no suction. Tho improved characteristics of the
airfoil at the higher Reynolds numbers are attributed to a decrsase
in the size of the ssparated-flow reglon near the leading edgs.
The effects of this bubble of separation are more fully discussed
in reference 5. Data are presented in figure 14(d) for the model
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with leading-edge roughness. The meximum 1lift coefficients were ) -
lower than the ocorresponding values for the smooth condition
presented in figure lh(c) , although rather large increases in maximum
1ift coefficient were obtained with increasing emount of boundary-
layer control.

The data presented in figure 14 are swmearized in figure 15 in
which the effect of Reynolds number on the variation of maximum
1ift coefficient with flow coefficient is shown for the airfloil
with the double slotted flap., Favorable scale effect was abtained
throughout the ranges of flow coefficient and Reynolds number
investigated. At a Reynolds number of 6.0 X 100, roughness reduced
the meximum 1ift coefficient from 2.85 to 2.45 at a flow coefficient
of 0, and from 3.23 to 2.86 at a flow coefficient of 0.025.

Characteristics of Airfoil with Leasding-Edge Slat
and Double Slottéd Flep

Lift characteristics at Reynolds numbers of 1.5 X 106,
3.0 X 106, and 6.0 x 109 are presented in figure 16 for the model
with the leading-edge slat and the double slotted flap with and with- "
out boundery-layer control. The characteristiocs of the alrfoil with
two high-1ift devices (leading-edge slat and double slotted flep)
in conjunction with boundery-layer ocontrol are similar to those of the
airfoll alone or with only one other high-lift device with boundary-
leyor control. The greatest maximum lift coefficient obtained, 3.86,
wes found &t a Reynolds number of 3.0 X 106 at a flow coefficient
of 0.031 (fig. 16(b)).

The maximum 1lift characteristlcs for this configuration are
sumarized in figure 17. The meximum lift ccefficlents increased
&8 the Reynolds number increased without boundary-layer suctlon.
At flow coefficients above approximately 0.0l, however, the
maximm 1ift incressed between Reynolds mubers of 1.3 X %06 and
3.0 x 105 and dscreesed between 3.0 X 10 and 6.0 x 100,
Compared with the scale effect on the maximum 1lift characteristics
of the alrfoil with either the slat or flap alone (figs. 12 and 15),
the effects of Reynolds number on the characteristics of this
configuration were amall. In the previous discussion of figures 12
end 15 it was observed that large favorable and unfavora®dle scale
effects wore encountered for the airfoll with boundary-layer control
in conjunction with the double slotted flap and the leading-edge
slat, respectively. When the two high-lift devices were combined, these °
diverse scale erfects almost canceled each other. At a Reynolds '
number of 6.0 X 100," roughness decreased the maximum 1ift coefficient
from 3.38 to 2.8k without boundary-layer control and from 3.72
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to 3.40 at a flow coefficient of 0.025. As For the double slotted

flap, a flow coefficient of 0.025 increased the meximum 1if4 coefficient
by an amount equal to the decrsase caused by roughness without
boundary-layer control.

Comperison of Maximum Lift Coefficients Obtained
with Various High-Lif't Devices
The meximum 1ift coefficients obteined with and without boundary-

layer control at & Reynolds muber of 3.0 X 10° are sumarized for
verious combinations of high-lift devices in the following table:

N -
Configuration = AC'L
Cg = 0] Og = 0.03| =
Airfoil 1.49 1.77 . 0.28
Airfoil and slat 1.8 2.46 .60
Airfoil end flsp 2.8 3.12 .30
Airfoil, slet, and flep| 3.30 3.8 s

The addition of the leading-sdge slet approximately doubled the
increase in meximm 1ift coefficient obtainable with boundary-layer
control. . )

The effects of lsading-edge roughness on maximum 1ift coefficlent
for the airfoil with the various combinatlons of high-lift devices
with and without boundery-layer control are sumarized in the
following teble for a Reynolds mumber of 6.0 X 100:

CQ, =0 CQ, = 0.025
Configuration i c c |
bmax SCUpmax ‘max L P
Smooth] Rough Smooth |Rough
Alrfoil . 1.50 { 1.13} -0.37} 1.75 | L.Wk| -0.31
Airfoil and slat 1.94 | 1L.u2| -.52| 2.27 | 2.27y ©
Airfoil and Plap 2.8 | 2.5 ~.40}| 3.23 | 2.86} =~.37
Airfoll, flap, and slat| 3.38 | 2.8} -.54{ 3.72 | 3.40] -.32
U3 AL N
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The largest decrease in maximum 1lift coefficient due to roughness
with boundary-layer control was no greater than the decrease produced
by roughness on the plein airfoil section. For all combinations of
high-1ift devices tested the decrease in the maximum 1lift coefficilent
caused by roughness was less for the alrfoil with boundary-layer
control than for the corresponding configuration without boundary-
layer control. For all combinations, & flow coefficient of 0.025
was sufficient to produce maximum 1ift coefficients on the roughensd
wing approximately equal to those obtained without bhoundary-layer
control on the smooth wing.

SUMMARY OF RESULTS =

The following statements swmerize the resultes of the investi-~
gation of the NACA 649A212 airfoil section with a leading-edge .
slat, a double slotted flap, and boundary-layer control by suction’
to determine the meximum lift coefficients attainable over a Reynolds
number rangs of 1.0 x 106 to 6.0 x 106: 5

l. In gensral, the maximum section 1ift coeflicient was increased
and the minimm section drag coefficient decreased by epplying
boundary-laysr suction. These changss were accompanied by small
increases in the angle of attack for maximum lift and by small
decroases in the angle of attack for zero lift.

2. At a Reynolds number of 1.0 X 10, the maximum 1lift
coefficient of the plain airfoil wlth boundary-layer control weas
limited by leading-edge separation. Increasing the Reynolds number
to 3.0 x 106 produced rather large increases in maximum 1ift
coefficlent throughout the range of flow coefficlient investigated.
A meximm section lift coefficient of 1.77 was obtalned at a
Reynolds nurbsr of 3.0 % 10 and & flow coefficient of 0.03,
which represented an increase in maximun 1ift coefficient of 0.28
over that of the airfoll without boundary-layer control.

‘3. With the leading-edge slat in its optimum position, Increaging |
the flow coefficient from O to 0.030 increased the maximum 1lift
coefficient from 1.85 to 2.46 at a Reynolds number of 3.0 X 106.
Increasing the Reynolds nuiber decreasged the maxlimum 1ift cceflficient
attainable with the leading-edge slat. TFor this reason, it was
thought thet optimum slat positions for & given installation should -
be found at Reynolds numbers close to those at which the actual
airplane would operate. R )

4. Increesing the flow coefficient from O to 0.030 with
the double slotted flap increaged the maximum 1ift coefficient
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from 2.8 to 3.12 at a Reynolds numbsr of 3.0 X 106. Increasing
Reynolds number produced appreciabls increases in maximum 1if
coefficlient over ths range of Reynolds numbsr investigated.

5. The leading-edgs slat and doubls slotted flap combined
produced a maximum 1lift coefficient of 3.86 at a flow coefficient
of 0.03 and a Reynolds number of 3.0 X 106 compared with a value
of 3.30 at a flow cosfficient of 0. Tittls scale effect was
obtained with this combination.

6. For all combinations of high-1ift devices tested, the decrease
in maximum 1ift coe?‘icient produced by roughness at a Reynolds
number of 6.0 X 10® and a flow coefficient of 0.025 was less than
that caused by roughness on the corresponding configuration without
boundary-laysr control.

Lengley Memorial Asronautical Laboratory
Natlional Advisory Committes for Aeronautics
Langley Pleld, Va., March 19, 1947
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TABLE 1
NAGA 6lj;A212 AIRFOIL SECTION

(Stations and ordinates in percent airfoil chord)

16

Upper surface Lower surface
Statlion | Ordinate Station | Ordinate
0 0 0 0
.gﬁg 1.013 .391 -.901
L] 10283 L] 52 -1007
1.135 1.5380 1.365| =1.33
}.849 3.145 5.151 | =2. z
70 )-I.B ﬁo8h6 7.653 -20 7
Z. L2 J132 10.15 -3.250
14.849 5.358 15.151 -a.796
19.862 6.060 20.138 =4.200
29.900 6.93 30,100 | =L.660
34.922 7.169 25-078 =7l
Eﬁ.9h6 7.272 0.054 | =L.71h
«970 Z-l77 45.0%0 | =L.549
49.993 -335 50.007 -%-27
55.01 6.570 54.985| =3,91
60.0% 6.132 52.966 -3.49
650020 Zos 6 0950 -3005
70.08L .903 62.936 -2.537
5.075 L3197 Th.925 | =2.037
0.0 0 50%83 520910 -10565
8500 8 2. l 0912 -10159
90.062 1.531 89.938 -. 771
95.032 .888 91,.968 -.398
100.000 .025 99.999 -.025
L.E. radiuss 0.99L
Slope of radius through L.E.: 0.095

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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_ TABLE 2
MODIFIED LEADING EDGE OF NACA 6l;4212 AIRFOIL
SECTION
(Statlons end ordinates 1in percent alrfoll
chord)
Upper surface Lower surface
Station | Ordinate | Btatlon | Ordinate
2.158 -00855 2'167 "'l 0085
2.292 -.271 2.292 | -1.417
2,500 11 2.500 -1 25
2.917 .60 2.708 g
3-353 -z 7 2.917
olgg -l-o 71 3.335 -2 00
2.2 1.392
250 2.4,28
B.ﬁzs 229
10.417 . 000
12.500 L. 700
14.000 5.142 NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
TABLE 3
LEADING-EDGE SLAT FOR NACA 6hlA212 ATIRFOIL
) SECTION )
(Stetions and ordinates in percent airfoil
chord)

Upper surface Lower surfeace

Station |Ordinate Station |Ordinate
0 - 8
.202 1 012 og -.gog
1.2 Og -.292
1 132 1,582 217
g 2,228 2 917 25
% L6 5 éSl 5-2 3 " g6g
358 Z uﬁz 5.3 7 11253
1/;.000 5.2 5¢20 2.1o04
6 250 2.604
Zi a.hl?
10:800 | 1:33]
14.000 5.122
L.B. radius: 0.994
Slope of redius through L.E.: 0.097
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TABLE L
VANE FOR NACA 6l;4212 AIRFOIL SECTION

(Statlons and ordinates in percent
airfoil chord)

Upper surface Lower surface
Station | Ordinate Station | Ordinate
0 1,188 0 1.188
.100 1.58 .100 .813
.200 1.765 .200 .655
596 2.19 .596 317
.992 2.%60 .232 .150
1.23& .87 1.484 .029

1.981 2.;9 1.Z§1 0
i | Be | B
S5 | 2.7hh 2152 .296
Z.zéz 2.61L Z.zez 438

458 2.1435 1458 -Szg
h.zz% 2.235 h.za .g

. 2.000 5. 81
5. gg i. 60 2.3&5 .832
62225 11163 6:ﬁ§5 2%26
T.427 .8 T.427 L5
§:283 o 893 1 o®°
8.340 .13 NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
TABLE 5

FLAP FOR NACA 6474212 ATIRFOIL SECTION

(Statlons and ordinates in percent
airfoil chord)

Upper surface Lower surfeace

Station | Ordinate Station | Ordinate

77.083 -.hlg 77.292 | =1.042
T7.292 .20 77.500 | -1.208
77708, .833 25| -1.458
78.125 1.250 79.183 -1l.5
59.16 1.278 gﬁ.s -1.546
0.2 2. 5 0910 -10129
81.250 2.gso 89.9 -.760
82.292 2.833 9k.9 -.393%
8%.333 2.813 99.999 -.025

85.090 | 2.631
90.063 1.g62
95.032 .892
100.000 .025

18



wigure 1.- NACA 641A212 airfoil section with poundary-12ye¥

~edge slat, and double slotted f1ap.
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() Model dimensions.
Pigure 2.- KACA 634212 alrfoll seotion with boundary-leyer sucticn slot, leading-edge slat, and double alotted flap.
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(b) YNotation used to indicate positlona of slat, vane,sand flap,
Pigure 2.~ Conoluded.

g82T 'ON N.I, VOVN




NACA TN No. 1293

Hinimum sectlon drag coefficlent,

lpax

Maximum section 1lift coefflclent,
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Slot location
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1.2
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.LL f
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS ™|
0
0 .01 .02 .03 .ol

Flow coeffliclent, CQ

Figure 5.- Variation of maximum section 1ift
coefficlent and minimum section drag
coefficient with flow coefficlent for
NACA 644A212 alrfoll section with various
boundary-lazer suctlion-slot locations,

R, 1.0 x 10°.

Fig. 3
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Figure 5.~ Gontinued.
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Pigure 5.- Concluded.
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() R=13%,0x% Hom“ model in smooth oconditlon.

Tests, TDT 953, 98.
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(b) R =6.,0 x 106; model in smooth condition.
Figure 6.- Continued.
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Pigure 6.- Concluded.
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Flgure 7.~ Effect of Reynolds number and leading-
edge roughness on variation of maximum section
lift coefflclent and minimum section drag
coefficient-with flow coefficient for
NACA 6474212 airfoil section.
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Flgure 8.~ Effect of rounding slat leading edgs on Lift and drag charscteristlos of NACA 6|41A212 airt'oil secotion with slat 0:';!
retracteds Cq, 0; R, 1.5 X 105; test, IAT L37. .
(00}




v o / // g
/ L z

aa b 8

I/ / i

3
8

T

!/ .

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

] _ - £

BE 3T

6 " 2 00
X5, Ppercent chord

(a) &5 = 18.20.

Flgure 9 .- ILeading-edge-slat maximm-1ift contours for variouas slat deflectlions on
NACA 6174212 airfoil seotion. R, 1.0 x 108; cq, 0.03 (approx.); flap retracted;
test, LTT L37.
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(b) 64 = 22.0°,

Flgure 9.- Continued.
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Figure 9.- Concluded.
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Flgure 12.- Effect of Reynolds number and leading-edge roughness
on variation of maximum sectlion 1lift coefficient with flow
coefficient for NACA 6474212 airfoll section with leading-

edge slate &g, 22.0°; xg, 0.036c; Tgr 0-057c;
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(a) Positions of flmp with respect to vene; Op, 49.7%; x , 0.0090; ¥y, 0.0200.

Pigure 13.- Double-slotted-flap maximum 4Lt conbours on NAGA 6474212 airfoll mastion. X5, 0.036;
8y, 16.5% R, 1.5 x 106; Gq, 0.02 (approx.); test, LT 437.

Ty, 0.0070;
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NACA TN No. 1293 - Fig. 18b
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(b) Positlons of flap with respect to vane. o, 55,0°; x,, 0.009¢; y_, 0.020c.
Figure 13.- Continued.
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(o) Positions of double alotted flsp with respect to wing; Op, 55.0°; x¢, 0.0Lkke; 7Fp, 0.0050.
Figure 13.- Concluded.
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Seotlon angle of mttack, a,, deg 3ection angle of attack, a,, dog

(a) R=21.5x 106; model in smooth condition; test, LTP 437.

) Pigurs 1h.- ILift charsoteristias of NALA 6L3A212 airfoil seatlon with double slotted fiap sad boundary-layer oentrol.
: Bys 16.5°% x,, 0.00ks ¥,, 0.0lhs; 8, 53.0% x., 0.0k4o; 3¢, 0.0050,
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(b) R =3.0 % 20°; model in smooth copditdon; test, 702 9.
Figure 1.~ Continued.
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Pigure 1.~ Continued.
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(4) R = 6.0 x 105 moded with standard roughnoss;

Mgure 14.- Gomolodad.
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" NACA TN No. 1293 ' Fig. 15
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Plgure 15.- Effect of Reynolds number and leadling-edge roughness
on varlation of maximun sectlon 1ift coefficlent with flow

coefficicnt for NACA 6};A212 airfoll sectlon with double
slotted flap. &y, 16.5°; =%, 0.004c; Ty, 0.0lhe;
&g, 55.0°; xg» 0.Oh4e; 3p, 0.005¢c; test, TOT 990.
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{(a) R =1.5 x 1065 model 1n smooth comdition.

Fignre 16.~ Iir{ characteristice of NACA 64;A212 airfoil section with leeding-edge slat, double slobted flap, and bowndary-layer
Wntroj--' Oy, 22,0% Xy 0.0360; Yas 0.037c; 3, 16.59; Xyr 0.0046; Yy 0.01ko; urn 55.0°%; Xr, 0.04k0; Y 0.0030;
tast, IOT 990.
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(b) R=3x 106; model in smooth conditlon.

Figure 16.-

Continued.
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Fig. 16c NACA TN No. 1288
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Plgure 16.~ Continved.
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(4) R=6.0 x 106: modsl with stanlard rounghness.

Pigure 16.- Concluded.
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Fig. 17 NACA TN No. 1293
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Pigure 17.~- Effect of Reynolds number and leading-edge roughness
on variation of maximum section 1lift coefflclent with flow
coefficient for NACA 6l;1A212 airfoil section with leading-
edge slat and double slotted flape &g, 22.0°; =xg, 0.036c;
Yy, 0.037c; B, 16.5% =x,, 0.00L4o; ¥, 0.01ke; &, 55.0%;
Xp s 0.0hLic; ¥gs 0.005c; test, TDT 990.
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