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LAYER CONTROL BY SUCTION 

By John H. Quinn, Jr. 

SUMMARY 

An investigation has been conducted of the NACA 641A212 
airfoil section equipped with a leading -edge slat; a double 
slotted flap , and a boundary-layer-control suction slot at 
0.40 chord to determine the maximum lift coefficients attainable 
with these high-lift devices alone and in conjunction with one 
another. The tests were made over a range of Reynolds number 

from 1.0 x 106 to 6 .0 x 106 and included surveys to fine the 
optimum configurationa for the slat and flap . The effects of 
boundary-layer suction on the maximum lift coefficient were 
determined for a range of flow coefficient CQ from 0 to 0 .03, 
where the flow coefficient is d.efined as the r atio of the quantity 
rate of air flow through the suction slot to the product of the 
wing area and free-stream velocity . 

In general , the maximum section lift coefficient c, Lmax 
increased .and the min mum section drag coefficient decreased with 
increasing flow coefflcients. These changes were accompanied 
by small increases in the angle of attack for maximum lif.t and 
by small decreases in the angle of attack for zero lift . The 
results of the tests are summarized in the following table for a 
Reynolds number of 3.0 x 106 : 

c~max 
______ ~--------- 6c~ 

CQ - 0 CQ = 0 .03 max 
Configura tion 

r-------------------------------~--·--------~-----I 
Plain airfoil 
Airfoil and slat 
Airfoil and flap 
Airfoil, slat, and flap , 

1 .49 1.77 0.28 
1 .86 2.46 .60 
2 .82 3.12 .30 
3 ·30 3 .86 ·56 

~---.----------____ ____L _______ L ________ ~ ______ 4 
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For all combinations of high-lift clevices tested, the decrease 
in maximum lift coefficient :groduced by leading-edge 'roughness at 
a Reynolds number of 6 x 106 and a flow coefficient of 0.025 
was less than that caused by roughness on the corresponding 
configuration without boundary-layer control. 

INTRODUCTION 

Prevtous investigations (references 1 and 2) have bee!! conducted 
using boundary-layer control by suction on relatively thick 
NACA 6-series airfoil sections in an effort to bring about increases 
in the maximum lift coefficient. Substantial incremmte in maximmn 
11ft appeared obtainable by the use of boundary-layer suction, 
although the ultlruate value of the rraximum lift coefficient appeared 
to be limited by separation from the airfoil leading edge. Increasing 
the camber from zero to an amount that €!J3.Ye a design lift coefficient 
of 0.4 increased the maximvE lift coeffiCient but did not change 
the nature of tfle stall. It seemed reasonable that if further 
increases in the uaximum lift were to be obtained with boundary-
layer control on these 6-ser1es airfoil sections, some means of' 
preventing leading-edge separation wst be incorporated. The 
leading-edge slat has become recognized as one of the most effective 
devi ces for delaying leading-edge separation. 

Tests have been conducted, therefore, of the NACA 641A212 
airfoil section "lith a leading-edge slat, a double slotted flap, 
and a single boundary-layer suction slot at 0.40 chord to determine 
the increase in maximum lift coefficient attainable with this 
combination of high-lift devices. The optimum slat and flap 
configurations were determIned, and the characteristics of the 
airfoil were measured for the high-lift devices operating individually 
and in conjunction with one agother over a Reynolds number r~ 
from 1.5 x 106 to 6.0 x 106 in the Langley two-dimensional 
low-turbulence tunnel and the Langley two-dimensional low-turbulence 
pressure tunnel. The suction slot was placed at 0.40 chord inasmuch 
as this location was believed t o be near t he optimum l ocaMon 
in conjunction with the slat, because the slat could be relied 
upon to delay separation near the leading edge. A suction-slot 
location closer to the leading edge might have a more favorable 
effect on the maximum lift of the airfoil without the slat; therefore, 
a few tests were made at a Reynolds number of 1.0 X 106 in order 
to find the effect of suction-slot location on the characteristics 
of the plain airfoil. 

1 
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SYMBOlS 

c1 section lift coefficient 

Cd seotion drag coefficient 

b airfoil span, feet 

c airfoil chord, feet 

. V 0 free -stream velocity, feet per second. 

Q quantity of air removed through suction slot, cubiC feet 
. per second. 

flow coefficient ~ Q~ 
\:focb) 

Ho free-stream total pressure, pounds per square foot 

Hb total pressure .inside wing duct, pounds per square foot 

qo free-stream dynamic pressure, pounds per square foot 

Cp pressure coefficient ~HOq~ H:) 

x horizontal dis:ance parallel to chord line) feet 

y vertical distance perpendicular to chord line) feet 

6 angular deflection with respect to chord line, degrees 

a o section angle of attack, degrees 

R Reynolds number (v;c ) 

V kinemat~c coefficient of viscosity 

Subscripts: 

s slat 

v vane 

f flap 
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MODELS 

The 2-foot -chord models used in the present investigation 
were built to the ordinates of the NACA 641A212 airfoil section as 
presented in table 1. The A in the airfoil designation indicates 
that the cusp associat·ed with the regular 6-series airfoil has been 
removed. Models built of laminated mahogany w'ere used for the 
preliminary tests at the l ow Reynolds number and a cast-alulllinum 
model was used t o extend the tests to the higher Reynolds numbers. 
After the tests of the plain airfoil at low Reynolds numbers were 
finished, the l eacling and trailing edges of the wooden model with 
the 0.40c suction slot vere modified to acc ommodate the leading
edge slat and t he double slot ted flap. The cast-aluminum model, 
that also had the suction slot located a t O.L~Oc, ''laS fitted ,.,ith 
interchan@9able leading edges t o permit tests of the airfoil either 
vTi th the true leadinG edbe or vTi th the leading-edGe slat . Ordinates 
for the airfoil leading ede:;e modified to accommodate. the slat anct 
for the slat, vane, and flap 8,re presented in tables 2, 3, 4, 
and 5, respectively . A photograph of the aluminum model with the 
boundary-layer suctj.on slot, leading -edge slat, and do-uble slotted 
flap is presented as fi Lure 1, and slwtches of the model are 
presented as figure 2 . 

T~STS 

The tests vlere conducted in the Langley two -dimensional low
turbulence tunnel (de signated herein as LTT) and in the Langley 
two-dimensional 10vl-turbulence pre s sure tunnel (designated herein 
as TDT). These tunnels have test sections 3 feet wide and 
7~ feet high and were de s igned t o te s t models completely spanning 

the 3 -foot jet in two-dimensional flow at a turbulence level 
approxtmately the same as that of free air . The LTT operates at 
atmospheric pressure. In the TDT the air may be compressed to a 
maximum value of 150 pounds per square inch absolutej 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 tunnel test section, 
and drags are obtained by the ,.,alee -survey method. The tunnels and 
methods of measurement are completely described in reference 3. 

The air removed from the l)oundary layer was led through the 
suction slot into a duct inside the ,.,ing. The quantity of air 
removed ,.,as determined by means of a Venturi tube located in the 
pipe line between the airfoil and the blower used to force air floy1 
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through the system. The total pressure inside the wing duct was 
obtained by a flush pressure orifice in the wing duct on the end 
opposite that at which the air was removed. For the no-flow condition, 
r eferred to as a flow coef ficient of zero, the suction slot was 
filled and faired over with plast eline. 

Tests were made at a Reynolds number of 1.0 x 106 in the LTT 
t o find the effect of suction-slot location on the characteristics 
of the plain airfoil. The wooden model with the suction slot at 
o .40c was then modified to permit surveys to find the optimum 
l ocations of the slat , ~an0, and flap a t Reynolds numbers of 
1.0 X 106 or 1. 5 x 100. In making the slat surveys no intermediate 
supports were provided between the wi ng and s lat} and fittings on 
the ends of the slat for changing the slat position and deflection 
were recessed in the tunnel end plates so t hat no disturbances in 
the flow 'Here created near the airfoi l l eadl ng edge. 

Once the optimum cop.figurations of the f lap and slat were 
determined, t he tests w'ere extended t o Reynolds numbers of 
3.0 x 106 and 6 .0 x 106 i n the TDl' with the aluminum model. 
For t hese tes t s the slat wa s at tached t o the airf oil by f our 
struts , one at each end of the model a.1J.d one 8 inches from each 
side of the model center line . Two small struts were also provided 
to brace the vane to the flap. 

Some tests vere conducted with O.Ol l-inch car borundum grains 
appU ed to the e.irfoH leading edGe to f ind the effects of l eadl ng
edge rouf~ess on the aerodynamic characteristics of the airfoi l . 
The grains were applied with shellac over an area of the a i rfoil 
surface having a surface l engt h of 0 .08e from the l eadi ng edge on 
both surfaces so that 5 t o 10 percent of t his ar ea ",as covered. 
For roughness applied i n the sl at -extended condi t i ons the entire 
slat su:rface was r oughened i n addl tion to the r oughness on the 
airfoil leading edge . 

RESULTS AND DISCUSSION 

Effect of Suct ion"Slot Locution on 

Characteristics of Plai n Airfoil 

The ef fect of suction-slot locati on on the variation of t he 
maximum l if t coefficient and the minimum drag coeffiCient with 
the f low coefficient are presented in fi~e 3 for the plain airfoil 
section at a Reynolds number of 1.0 x 106. It was found that 
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both the maximum lift coefficient and the minimum drag coefficient 
increased as the suction slot vTas moved tOvlard the leading edse . 
At a flow coefficient of 0 .035, the model with the suction slot 
at 0.20c gave a maximum lift coefficient of 1.72, or approximately 
0 .16 greater than that for the slot at 0.40c. Inasmuch as tuft 
studies indicated that the air flow first separated at approximately 
O.lc , it seems logical that the suction slot at 0.20c would 
produce a greater effect on the maximum lift than the suction slot 
at 0.40c would because the slot at 0 .20c 'would be closer to the point 
where separation first occurred. In addition, for a given flow 
rate, a larger part of the boundary layer is removed vThen the 
suction slot is closer to the leading edge where the boundary layer 
is thin. This fact would also tend to bring about larger increases 
in the ma.xilliUID lift as the suction slot w'as moved forward. The 
increase in minimum drag coefficient \'Ti th for\'Tard movement of the 
suction slot is attributed t o the increasing distance behind the 
slot over vThich the boundary layer can develop . 

Plain Airfoil Characteristics 

Lift and drag characteristics of the NACA 641A212 airfoil 
section with the boundary-layer suction slot at 0 .40c operating 
and with the slot sealed and f~ired are presented in figure 4 at 
a Reynolds number of 1.0 X 10 for the model in both the smooth 
and rough conditions. The maxi,muIIl lift coefficients increased 
steadily as the flow coefficient increased. This increase was 
accompanied by small increases in the angle of attack for maximum 
lift and small decreases in the angle of zero lif~ The decreaae in 
angle of zero lift is attributed to thinner boundary layers over 
the rear part of the airfoil which produce an effect similar to 
that of increased airfoil camber . Increasing the flow coefficient 
from 0 to 0.03 increased the' naximum lift coefficient from 1.09 
to 1.50 for the smooth airfoil and from 1.07 to 1 .44 for the rough 
airfoil . The maximum lift coefficient was fotmd 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 100

, a small region of separated flovT vlas obser ved at approximately 
O.lc although from the suction slot to the trailing edge the f l ow 
adhered to the surface. At an angle of attack of 110

, intermittent 
separation occurred betw'een the leading edge and the suction slot 
wi th unsteady flow from the slot to the trailing edge. At 120 , 

the angle of attack for maximum lift, the flow was completely 
separated between the leading edge and approximately O.lc, with 
unsteady flow to the trailing edge. Observations of the wing with 
leading-edge roughness showed that the stall progression vTas 
similar to that for the wing in the smooth condition. 

j 
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The effect of botUldary-layer control on the drag characteristics 
was to decrease the minimum prof1le ··drag coefficient as the flow 
coefficient j.ncreased and t o l1'.aintain 10vl drag coefficients t o rather 
large 11ft coeffj.cients . 

The lift and drag characteristics for the airfoil with bound.ary-
layer control at Reynolds numbers of both 3.0 x 106 and G.O x lOb 
are presented in fi~ures 5 and 6 , respectively. The eff ects of 
boundary-layer control are similar to those descr1bed for a Reynolds 
number of 1.0 X 106 . The :9ressure coeff i cient Cp j.s presented 
as a funct10n of section angle of atta.ck. The drag coefficient 
equivalent t o the :pOi-ier required. to discharse the air removed from 
the boundary layer at frae-streanl total pressure lUay be obtained 
as the product of the pressure coefficient and the flow coefficient 
at any lift coefficient. This drag c oefficient added to the 
corresponding profile -a.rag coefncient is the total drag of the 
airfoil 1"i th boundary -laJel~ control. The horse:90wer required for 
boundary -layer control ma,r be calc'..lle. ted for any given condi tion 
from the expression 

The values for Q and (Ho - Eb) !Ilay be obtained by multiplying 
CQ and Cp by the applicable values of wing area, airplane 
velocity, and dynamic ~ressure . 

The effects of Reynolds number and leading -edge roughness on 
the variation of naximum lift coefficient and minim~~ drag coefficient 
wi th flOi" coeff i c ient f or the plain airfoil are presented in fiE,'UTe 7. 
For the smooth condition, large inCreaS8iJ in maximum lift tl1rouChout 
the ranBe of flow coefficient .,ere obtained by increasing the Heynold.s 
number from 1. 0 x 106 to 3 .0 x 106. This favorable scale effect 
nay be due to improved flOi., c ondi tions about the airfoil leading 
edge at the higher Reynolds number. Almost no further increase in 
maximum lift w'as obtained. by increasing the Reynolds number from 
3 .0 x 106 to 6 . 0)< 106 . The greatest maximum lift coefficient 
measured was 1. 77 at a flow coefficient of 0 .03 and a Reynolds 
ntlIllber of 3 .0 x 106 . This lift coefficient ,,,as 0 .28 greater than 
that of the airfoil ,.;1th no boundary-layer control at the same 
Reynolds number. Leadlng -edge roughness had almost no effect on 
the maximum lift coefficient of the airfoil at a Reynold.s number 
of 1.0 x 106, but at a Re,ynolds number of 6 . 0 X 106 it decreased 
the maximum lift coefficient from 1. 50 to 1.13 at a flo", coefficient 
of 0 and from 1.75 to 1.44 at aflm-r coefficient of 0.025. For the 
rough condition little scale effect was found betvTeen Reynolds 
numbers of 1.0 x 106 and 0 .0 x 106. 
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An appreciable decrease i n the minimum drag coefficient was 
obtained by increasing the Reynolds nvmber from 1.0 x 106 to 
3.0 x 106 , and little further decrease was obtained bet.Teen 
3.0 x 106 and 6 .0 x 106 . Leading-edge rou&hiless produced lar08 
increases in the minimum drag coefficient without boundary-lay-er 
control at Reynolds numoers of both 1. 0 >( 106 and 6.0 x lOb. 
A t a flow coeffic ient of 0.03 and a Reynolds number of 1. 0 x 106, 
the drag coefficients were approximately equal for the smooth and 
the rough condi Uons. At a Reynolds number of 6 .0 x 106, the 
minimum drag coefficient was greater for the rou~1 condition than 
for the smooth condition for all flow coefficients investigated. 

Effect of Irregularities Caused by Slat Installation 

A slat having a rouncl.ed leadine, edge would produce some,,,hat 
greater maximum lift increments than one I-1i th the sharp edge necessary 
to malee the slat fair smoothly into the airfoil contour. (See 
reference Ij. .) A round leading-edge slat I-1as accordingly selected 
for present tests and the ef.fect on the lift and drag characteristics 
of the discontinuity at the 1m.ler surface of the airfoil with the 
slat retracted ,.;as evaluated at a Reynolds number of 1.5 X 106 . 
The results are presented in figure 8. The sole effect of the 
discontinuity on the lift characteristics comprised a reduction in 
maximum lift coefficient from 1.21 to 1.16. Somewhat larger effects 
w'ere found on the variation of drag coefficient .1i th lift coefficient. 
The discontinuity generally produced rather large drag increments at 
low lift coefficients by increasing the drag coefficient from 0.0060 
to 0.0105 at a lift coefficient of 0.2 . As the lift coefficient 
increased, hOl-1ever, the effect of the discontinuity became smaller 
and at a lift coefficient of 0.6 it lncreased the drag coefficient 
by only 0 .0015. In practice, therefore, son~ provision should be 
made to fair over the discontinuity. 

Characteristics of Airfoil with Slat Extended 

The results of the surveys to find the OptiD1UID position of the 
leading-edge slat vi th respect to the airfoil leading edge are 
presented in figure 9 for a Reynolds m1Jllber of 1.0 >< 106 and a 
flo.T coefficient of approximately 0.03. Little difference in the 
maximum lift coefficient attainable ,d th the slat and boundary
layer control 'vas found I-1i thin the range of slat deflection 
bet"reen 18.20 and 28.30 • A slat deflection of 22.00 gave a value 
of the maximum lift coefficient of ap:9roximately 2.78 as compared 
'-lith values of 2.70 and 2 .74 for the 18 .20 and 28.30 deflections~ 
respectively. The n~ximum-lift contours presented in figure 9(bj 
show that maximum lift coefficient increased rather slowly as the 

------- --- - -.~~ --------
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slat was moved forvard of the airfoil leading e dge until a maximum 
val ue was reached, at , .. hich point t he lift droppe d rapidly for 

9 

further forward movement of the slat. As the slat angle ,ms increased 
the optimum l ocation of the s lat with respect to the airfoil chane,Bd 
in such a way that the trailing e dGe of the slat moved dm.ffi tm .. ard. 
the airfoi l chord . 

Observations of the stall :pr ogression by means of tufts indicated 
that the stalling characteristics of the aj.rfoil varied considerably 
with slat deflection . At a deflection of 1 8 . 20 , the maximum l ift 
coefficient was limi.ted by stalling on the s lat follovled by separation 
from the airfoil l eading edge. At a s lat deflection of 22 . 00 , the 
slat and airfoi l appeared to stall simultaneously, although the f lm .. 
on the slat at high angles of attack "las more unsteady than that on 
the wing . At a deflection of 28 .30 , the slat vas not observed to 
stall, but separation 8.g'8.in occurred at the airfoil leading edge. 

Because the slat at a defle ction of 22 .00 and a l ocation of 
x s = 0.046c, Ys = 0 .037c gave the highest value of the maximum lift 
coefficient, the lift and drag characteristics of I'" this confj.guration 
were determined at a Reynolds D111-nber of 1. 5 X 100 and the results 
are presented i n fiQl.T8 10 . The maxi~lUln lift coefficient without 
bOQDdary - layer control was onl y 0 .93, or less than that of the plain 
airfoil section. At a flov1 coefficient of 0 .01, tvTO entirely 
different lift curves could be obtained , depending upon t he testing 
sequence used in obtaining the data . A h;{steresis effect on lift 
due to change in the flow coefficient existed such that if the f l ow 
coefficient was raised froLl 0 to 0 .01 i n startinG the lift curve, 
the maximum lift coefficient was 1.15 and occurred at an angle of 
attack of 130 • If the flovT coefficient , .. as first increased. to an 
approximate value of 0 . 02 and t hen reduced. t o 0 .01 before be ginning 
the curve, a ma.:drrr.lllllif t coefficien t of 2 .57 w'as obtained at an 
angle of attack of 260

• l~o such rlYsteresis ',o/as f ound at a flm" 
coefficient of 0 .02 . The drag cha.racteristics in figure 10(b) show 
that begiI1.ning at a lift coefficient of 0 . 3, the drag coefficient 
increased rapidly with the lift coefficient up to a lift coefficient 
of approximately 1.3, at which point the drag coefficient decreased 
very rap idly. Bet1 .. een lift c oefficients of 0 . 3 and 1.3 the flow 
betv1een the slat and the leading edge vTas thoug,J.:tt to be very poor 
because of blaru;:etin[S action of the leading -edge slat . At a lift 
coefficient of 1 . 3 the flov' probably be cal!E smooth at the leading 
edge and, therefore , brou@1t about l a r ee reductions in drag . The 
inconsi s tency of the l ift results at a f l ow coefficient of 0 . 01 
and the low maxim1Ll1J. lift coefficient of the airfoil without b01JJldar y 
l ayer control probabl y result f rom poor flow through t he gap bet,,,een 
the s l at and the leading edge . Figure 9 (b ) ohovTs t hat a t a yalue 
of X s = 0 . 046c the sJ.at ,.,as extremely close to the point ,.,here lift 
decreased rapidly v11 th forward movements of the slat. Because of this 
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fact, and the uncertain lift characteristics at low flow coefficients, 
it vias decided to fix the slat closer to the airfoil leading edge 
for further tests. The slat, therefore, ,,,as f ixed at Xs = O.036c, 
Yo = 0 .037c for a deflection of 22 .00 • Results of tests of the slat 
in this position are presented in f i gLU'e 11 for Reynolds numbers 
of 1.5)< 106, 3.0 X 106, and 6 .0 x 106 . A comparison of the 
results presented in figure ll(a) and those f or the slat farther 
forvlard in figux'e 10(a) shows that moving the slat back toward the 
airfoil leading edge eliminated the ~~certainties in the variation 
of the lift coeffic ient vli th the angle of attack at l ow flo,., 
coefficients, increased the maxiTIlmU lift coefficient without boundary
layer control from 0 . 93 to 1. 6, and caused slight decreases in the 
maximum lift coefficient ,.,i th boundary-layer control. Results of 
te·sts at Reynolds numbers of 3 .0 x 106 and G.O x 106 for the 
slat in its optimum position are presented in figures ll(b) and ll( c) 
for the model in the smooth c ondition and in figure ll(d) for the 
model ",ith leading -edge r oughness at a Reynolds number of 6.0 X 106. 
The maximum lift coefficients of 2 . 62 , 2 .46 , and 2.26 "rere obtained 
in the smooth condition at flm., coefficients of 0 .030, 0.030, 
and 0 .024 at Reynolds numbers of 1.5 Y 106 , 3.0 x 106 , and 
6 .0 X 106 , respectively . These data are smnmarized in figure 12 
in ,.,hich the effect of Reynolds number on the variation of the 
maximum section lift coefficient ,.,i th the flow coefficient is 
presented for the airfoil with the leading-edge slat . Without 
bOUI1.dary-layer control the maximuDl lift coefficient vlas found to 
increase as the Reynolds nunilier increased, although at flow coefficients 
above 0 .01 the maXiml.l1l1 lift coefficient ,·ras found to decrease as the 
Reynolds number increased. Inasmuch as the optimum position of the ,-
leading-edge slat ,.,as determined at a Re y-nolds number of 1·5 X 100 , 

it is likely that the adverse effects of Reynolds number are due to 
changes in the nature of the flm., t hat w·ould alter the optimum 
slat position. For this reason, it "lvould seem desirable to obtain 
optimum slat positions at Reynolds nUmbers as close as possible to 
those contemplated under flight c onditions, although limitation of 
the test equipment prevented slat surveys at higher Reynold~ number~ 
for the present series of tests. At a Reynolds number of 6 .0 X 100 

and at a flow coefficient of 0, roughness reduced the maximum lift 
coefficient from 1.94 to 1.1~2. At a flo·.., coefficient of 0.025 , 
however, boundary -layer control had. o.dse t tho adverse effects of 
roughness and a maximum lift coefficie~t of 2 .27 vres obtained for 
the model both snooth and rough. 

Characteristics of Airfoil with Double Slotted Flap 

The results of the surveys to determine the optimu.rn double
s lotted-f lap configuration are presented in figure 13 for a Reynolds 
number of 1.5)( 106 . These surveys were made with the leading-edge 
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slat fixe d in its optimum position and at a flow coefficient of 0 .02 . 
It was considered desirable to determine the optimum flap confisura tion s 
in conjunction vith the 1ead.ins -edge slat inasmuch as preHminary 
measuremento indicated that , 'Tithout the slat, a large region of 
separated flow near the leading edge caused the maximum lift coeffic ient 
to be very insensitive to variations in the f l ap position . Little 
difference in the ma..ximum lift coefficient attainable was found for 
the flap deflec tions of 1~9 . 70 and 55.00 , as shO'lm in figures 13 (a ) 
and l3 (b), respectively . A maximum lift coefficien t of approximately 
3 .8 .TaS obtainec'!. for a f1ap den.ection of 55 .00 • The maximum lift 
coefficient 'vas found to be r e latively in8en8i ti ve to horizontal 
movements of the flap 'lith respect to the vane} but .TaS somewhat 
mor e sensi ti ve to vertical movements. \.[i t11 the flap fixed with 
respect to the vane at the best locations found for a deflection 
of 55 .00} the vane and flap i{ere ~l.o'ied as a 1LTli t to find the optimum 
posHionfor the flap as a i'Thole 'tTi th res:pect to the airfoil section. 
The maximum lift contolYS for these surveys are shown in figure 13 ( c) . 
It appeared that little flITthe~ increases in the rraxiLlum lift c8uld 
be obtained by moving the vane fron its original position and tha t 
the maximum lift coeffi cient .TaB qU~Lte sensitive to movements of the 
f lap as a ,.,hole with re spe c t to the \Ving . U i th the f lap in the 
optimum position} random '9oints vTere checked to deterrnine whether 
the addition of' the flap had. al terecl the OpUm1Jlll p081 tion of' the 
s l at . '1'he addition of the flap "las found t o produce little or no 
change in the optimum slat position . 

The lift characteristics for the airfoil "'i t h the double 
slotted flap in its opti:011..1111 position and. "'i th slat retracted at 
Reynolds numbers of 1.5 >( 106 , 3 .0)( 106} and 6 .0 >< 106 are 
pr esented in figure 14. Figure l4 (a) 8hmTs that little increase :i.n 
the maximum lift coefficient was obtained "nth boundary - layer control 
a t a Re;ynolds numbe r of 1. 5 >< 106 . The maximum lift coeff ic ient 
for a flOl'l coefficient of 0 "Tas 2 .hB, and a flow coefficient of 0 .02 
brought about an increase in the !.]a,ximum lift coefficient of on l y 0 .14} 
,-Thich resulted in a. I1lalCimtlli'l lift coefficJent of 2 .62 . The relati veJ,y 
10vT maximwn l :if t for a f10i-l coefficient of 0 and the poor effectiveness 
of boundar y -layer control e.re attributed to the large bubble of 
laminar separation occurril1C close to the airfoil leadinG edge . At 
Reynolds numbers of 3.0 x 106 and 6 .0)( 106 , hOi-lever} as shmm 
in figures 11;' (b) ana. 14(c)} considerably hibher maximUlil lift coefficients 
and greater increases wj.th boundary - layer control were obtained. At 
a Reynolds number of 3 .0)( 106 and a flow coeffj.cient of 0;03, a 
maximum lift coefficient of 3 .16 'das obtained} as compared vi th a 
val ue of 2 . 82 with no suction . '1'he improved. characteristics of the 
airfoil at the hieher Reynolds numbers are attributed to a decrease 
in the size of the separated- f101'T region near the leadins edge . 
The effects of this bubble of separation are nore fully discussed 
in reference 5. Data are presented in fi6vre l4 (d ) for the model 
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with leading-edge ro ~~ss. The m8~imum lift coefficients were 
lower than the corresponding values for the smooth condition 
presented in figure 14(c), although rather large increases in maximum 
lift coefficient were obtained vrith increasing amount of boundary 
layer control. 

The data presented in figure 14 are summarized in figure 15 in 
ivhj ch the effect of Reynolds number on the variation of maximum 
lift coefficient vTi th flOiv coefficient is shOiID for the airfoil 
with the double slotted flap . Favorable scale effect was obtained 
throughout the ranges of flow coef.!. ic ient and Reynolds nUlilber 
investigated. At a Re;y-nolds number of 6 .0 >< 106, roughness reduced 
the maximum lift coefficient from 2.85 to 2 .45 at a flaw coefficient 
of 0, and from 3.23 to 2 .86 at a flo-vi coefficient of 0.025· 

Characteristics of Airfoil with Leading-Edge Slat 

and Double Slotted Flap 

Lift characteristics at Reynolds numbers of 1.5)( 106 , 
3.0 x 106 , and 6.0 )< 106 are presented in fi8'Ure 16 for the model 
with the leading-edge slat and the double slotted flap with and with
out bOU&."ldary-layer control. The characteristics of the airfoil vTi th 
t,vo high-lift devices (leading-edBe slat and double slotted flap ) 
in conjunction with boundary -layer control are similar to those of the 
airfoil alone or with o11..1y one other hiGh-li··~t device ,vith boundary
layer control. The greatest maximum lift coefficient obtained, 3.86, 
was found at a Reynolds number of 3 .0)( 106 at a flow coefficient 
of 0.031 (fig . 16(b)). 

TIe ma.x~mum lift characteristics for this configuration are 
summar ized in figure 17 . The maximum lift coefficients increased 
as the Reynolds number increased without boundary -layer suction. 
At flevT coefficients above approximately 0.01, however, the 
maximum lift i ncreased between Reynolds numbers of 1.5 >< 106 and 
3.0 x 106 and decreased between 3 .0 >~ 106 and 6 .0 x 106 . 
Compa.red with the scal e effect on the maximum lift characteristics 
of the airfoil ,vith either the slat or flap alone ( ni6S . 12 and 15), 
the effects of Reynolds number on the chara.cteristics of this 
confiBv.ration 'vere small. In the previous discuBsion of figures 12 
and 15 i t was observed that larGe favorable and unfavorable scale 
effects were encounter ed for the airfoil ivi th boundary-layer control 
in conjunction "\vi th the double slotted flap and the leading-edge 
slat , res:pectively . "'hen the two hibh-lift devices were combined, these 
diverse scale etfects almost canceled each other . At a Reynolds 
number of 6.0 x 106) r oughness decreased the maximum lift coefficient 
from 3.30 to 2 . 84 iVithout boundary -layer control and from 3·72 

-----_ ._--
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to 3. 40 at a floy, coefficient of 0.025 . As for the double slotte d 
flap, a flow coefficient of 0.025 increased the maximum. lift coefficient 
by an am.oun~ equal to the decrease caused by r ouglmess without 
b oundary .. layer control. 

Comparison of Maximum Lift Coefficients Obtained 

i<!ith Various High -Li ft Devices 

The maximum lift coefficients obtained with and ,,,i thout boundary 
layer control at a Reynolds nvmber of 3 . 0 X 106 are summarized for 
various combinations of high-lift devices in the follo",1ng table: 

1--

Configuration - --- ' 7,max =r 
c7,max 6c 

CQ = 0 CQ = 0.03 

Airfoil --- 1.49 1.771 0.28---

Airfoil and slat I 1. 86 2.46 I '.60 
Airfoil and flap 2 .82 3·12 I ·30 
Airfoil, slat , and flap 3 ·30 3.86 .56 

The addition of the leading -edge slat approximately doubled the 
increase in rilllXimum lift coeffic1ent obtainabl o with boundary -layer 
control. 

The effects of leading-edge roughness on maximum l ift coefficient 
for the airfoil with the various combinations of high-lift devices 
vri th and without boundary -layer c ontrol are summarized in the 
follo",ing table for a Reynolrls munber of 6 .0 x 106 : 

--------------------~-------

C" • 0 +- C" • o. ~-2-5 _ ___ _ 

c7,max ~ 60 7, I c7,max 6c 

smoothi Ro~ I max Smooth Rougl-; 1= -- - I 
Airfoil 1. 50 1.131 -0 .37 1. 75 1.44! -0 .31 
Airfoil and s lat 1. 94W' 42 -.52 2.27 2 .27' 0 
A1rfoil and flap 2 .85 2 .45

1 

- .40 3.23 2 .86 -.37 
Airfoil, fla_p __ ,_a_n_d_s_l_a_t..1.-._3 . 38 2 . 81~ - ·54 3.72 3·40 : _ _ -.32 

.-
Configu.:ration 
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The largest decrease in ma ... "'Cimum lift c oefficient due to roughness 
with boundary-layer control was no greater t han the decrease produced 
by r oughness on the plain airfoil section. For all c ombinations of 
high -lift devi ces tested the decrease in the wBXi mum lift coeffjc ient 
caused by roughness was le ss for the airfoil vTi th boundary-layer 
control than for the corresponding configuration without boundary 
layer control. For all c ombination s ) a flO'\., coefficient of 0.025 
was 8ufficient to produce IDa"'{imruTI l ift coefficients on the roughened 
wing approximate l y equal t o t hose obtained ,.,i thout boundary -layer 
control on the smooth vTing. 

SUMMARY OF RESULTS 

The following statements sv.rm:narize the results of the investi
gation of the NACA 641A212 a i rfoil section with a leading-edge 
slat) a double slotted f lap) and boundary -layer c ontrol by suction 
to determine the Dlaximu."l1 l ift coeffic ients attainable over a Re;ynolds 
number range of 1.0)( 106 to 6 .0 x 106 : 

1. In eeneral) the FBXimrun section lift coefficient was increased 
and the minimum section drag coeff icient decreased by applying 
boundary-layer suction . These chane,Bs Here accompanied by small 
increases in the angle of attaclc for maximwn lift and by small 
decreases in the angle of attack for zer o lift . 

2. At a Reynolds number of 1.0 x 106) the maximu.m lift 
c oefficient of the plain a i rfoil ,.,i th boundary-layer control was 
limited by leading -edge separation. Increasing the Reynolds number 
t o 3.0 )( 106 produced rathe!' large increases in maximum lift 
c oef fiCient throughout the range of f l O'\{ coefficient investigated. 
A Ill8JCimum section l ift coeff ic ient of 1. 77 was obtained at a 
Reynolds number of 3.0)< 106 and a f loVT coeffiCient of 0 .03, 
whi ch represented an increase in inaxi mum lift c oeff icient of 0.28 
over that of the airfoil i.fi t hout boundary-layer control. 

3. \-lith the l eading -edge slat in its opt imum posi tion) increasing 
the flovT coeff1 cient from 0 to 0 . 030 increased the maximum lift 
coeffiCient from 1. 86 to 2.46 at a Reynolds number of 3.0)( 106 . 
Increas ing the Reynolds number de creased the maximum lift coefficient 
attainable with the leading -edf;'e slat. For t his reason) it 'vas 
thought that optimum slat pOSitions for a given installation should 
be found at Reynolds numbers close to those at which the actual 
airplane would operate. 

4. Increasing the f lo'lT coefficient from 0 to 0 .030 with 
the double slotted flap i ncreased the rffiaXimum lift coefficient 

- - - -- - -- ~---- --------
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from 2.82 to 3. 12 at a Reynolds number of 3 .0 >( 106 . Increasing 
Reynolds number produced appreciable i~creases i n maximum lif t 
coefficient over the range of Reynold~ nlunber investigated . 

5 · The leading-edge slat and double slotted flap combined 
produced a maximum lift coefficient of 3 . 86 at a flow coefficient 
of 0 .03 and a Reynolds nUNber of 3.0 x 106 compared with a value 
of 3 . 30 at a flow coeff icient of O. Little scale effect '-las 
obtained ,vi th this combination. 

15 

6 . For all combinat i ons of high-lift devices tested, the decrease 
in maximum lift coefficient produced by r oughness at a Reynolds 
number of 6 .0 >< 106 and a flow coef l'icient of 0 .025 1-laS l ess than 
that caused by r oughness on the corresponding configuration without 
boundary-layer control. 

Langley Memorial Aeronautical Laborator l 
National Advisor y C01@ittee for Aero~~utics 

Langley Fie Id, Va . ) March 19, 194'( 
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TABLE 1 

NACA 6~lA212 AIRFOIL SECTION 

(Stations and ordinates in percent airfoil chord) 

Upper surface Lower surface 

Station Ordinate Station Ordinate 

0 0 0 0 

:tg~ 1.013 .~91 -·901 
1.2~3 • 5.2 -1.07~ 

1.1)5 1.5 0 1.)E>5 -1.~3 
2.~65 2.225 2.635 -1. 03 
4. 49 3:§ttl 

5.151 -2.~24 
7.3M 7 .65~ -2. 7 
4.8 ~.432 10.15 -3.240 

1 .8~9 5.358 15.151 -~.796 14.8 2 6.060 20.138 - .200 
2 .880 6.58~ 25.120 -4.~82 
24.900 6.9~ 30.100 -4. 60 
3 .922 7.1 9 ~5.078 -4.7~ 
~.946 7·272 0.054 -4.714 

.970 ~.177 45.030 -4.549 
49.993 .935 50.007 -4.27~ 
55.01~ 6·570 54.985 -3.41 
60.03 6.1El 54.9 66 -3. 9~ 65.050 a·5 6 .950 -3.03 
70.0E>4 .903 6

4
•936 -2·537 

~5.075 4.197 7 .925 -2.037 
O.O~O 3·t33 ~4·910 -1·563 

85.0 8 2. 01 .912 -1.159 
90.062 l:J~§ 84.938 -.771 
95.032 9 .968 -.398 

100.000 •025 99.999 -.025 
L.E. radius: 0.994 
Slope of radius through L.E.: 0.095 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 
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TABLE 2 

MODIFIED LEADING EDGE OF NACA 641 A212 AIRFOIL 
SECTION 

(Stations and ordinates in percent airfoil 
chord) 

Upper surface Lower surface 

Station Ordinate Station Ordinate 

2.158 -0.833 2.167 -1.083 
2.292 -.271 2.292 -1.t17 
2.500 .11~ 2.500 -1. 25 
2.917 .60 2.708 -1.~67 
~:~g3 .[/7 2·917 -1. 71 

1. 71 3.333 -2.004 5.20~ 1.492 
6.250 2. 38 
8.~3 ~.229 

10. 7 .000 
12.500 4.700 
14.000 5.142 NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

TABLE 3 

LEA.PING-EDGE SLAT FOR NACA 641A212 AIRFOIL 

SECTION 

(Stations and ordinates in percent airfoil 
chord) 

Upper surface Lower surface 

Station Ordinate Station Ordinate 

0 0 1.~58 -.78~ 

:t~~ 1.01~ 1.~5 -.50 
1.2~ 2. ~ -.292 

1.132 1.5 2 2.70 .~7 2.3b3 2.228 2·917 • 25 
4.846 3.151 3.3~ .967 
7 .~40 4:~ 4· 5 

1.125 4. 38 .1 ~ 1.542 
1 .000 5.208 5.20 2.104 

6.250 2.604 
8.'~3 R· 417 

10. 7 .167 
12.500 4.80 14.000 5·1 

L.E. radius: 0.994 
Slope of radius through L.E.: 0.097 
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TABLE 4 

VANE FOR NACA 641A212 AIRFOIL SECTION 

(Stations and ordinates in percent 
airfoil chord) 

Upper surface 

Station 'Ordinate 

0 1.188 
.100 1. 58

k .200 1.76 
.596 2.19 

1:~~4 2.~60 
2. 77 

1'481 2.~9t 2. 77 2. 3 
2.

4
7.3 2.802 

3. 65 2·744 
~·462 2.614 

. 58 2 .1 ~3 5 

~.Z4t 2.235 
2.000 

5·t42 1.760 
6. 38 1.48k 
6.~5 1.16 
7. 7 :U~ ~.923 

.240 .21~ 
8.340 .13 

Lower surface 

Station Ordinate 

0 1.188 
.100 .813 
.200 .655 
.596 .317 

1:~~4 .150 
.029 

1.
4
81 0 

2. 77 .058 
2'4~3 .179. 
3· 5 .'=!9b 
~.~62 .438 

. 58 .5~ 
~:llt :~1~ 
5·t42 .83 
6. 38 .7.92 
6.~35 .676 
7. 27 .475 
~.923 .200 

240 0 
NATIONAL ADVISOR y 

COMMITTEE FOR AERONAUTICS 

TABLE 5 

FLAP FOR NACA 641A212 AIRFOIL SECTION 

(Stations and ordinates in percent 
airfoil chord) 

Upper surface Lower surface 

Sta tion Ordinate Station Ordinate 

77.083 -. 41~ 77·292 -1.042 
77·292 .20 7~.500 -1.208 
7~.708 .833 7 .125 -1.4~ 
7 .125 1.250 79.16~ -1.5 
~9 .16~ 1·47~ J4·

9O -1. 546 
0.20 2. 5 ·910 -1.129 

81.250 2.~50 84·95~ -.760 
82.292 2. 33 9 ·9b -·393 
83.333 2.813 99·999 -.025 
85.090 2.631 
90.063 1.~62 
95.032 • 92 

100.000 .025 

18 





Figure 1.- NACA 641A212 airfoil section with boundary-layer suction 

slot, leading-edge slat, and double slotted flap. 
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Figure 2.- NACA 641A212 airfoil section with boundary-layer suction slot, leading-edge slat, and double slotted flap. 
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(b) Notation used to indicate positions of slat, vane, and flap. 

Figure 2.- Concluded. 
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Figure 4. - Concluded. 
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Figure 5 ~- Lift characteristics of NACA 641A212 airfoil section with boundary-laye r control . Tests , TDT 953 , 984 . 
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Figure 5.- Continued . 
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Figure 5.- Concluded. 
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(a) R = 3.0 x 106; model in smooth condition. 

2.0 

Figure 6.- Drag characteristics of NACA 641A212 airfoil section with boundary-layer control. 
Tests, TDT 953, 984. 

~ 
o 
~ 

f-3 
2: 

~ 
~ 
N 
<:D 
W 

~ ,.....0 
oq 

O':l 
PJ 



'd 
() 

.p 
s:: 
(j) 

..-t 
() 
..-t 
~ 
~ 
(j) 
0 
() 

~ 
al 
H 
'd 

s:: 
0 

..-t 

.p 
() 
(I) 
(/) 

.012 

.008 

.004 

o 
-1.2 

CQ. 

J 0 
0 .015 
0 .025 

~ 

~ ~ / 
~ ~. ~ 

V 
-r. 

N ~ ~-~ 
~~ IL\. n ~ ...., 

V V' 

-.8 -.4 o .4 .8 

Section lift coefficient, c L 

/ 
p 

u 

d } 
:r .~ 

'V 

vr V' 

1.2 1.6 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

(b) R = 6.0 x 106; model in smooth condi tiDn. 

Figure 6.- Continued. 

"J:j 
....... 

aq 

m 
0"" 

2.0 ~ 
() 

~ 

r3 
Z 

~ 
f-.J. 
~ 
(() 
w 



NACA TN No. 1293 

'd 
0 

.. 
.p 
~ 
Q) 

oM 
0 

oM 
c.-t 
c.-t 
a> 
0 
0 

bO 
en 
H 
'd 

~ 
0 

oM 
.p 
0 
a> 

C/} 

.032 

.028 

.024 

.020 

.016 

.012 

.008 

.004 

o 
-.8 

c 

\ 

(.\1 

Fig. 6c 

CQ 

0 0 
0 .015 
0 .024 

6 

I 
7 

), 
L; I :) 

\ \ / 
\ J I 

~ / 
:/ I 

\ ~ (.) --B /' -
~ 

/',. 

~ 
[7 

~ / d -"'----
~ .0----

VEl V 
1*-0 -<>- .-ff 

NATIONAL ADVISORY _ 

COMMITTEE tOR AERONAUT,/S 

I I 
-.4 o .4 .8 1.2. 

Section lift coefficient, cL 

(c) R = 6.0 x 106 ; model with standard roughness. 

Figure 6.- Concluded. 



Fig. 7 NACA TN No. 1293 

Q 
..-I 

J 
() 

~ ...., 
s:: 
QJ 

oM 
() 

oM 
'H 
'H 
QJ 
0 
() 

hO 
cd 
H 
'0 

s:: 
0 

oM ...., 
() 
QJ 
III 

§ 
..1 
Q 

oM 
::E 

.012 
(I\. 

\ 
.008 

.~ 

?--.. 

:~ 
.004 

0 

2 .0 

~ 
a1. 6 

N 
() 

~ ...., 
s:: 
QJ 

oM 

~ 
1 

() 1.2 
oM j~ 'H 
r... 
QJ 
o 
() 

...., 
'H 
..-I 
rl 

f---

.8 

.4 1-- -

o 

R 

x 106 
f--

0 1.0 
0 3.0 
0 6.0 -

.~ 

~ ~ ~ :::-- --'Rlugh 

~ ~ ~ 
I-- r---:::::::1 ~ 
---..:: t:::::-,.. 

'\:t 
~ 

~moloth 

~ ~ 
l-----< 

~ /1 
Rough 

t::< r:r-5mooth I~ Vl ~ 
~ ~ ~ 

~ 

~ 
~;'-

! 
I 

1---

NATIONAL ADVISORY 

COr'TTEj FOR ArONAUI'CS -

o . 01 .02 .03 .04 
Flow coefficient, CQ 

Figure 7.- Effect of Reynolds nu~ber and leading 
edge roughnes s on variation of maxL~wa section 
lift coefficient and mini:nun section drag 
coeffic ient with flow coefficient for 
N~CA 6~lA212 airfoil section. 



2 .0 I 

1.6 

1.2 ,..., 
0 

..., 
c 
CD .... .S 0 .... .... .... 
CD 
0 
0 

..., 

.... .4 .... 
rl 

C 
0 .... ..., 
0 ., 
en 

0 

-·4 

-.8 
-16 

0 Slat gap faired 
G Slat gap unfaired -

"'"" 

/ ·M 
\ 

u 
0 

~ 1 

/ b 
...,' 
c ., 

II '" .... 
0 .... .... .... 

j 
II) 
0 
0 

tlO 

!f 
as 
~ 
u 
c 

J 
0 .... ..., 
0 
CD 

11 en 

) 
.V • ar 

-s o 8 16 24 

Section an gle of attack, ao ' deg 

.07 

.06 

. 05 

.04 

.03 

. 02 

. 01 

o 
-.S 

. ~ 

• 

I 

\ \ II 

1\ ) V 
\ ~ "'-- /; V 

""- --(. 

",,-<. 

~ / 
;/" 

. . 

-.4 o .4 .8 1.2 

Section lift coefficient, cL 

NAoTIONAL ADVISORY 
COMMITTEE FOIl AERONAUTICS 

Figure 8.- Effect of rounding slat leading ed ge on lift and drag charact eristics of NACA 641A212 airl'oil section with sla t 
retracted . CQ, 0 ; R, 1.5 x 106; test, LTT 437 . 

~ 
o 
>-
f-3 
Z 

~ 
...... 
~ 
CO 
W 

f'Ij ...... 
aq 

CO 



/ 
I 

V 

8 

c ~ma.x I 

6 
'd 
H 
0 

..c: 
t) 

.p 
c 

4 Q) 
t) 

H 
Q) 

0. 

OJ 

2 
I» 

/ I / I 

COMMITTEE FOR AERONAUTICS 
IT NATIONAL ADVISOR' 

6 
x s , percent chord 

(a) 5s = 18.2
0

• 

Figure 9. Leadins-edge-slat max~nllin-lift contours for various slat deflections on 

NhCA 641A212 airfoil section. R, 1.0 x 106; CQ, 0.03 (approx.); flap retracted; 

test, LTT 437. 

fIj .....,. 
aq 

co 
PJ 

~ 
o 
~ 

r-3 
~ 

~ 
I--" 
[\J 

co 
w 



6 

c7,max je:1/ I 'd 
H 
0 

.l<l 
0 

2.78 --i--- ~ trir 1 /". j,. ' (4 +' 
c: 

6 

II) 

0 
H 
II) 

0. 

2 .. 
til 

l» 

4 2 

Xs.' perCen t chord 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

(b) Os = 22.0°. 

Figure 9.- Continued. 
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coeffichnt for NACA 641A212 airfoil section with double 
slotted flap. 0v, 16 . 5°; xv' 0.004c; Yv > 0 . 0l4c; 

Of, 55 . 0°; xf ' 0.044c; Yf' 0.005c ; test, TDT 990 . 
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(a) R = 1.5 x 106 ; model in smooth condition. 

-

24 

Figure 16 .- Lift characteristics of NACA 641A2l2 airfoil section with leading-edge slat, double slotted flap, and boundary-l~yer 

control . 0s,22.00; x,, 0.036c; Y9' 0.037c; 0V' 16.5°; xv' 0.004c; Yv' 0.014c; Of' 55.0°; Xf' o.o44c; Yr' 0.005c ; 

test, TDT 990 . 
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(b ) h 3 x 106; model in s mooth condition. 

Figure 16 .- Continued . 
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(c ) fi 6 . 0 x 10 6 ; model in smooth cond ition. 

Figure 16 .- Continued . 
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(d) R = 6.0 x 106; model with standard roughness. 

Figure 16.- Concluded. 
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Fig. 17 - NACA TN No. 1293 
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Figure 17.- Effect of Reynolds number and leading-edge roughness 
on variation of maximum section lift coefficient with flow 
coefficient for NACA 641A212 airfoil section with leading-
edge slat and double slotted flap. os' 22.0°; xs , 0.036c; 

Ys ' 0.037c; 0v' 16.5°; xv' 0.004c; Yv ' 0.0l4c; of' 55.0°; 
x f ' 0.oL~4c; Yf' 0.005c; test, 'IDT 990. 


