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SUMMARY 

A 490 swept-wing complete model equipped for high-pressure blowing 
full span at two chordwise locations at the leading edge of a full-span 
wing and over a half-span flap has been tested in the Langley full-scale 
tunnel to determine the effectiveness of blowing at the leading edge as 
a supplementary leading-edge stall control at high lift coefficients. 

The wing had 490 of leading- edge sweep, an aspect ratio of 3.5, a 
taper ratio of 0.3, and an NACA 65A006 airfoil parallel to the plane of · 
symmetry. Lift, drag, and pitching-moment data were taken over an angle
of-attack range from _40 to 280 for the model with blowing applied to 
the trailing- edge flap and to the wing leading edge in combination with 
leading- edge- droop and leading-edge-radius modifications. The tests 

were conducted at a Reynolds number of 5.2 X 106 and a Mach number of 0.08. 

The results show that neither leading-edge droop nor leading-edge
radius increase was an adequate leading-edge stall-control device when 
used in conjunction with an effective boundary-layer-control flap con
figuration . However, blowing applied near the wing leading edge improved 
the stall - control ability of both the drooped nose and the nose with a 
radius increase and extended the angle-of-attack range and maximum lift 
coefficient appreciably. Because of the mechanical difficulty of con
structing a nose slot sufficiently forward on thin wings to control flow 
separation at the leading edge , b lowing at the nose alone was ineffective 
for the basic airfoi l section. The addition of droop or radius increase 
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was required in order to achieve effective stall control. For the drooped
nose configuration, blowing from either the slot at the knee of the droop 
or the slot located on the upper surface near the leading edge produced 
similar gains in lift. 

Blowing at the leading edge of the wing for e ither nose droop or 
radius increase produced little change in pitching moment at a given 
lift coefficient below maximum lift coefficient. The pitching-moment 
curves were substanti ally linear up to maximum lift coefficient with a 
slight pitch- up characteristic at stall. The investigation indicates 
that tbe application of boundary- layer control should result in appreciable 
reductions in landing approach and touchdown speeds for an airplane of 
this configuration . 

INTRODUCTION 

The need for increased lift capabilities of thin low-aspect-ratio 
wings resulting from ever-increasing wi ng loadings has led to considerable 
r esearch on methods for attaining more lift on currently used wing geo
metric characteristics. Literature reporting the results of investiga
tions along this line shows that boundary-layer control applied to a 
trailing-edge flap can produce appreciable incremental lift increases. 
However, if this greater flap effectiveness is to be exploited to the 
fullest on wings with thin airfoil sections, a more effective leading
edge stall-control system than is now us ed with conventional trailing
edge flaps must be employed. The deficiency of devices such as the slat, 
drooped nose, and cambered leading edge, when used with a boundary-layer 
control flap (refs. 1, 2, and 3), is usually indicated by the moderate 
angle of attack at which maximum lift occurs. The cause of this leading
edge flow breakdown is the additional angle-of-attack type of loading 
a s sociated with the more powerful trailing-edge-flap configuration. 

In a previous study of the leading-edge stall-control problem 
( ref. 1), the need for using full-span devices on a thin swept wing 
equipped with trailing-edge- flap boundary-layer control was demonstrated, 
and limited tests utilizing blowing from a slot near the wing leading 
edge suggested the possibility of combining blowing with leading-edge 
droop or leading-edge camber and radius increase to provide effective 
stall control. Consequently, the model of reference 1 was modified to 
incorporate a full-span leading-edge drooped nose of 0.17 chord with 
blowing slots provided to allow air to be ejected either from a slot 
near the airfoil nose or from a slot at the knee of the drooped nose. 

The present report presents the results of tests to determine the 
effectiveness of leading-edge stall control of blowing near the wing 
leading edge in combination with leading-edge droop and leading-edge 
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radius modifications for a range of trailing-edge-flap blowing conditions . 
The range of blowing flow rates for these tests was selected primarily 
t o represent the quantitie s of air compatible with the compressor air
bleed limit s of current turbojet engines. A few tests were conducted, 
however, with flow rates r epresentative of those associated with an 
auxiliary engine exhaust system. 

The model used in this investigation was a large-scale boundary
layer control configuration complete with wing, body, and tail. The 
wing was swept back 490 at the leading edge and had an aspect ratio 
of 3.5, a taper ratio of 0.3, and an NACA 65A006 airfoil section. 

Tests of this investigation were conducted in the Langley full-s cale 
tunnel for a range of angle of attack from _40 to 280 at a Reynolds number 

of 5.2 x 106 and a Mach number of 0.08. 

COEFFICIENTS .AND SYMBOLS 

lift coefficient, Lift 
qs-

CXJ 

~CL,arOo increment in lift coefficient due to flap deflection at a 00 

maximum lift coefficient 

drag coefficient (drag equivalent of pumping power not included) , 
~ 
q S 

CXJ 

pitching-moment coefficient about c/4 (see fig. 1), 
Pitching moment 

q Sc 
CXJ 

r ate of change of pitching-moment coefficient with lift 
coefficient 

rolling-moment coefficient, 

yawing-moment coefficient, 

flow coefficient, 

Rolling moment 
qSb 

CXJ 

Yawing moment 
qSb 

00 
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moment um coefficient} 
Qp jV j 

q 8 
00 

f r ee - stream dynamic pressure} 
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or 

l p V 2 
2 00 00 

L/D lift - drag rat io 

c local wing chord measured parallel to plane of synnnetry, ft 

c 

b 

y 

s 

R 

V 

G 

g 

T 

mean aerodynamic chord} g [b/2 c2dy ft 
S Jo } 

aver age chord of wi ng measured parallel to plane of symmetry} 
s/b, ft 

wing span} ft 

spanwise distance measured perpendicular to plane of synnnetry, ft 

area of wi ng} sq ft 

Reynolds number based on mean aerodynamic chord 

velocity of flight} knots 

free-stream velocity, ft/sec 

velocity of ejected air at slot} ft/sec 

mass density of free - stream air} slugs/cu ft 

mass density of ejected air at slot} slugs/cu ft 

volume of flow of air blown out of slot} cu ft/sec 

weight of flow of air from slot} lb/sec 

acceleration due to gravity, ft/sec2 

angle of attack} deg 

flap deflection (rel ative to wing chord plane) measured 
perpendicular to f l ap hinge line, deg 

thrust} lb 

" 

J 
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mean aerodynamic chord of horizontal tail 

I inboard boundary-layer control compartment 

C center boundary-layer control compartment 

o outboard boundary-layer control compartment 

Subscripts and abbreviations: 

f flap 

LE wing leading edge 

TE wing trailing edge 

BLC boundary-layer control 

APPARATUS AND TESTS 

Model 

The model for the invest.i gation was a large-scale complete model 
equipped for a high-pressure leading- and trailing-edge blowing type 
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of boundary-layer control. The general layout and principal dimensions 
of the model are given in figure 1, and a photograph of the model mounted 
for testing is given in figure 2 . The wing had an area of 224 square 
feet, 490 of sweep at the leading edge, an aspect ratio of 3.5, a taper 
ratio of 0 . 3, and NACA 65A006 airfoil sections parallel to the plane of 
symmetry. An 0.24c half-span plain trailing-edge flap employing a wing
shroud blowing jet (see fig. 3) was used as a high- lift device. 

Two of the wing leading-edge flow-control devices used for the tests 
were full span. One was an 0.17c drooped nose hinged at the lower sur
face of the wing. The other control device was the 0.013c radius increase 
of the nose which was added in a manner to provide a cambered leading 
edge . Blowing air wa s ejected at the forward part of the wing from one 
or the other of the two slots indicated in figure 3. The more forward 
slot (called the nose slot) was constructed as close to the leading edge 
of the wing as possible and yet still have the issuing jet adhere to the 
wing surface. The nose slot was, therefore, about 0.5 inch behind the 
leading edge from the wing tip to the root. The rear leading-edge slot 
(called the knee slot) was located so that it would be ahead of any great 
contour change caused by deflecting the nose. Consequently, the blowing 
jet would be ahead of the separation pOint. As the nose was deflected, 
the knee slot became exposed at an angle of 200 • 

J 



6 NACA RM L5'JD23 

The nose - slot ramp angle was determined from preliminary b ench t ests 
to ascertai n that, f or the pressure ratios to b e used during the wind
tunnel test s , the jet of air f r om the slot would negotiate the curvature 
of the r ear - s l ot lip and r emai n attached t o the wing surface. For the 
conditions of s l ot geometric characteristics and pressure ratios employed 
on thi s configuration, i t was f ound that the ramp angl e (as measured 
between a feeler gage inserted in the s l ot and a mean tangent line ) could 
not be more than about 400

• 

The no se droop, which could b e deflected t o an angle of 500 normal 
to the hinge .line , was divided into three spanwise compartments (fig . 1) -
inboard (0 . 324b/ 2), center (0.203b/2), and outboard (0.331b/2) - and 
i s r ef erred t o her einafter as I, C, and 0, respectively, for blowing over 
e ither the nose or knee . The l eading- edge blowing air was supplied from 
one main duct within the wing and f or experimental purposes was valved 
to each of the s i x individual l eading- edge compartments. 

All the blowing slots were adjustable so that mass flow could be 
regulated by slot area or individual compartment pressure . For most of 
the tests , all s l ots wer e maintained at a gap setting of 0.010 i nch. 
The trailing- edge - flap blowing slot , however, wa s set at a 0 . 050-inch 
gap for flap mass - flow coeffi c i ent s C~,f greater than 0 .10 . Typical 

cross- sectional vi ews of leading- and trailing- edge s l ot s are shown in 
figure 3. 

Air Supply 

The air used for boundary- laye r control was supplied by a compressqr 
capable of delivering to the model at full flow and at a pressure ratio 
of 3 . 0 a maximum of air about 12 pounds per second . The compressor 
was i solated from the model , and air was del i vered t o the model through 
a system of ducting . The air was brought onto the s cale-balance frame 
supporting the model by f l exible connections alined so that r eaction 
forces would cancel each other . I n order to permit angle-of-attack 
change , there was locat ed withi n the model on the lateral axis of r ota
tion an air-tight slip joi nt between the wing plenum and the air- supply 
pipe entering the model through the b ottom of the fuselage . 

Method 

The mass flow of air being ejected from the individual blowing slots 
was calculated from the individua l duct pressure , temperature measur e 
ments , and the s l ot - exit area . The r esult s from this method, checked 
in another invest i gation, a r e comparable in accuracy t o the results 
obtained from measuring the fl ow through a standard orifice plate . 

-----~ ---.~- ~ 
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Several shielded total-pressure tubes were located within each slot plenum 
chamber to ascertain that uniform flow was achieved along the length of 
the slot . Duct pressure was indicated by a mercury manometer; duct tem
perature, by a thermocouple. Slot areas were measured with test pressure 
applied. 

Tests 

The force data, taken on the tunnel six-component scale-balance 
system, was measured over the angle-of-attack range from _40 to 280 at 

a Reynolds number of 5.2 X 106 which corresponds to a Mach number of 0.08. 

Flap- effectiveness tests were made for the various leading-edge 
configurations for the conditions of no boundary-layer control and with 
blowing over the flap . The flap - effectiveness tests with blowing over 
the flap covered a range of flap deflections up to 600 and momentum coef
ficients C~ up to 0.18. From these results several momentum coefficients 
with blowing over the trailing-edge flap, representing minimum, moderate, 
and fairly high momentum coefficients (C~,f = 0.01, 0.03, and 0.10, 
respectively ), were chosen for flap conditions for the tests of the 
leading- edge control devices (droop and radius increase) with blowing 
applied over the leading edge. 

The test conditions with blowing over the leading ~dge include a 
variation of spanwise application of boundary-layer control by blowing 
from compartments I, C, and 0 at the nose and the knee-slot locations 
for the drooped-nose configuration . However, only nose-slot blowing 
was tested for the radius-increase configuration. 

Variation of blOwing rates from one spanwise compartment to the 
other was also investigated by varying the air pressure within the 
individual compartments. 

Corrections 

The data have been corrected for airstream misalinement, buoyancy, 
and jet boundary effects. In order to make the present data equivalent 
to a self-contained system, the drag coefficients were corrected by adding 
the term pQV which is the drag equivalent of taking on board the mass 

00 

of air pQ that had an original velocity, relative to the model, of Voo' 

This correction was necessary because the air ejected from the model was 
admitted from a source that actually had a zero component of momentum 
in the stream direction. The lift and drag data, as presented, contain 
the effects of the jet momentum because this would be reflected in the 
aerodynamic characteristics of a boundary-layer-control airplane. 

L-_________ _ __ .-1 
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RESULTS AND DI SCUSSION 

Lift Characteristics 

Effect of flap deflection and flap boundary-layer control.- Since 
the results of an extensive investigation of the effect of boundary-layer 
control by blowing on a flapped- wing configuration have been reported in 
reference 1 only a small amount of data for the model with flaps deflected 
400) 500) and 600 are presented for the condition without boundary-layer 
controi (fi g . 4). The results of tests with blowing over the flap are 
given in figure 5 for the flaps deflected 600 and for a range of momentum 
coefficients from 0 to 0.172. The incremental-lift gains obtained by 
boundary-layer control at zero angle of attack are summarized in figure 6. 
These data are in good agreement with the flap results of reference 1 and 
show that blowing continues to increase the lift for increases in blowing
momentum coefficient) although there i s a considerable reduction in the 
rate of increase for C~ values great er than 0 .01 as noted by the change 
in slope in the curve of C~ plotted against 6CL)a=00 (fig. 6). The 

poi nt at which this change in slope occurs) generally referred to as the 
knee) usually indicates the minimum value of C~ required to maintain 

unseparated flow on the flap for a given flap · deflection and the most 
efficient use of the air available for boundary-layer control. 

Effect of leading-edge droop. - The upwash at the leading edge of 
the highly loaded thin wings induced by the boundary-layer control flap 
caused early separation of the flow at the wing leading edge) and thus 
resulted in a large reduction of the stalling angle. In order to deter
mine the effectiveness of droop as a leading-edge stall-control device 
on thi s model ) the nose was drooped to 300, 400) and 450 for a flap 
deflection of 600 wi th no boundary-layer control applied. The results 
of these tests (fig. 7) show that stall at the leading edge was delayed. 
For the higher droop angles) tuft studies showed that separation finally 
occurred b ehind the knee and caused the wing tips to stall . A maximum 
lift coefficient of about 1 . 2 at a = 150 was reached giving an incre
mental increase in l ift coefficient of 0 . 2 over the basic leading-edge 
configuration. The express i on "basic leading edge" refers to the original 
airfoil contour without any leading-edge modifications or blowing. 

Inspection of figure 7 indicates that the application of just enough 
blowing to the 600 deflected flap for flow cleanup (C~ <::::: 0.01) gave an 
appreciable lift-coefficient increase at low angles' of attack ·' for the 
clean leading-edge configuration but produced no appreciable gain 
in CL max b ecause leading- edge stall occurred at an angle of attack , 
of approximately 80 . Drooping the leading edge 400 groduced a maximum 
lift coefficient of 1.35 at an angle of attack of 14. Tuft studies 
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made in conjunction with these force tests showed that for the higher 
droop angles the CL,max was limited by stall occurring first on the 
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outboard wing section and originating behind the knee of the nose droop. 
If lower droop angles were used, separation at the leading edge became 
predominant and higher lift coefficients could not be reached without 
some supplementary flow control. 

Effect of blowing with nose droop.- The results of tests with the 
nose drooped and blowing being applied either from a slot at the wing 
leading edge (nose slot) or from a slot at the contour change caused 
by the droop (knee s l ot) are presented in figures 8 to 14. It was found 
that blowing applied at the leading edge (When applied from a full-span 
slot or a partial-span slot) increased both maximum lift coefficient and 
angle of attack for maximum lift for several variations in spanwise dis
tribution of blowing-momentum coefficient (figs. 8 and 10). For the 
partial-span blowing conditions, tuft observations (figs. 9 and 11) showed 
some slight flow roughness emanating behind the knee of the droop on the 
inboard wing stations. This roughness, even though not severe, seemed 
to have a detrimental effect on lift. However, when blowing at the 
leading edge was applied to this area of the wing, only a very small 
amount of air was required to eliminate the separation, and the resulting 
maximum lift coefficients (CL,max = 1. 65) were about equal at ex, = 190 

for either blowing condition (fig. 10). 

Perhaps it should be pointed out here that inboard leading-edge 
separation was not severe on this configuration because drooping the 
nose gave fairly large radius-contour changes which were not critical 
for early stall precipitation. On thinner wings, a drooped-nose con
figuration would have less-favorable geometric characteristics, that is, 
the sharper contour changes would be conducive to early flow separation 
at the leading edge and would, therefore, require blowing at the leading 
edge from a full-span slot . The results of tests made in an attempt to 
determine minimum leading-edge C~ requirements (figs. 8 and 10) show 
that, although the inboard r equirements were very small, the values of 
momentum coefficient at the wing-tip section could not be lowered appre
ciably below 0.01 without lift losses due to tip stall. With total 
leading- edge momentum coefficient as low as 0.014, nearly linear lift 
curves were obtained to maximum lift coefficients of approximately 1.6 
at an angle of attack of 190 . This leading-edge flow rate, added to 
the minimum boundary-layer control-flap condition (C~,f = 0.010), would 
give total airplane requirements within the limits allowed for current 
compressor bleed systems . 

Limited tests were made of blowing at the nose slot with the nose 
undeflected, and the results failed to show any lift gains because of 
the inability to control flow separation at the leading edge by blowing 
alone. Observation of nose pressures on a manometer showed that the nose 
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slot in the center and outboard compartments was not suffici ently forward 
to have any effect on separation caused by the large adverse pressure 
gradient at the nose. However, t ests showed that, once the l eading edge 
was drooped, the air ejected from the nose slot negotiated the curvature 
at the knee of the droop and r emained attached to the wing surface some 
distance behind the knee. It is thought that this is the reason why the 
results of nose and knee blowing were a s comparable as they were for the 
drooped-nose configuration. The knee slot , therefore, from a design and 
maintenance viewpoint, may be a more practical arrangement on an airplane 
wing having thin sections with very small nose radii. 

In order t o determine the effects of increased flap blowing-momentum 
coefficient on the leading-edge blowing requirements, flap blowing
momentum coefficients were increased tenfold to values of 0.10 and 0.18. 
The variations of nose and knee spanwise-compartment momentum coefficients 
(figs. 12 and 13) indicate essentially the same wing flow characteristics 
as were evidenced with the lower flap blowing rate (C~,f ~ 0.03). Blowing 
applied at the leading edge in about the same proportion and spanwise 
distribution as for the lower flap blowing rates was effective in pro
ducing relat i vely clean flow over the wing span to high angles of attack 
(a = 180

). With the higher flap blowing conditions (C~,f = 0.10 and 0.18), 
flow on the flap wa s not as sensitive to disturbances emanating from the 
wing root. In this respect, blowing over the leading edge of the partial 
span (outboard 0.534b/2) did not have the slightly adverse effect on 
lift as was noted by the r oughness at the inboard end of the slot for 
the lower flap blowing rates. With flap blowing-momentum coefficients 
of the order of O. lS, however, the sections outboard of the end of the 
flap experienced much higher induced upwash and caused flow separation 
at the leading edge on that area of the wing. Consequently, it was 
necessary to increase the flow rates of the outboard slot in order to 
maintain unseparated flow behind the knee (fig. 13) . For the flap con
dition C~,f = 0.10 (fig . 12), partial- and full - span blowing from 

either the nose or knee slot s of the drooped leading edge gave about the 
same maximum lift and angle of attack (CL,max = 1 .8 and a = 180

, 

respectively). Also, for the higher flap momentum coefficients, the 
lift-curve slope was maintained more nearly linear to higher angles of 
attack. 

In order to determine the effectiveness of blowing at the knee of 
a drooped leading edge when applied to a thin swept wing having zero 
leading-edge radius, the model was fitt ed with a sharp leading edge (see 
fig. 3). Several tests were made at flap momentum coefficients of 0.03 
and 0 .10 for the drooped-nose configuration with and without knee blowing, 
and these results (fig. 14) were comparable to those for the normal nose. 
Tuft observations during the test proved interesting in that a very 
tightly b ound vortex remained attached to the leading edge up to angles 
of attack near maximum lift. This leading-edge vortex did not induce 

L ________ _ 
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separation behind the drooped nose (as might have been expected at lower 
angles of attack than for the round nose ); and as a result, the blowing 
requirements for controlling the separation behind the knee was about 
t he same for either the sharp- or rounded-leading-edge configuration. 
However, a sharp-leading-edge droop would be expected to introduce more 
influence on the phenomenon of flow separation at the tip and requirements 
for blowing at the leading edge for wings of less leading-edge sweep. 

Effect of leading-edge-radius increase.- The limited wind-tunnel 
tests (ref. 1) of a nose radius- and camber-increase configuration showed 
this modification (fig. 3) to have good leading-edge stall-control capa
bilities at somewhat higher angles of attack with the application of 
partial-span leading-edge-blowing boundary-layer control. It was, there
fore, of interest to investigate the radius increase over a wider range 
of leading-edge blowing-momentum coefficients and with blowing over the 
l eading edge from a full-span slot. 

Wind-tunnel tests were conducted t o determine the stall-control 
effectiveness of the nose radius and camber increase for model configura
tions a s follows: flap neutral, flap deflected with no boundary-layer 
control, flap deflected with flap b oundary-layer control, and flap 
deflected with blowing over b oth the wing leading edge and flap. These 
data are presented in figures 15 to 20. 

The radius increase had no effect on the model characteristics over 
the l ower lift range (fig. 15 ), but adding the increased radius did extend 
the linear part of the lift curve t o a higher angle of attack (to 
about 130

) than wa s noted for the basic nose. The added radius and camber 
alone were not sufficient leading-edge treatment to delal flow separation 
at the leading edge above an angle of attack of about 13. Similar 
results were also noted for tests with blowing applied to the trailing
edge flap (fig. 16) for a range of flap momentum coefficient from 0 
to 0.180. 

Effect of blowing with increased nose radius.- The results of blowing 
over the increased nose radius show a marked effect for variation in 
spanwise blowing application. These findings are graphically shown in 
the lift curves of figure 17 in which blowing is applied in successive 
tests to the outboard 0.33b/2, outboard 0.53b/2, and 0.85b/2 nose 
slots, respectively. It is seen that, as the spanwise extent of blowing 
was increased, large gains in lift were obtained; whereas, increasing 
blowing rates for partial span blowing gave only small improvements for 
comparable total C~ values. It will be noted also in figure 17 that, 
as the spanwise application of boundary-layer control is extended from 
the tip toward the wing root, the lift curves, at high angles of attack, 
become more linear as the maximum lift coefficient is increased. This 
is due to the elimination of the flow separation at the leading edge 
and subsequent losses of lift on the inboard wing sections. The nose 
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with a radius i ncrease , having l ess camber effect than the drooped nose 
at these wing stations , was not capable of controll ing the stall at the 
leading edge i nduced by blowing on the flap. Tuft observations (fig. 18) 
made in conjunction wi th t he for ce t est s showed flow separation at the 
leading edge on this regi on of the wing at an angle of attack of about 120 • 

At the lower flap blOwing rat es , t his disturbance on the wing inboard also 
had a detrimental effect on flap effectiveness at the higher angle of 
attack. Blowing at the leading edge , in eliminating this localized flow 
separation at the nose, not only restor ed wing lift but also allowed the 
flap to maintain full effectiveness to higher angles of attack. Con
sequently, with good lift capabilities maintained on all stations of the 
wing to fairly high angle of attack, t he lift curves are substantially 
linear to maximum lift (CL,max = 1.8) where a sharp break is noted as 
t he wing stalls at a = 220. 

For slightly higher flap blowing rates (C~,f ~ 0.025 in fig. 19), 
blowing over the leading edge from a half -span slot at a substantial total 
l eading-edge value of momentum coefficient (C~,LE =' 0.025) was again not 

as effective as using approximately the same amount of air redistributed 
in a full-span application. Since the attainment of the high lift coef
f icient at the high angle of attack is restricted by the landing geometry 
of the airplane design in many cases, it may be noted in figure 19 that 
t he undesirable sudden- stall characteristic can be alleviated by reducing 
t he blowing over the inboard wing stations. 

It was of interest to know whether leading-edge boundary-layer con
trol would be effective when applied in combination with a trailing-edge 
syst em using a large percentage of engine thrust to augment lift. A few 
tests were, therefore, made with very high flap momentum coefficients 
covering a range from 0.100 to 0.369. These results (fig. 20) show that 
a linear lift curve could be maintained to a rather high lift coefficient 
(CL ~ 2.33); but as indicated before for the drooped nose, it was neces
s ary to increase the blowing rate over the outboard nose sections in order 
to prevent the wing tip from stalling. 

Pitching-Moment Characteristics 

The pitch-up characteristics of sweptback wings have long been one 
of the leading stability problems caused by the forward shift of the 
center of pressure as the wing tips stalled. It was hoped that the 
present investigation would show that, with the proper distribution of 
blowing at the leading edge, the pitch-up at CL,max might be eliminated. 
However, even for the tests with blowing over only the outboard 0.54b/2 
of the wing leading edge, some tendency t oward pitch-up still persisted, 
regardless of the amount of blowing applied. 
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Both the configuration f or the drooped nose and for the leading
edge-nose radius increase, in general, exhibited similar longitudinal 
stability characteristics. The pitching-moment data show the model to 
be longitudinally stable up to the maximum lift coefficients with a tend
ency to pitch up at stall. The application of boundary- layer control 
to the flap or leading edge had no appreciable effect on the magnitude 
of the pitching moments in the normal lift range, and the moment curves 
remained linear with almost constant slope up to CL . ,max 

The horizontal tail on this model was mounted with zero incidence 
on the wing chord plane extended . For the flap configuration without 
boundary-layer control, with a partial-span leading-edge device which 
was adequate to prevent tip stall, the tail was in a favorable downwash 
gradient and thus produced stability through the stall. The failure to 
produce a stable pitching-moment break for any of the flap boundary-layer
control configurations i s consider ed to be associated with the increased 
downwash inboard behind the highly loaded wing which creates a less favor 
able downwash field for the tail and prevents the tail contribution from 
overcoming the unstable moments of the wing. On the basis of some pre
liminary downwash measurements obtained during this investigation, it 
is believed that a slightly lower tail position (O . llc below the wing 
chord line) would result in a less - unstable configuration of CL,max' 

It should be noted that, for the very high flap C~ conditions 

(~0.1001 the pitching moments would be bey~nd the trim capabilities 
of a normal tail configuration even for a conventional static margin. 
For the more moderate flap C~ condi tions (~ 0.03), however, the all
movable tail as tested would be fully capable of trim for center-of
gravity positions representing realistic static margins. For example, 
with a center-of-gravity position of 37 percent mean aerodynamic chord 
which gi ves a static margin of 0.12 for the landing configuration, trim
lift coefficients of the order of 1.45 to 1.5 could be attained for 
blowing conditions compatible with a compressor bleed air supply, with 
mass -flow rates ranging upward to 10 pounds per second. 

Many airplanes without boundary-layer control employing the current 
leading-edge stall control and trailing-edge high-lift devices are limited 
to maximum landing attitude angles of about 120 because of the contact 
of the tail with the ground. In figure 7 it is noted that an angle of 
120 is very near maximum lift for the configuration without blowing at 
the leading edge . For these same ground-contact attitudes, a boundary
lay~r-control airplane using an arrangement such as the one employed in 
this investigation (droop 400

, flaps 600
) not only shows a higher lift 

coefficient at equivalent angles but also has the lift curve extended 
to angles of attack (some 80 higher) considerably beyond the contact 
attitude. With this in mind, then, it might be well to note that, since 
the pitching-moment curves are practically linear to maximum lift, the 

_J 
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margin of CL and ~ between touchdown attitude and stall angle may 
be looked upon as the region ab ove the 0.85CL,max condition usually 

considered for safe landing. 

Drag Characteristics 

In general, the drag data (figs . 4 to 20) of thi s investigation 
are characteristic of the results of other boundary-layer-control appli
cations on wind- tunnel and flight-test models (refs. 1 to 4 ). It is 
noted that the high lift configurations with the b oundary-layer control 
displayed higher drag coefficients in the lower CL range than with no 
boundary-layer control. (See fig. 7. ) These increases in drag are gener
ally attributed to the change in induced drags. Although the elimination 
of separation on the flap by boundary- layer control would tend to reduce 
the profile drag of the configuration, an appreciable increase in induced 
drag would be anticipated for the wi ng span loading resulting from the 
increased lift coefficients on the inboard wing sections affected by 
boundary-layer control on the flap. I t has b een shown in reference 1 
that high lifts can be obtained with lower drag coefficients for a 
boundary-layer control system with full-span flap because of the more 
uniform span l oading . However, on the highly swept wing, the large 
pitching moments, resulting from the full-span configuration, produced 
trim requirements that negate the use of the lift gained from the full
span flap. 

For comparison purposes, the partial-span leading-edge slat con
figuration with flaps deflected 400 (ref . 1) was chosen to represent 
a typical fighter airplane having no b oundary-layer control . Lift-drag 
ratios f or this . configuration and those of the present boundary-layer
control configuration (flaps 600

, droop 400
; see fig. 8) are presented 

in figure 21. The customary increase with CL is noted for LID of 

the configurat i on without boundary-layer control, with maximum values 
of LID of about 5.6 occurring at CL ~ 0.9, and then LID decreases 
rapidly with further increase in CL which indicates a rapid drag 
increase as flow separation sets in on the wing . When compared with a 
boundary- layer- contr ol high-lift configuration such as the one previously 
mentioned, it is noted that, with wing and flap separation controlled by 
b oundary- layer control , the lift - drag ratio, although not as high, pre
sents a much flatter curve i n the high lift range and is extended to a 
somewhat higher lift coeffic ient ( CL : 1.25) . 

In order to point out, perhaps more graphically, the effects of 
b oundary- layer control on the handl i ng characteristics and the speed 
reduction poss i ble during the landing phase of a typical fi ghter air
plane , figure 22 was prepared . This airplane was assumed t o have a 
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wing area of 325 square feet and a wing loading of 60 pounds per square 
foot . For the boundary- layer- contr ol condition, the data of figure 8 
were adjust ed to trim- lift coeffici ents for a static margin dCm/dCL 

of 12 percent. The thrust required was determined by the equation 
T = cDqS. Since these test data were for a constant stabilizer setting 
and constant blowing-momentum coefficient, the CD values were adjusted 

to account for the increment of drag due to tail deflection required for 
trim and for the variation in the momentum coefficient assuming constant
bleed air flow for flight velocities from 110 to 190 knots. 

It is noted in figure 22 that the thrust required decreases with 
velocity to a point corresponding to the angle of attack for best LID 
and then begins to rise sharply . The portion of the curve indicating 
sharp increase in thrust required is the region in which the pilot 
usually experiences difficulty in establishing steady-flight conditions 
and is generall y known as the back side of the power curve. Consequently, 
landing- approach speeds are higher than values for minimum thrust. For 
the configuration without boundary- layer control, this condition occurred 
at a velocity of about 130 knots; but for the configuration with boundary
layer control applied, it can be seen that the speed may be reduced about 
15 knots below that value before the drag rise occurs. Another item of 
importance is that, although the level of thrust required is higher 
throughout the speed range for the boundary-layer-control configuration, 
the rate of increase of thrust with reduced velocity approaching CL,max 

is not as great as indicated for the case without boundary-layer control. 
In addition to improved low- speed handling characteristics, pilots report 
(ref. 3) that the reduced attitude improves visibility considerably for 
landing. I t is seen that, as speed reductions occur for both models, 
the boundary- layer-control model has attitudes considerably below those 
of the model without boundary-layer control at a given velocity, and 
that the greatest difference is at minimum thrust for the model without 
boundary-layer control. 

In order that the aforementioned conditions may be obtained, the 
assumption must be made, of course, that the overall low-speed character
istics of the airplane are acceptable to the pilot. 

CONCLUSIONS 

An invest i gation in the Langley full-scale tunnel on the effect of 
high-pressure b lowing at the leading edge as a means of boundary-layer 
control on the aerodynamic characteristics of a 490 swept-wing complete 
model has resulted in the following conclusions: 
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1 . Neither leading- edge droop nor leading- edge- radius increase used 
as a leading- edge control device proved adequate to control flow separa
tion at the leading edge when accompanying an effective flap boundary
layer- control confi guration . 

2. Blowi ng at the wi ng leadi ng edge with only moderate values of 
momentum coeffi ci ent used i n combination with droop or increased leading
edge radi us i ncreased the effectiveness of both devices and, consequently, 
extended the angle - of- attack r ange and maximum lift coefficient 
appreciably . 

3 . Be cause of the mechanical di fficulty of constructing a nose slot 
sufficiently forward on thin wings to control flow separation at the 
leading edge , b lowi ng at the nose al one was ineffective for the basic 
a i rfoil sect i on . The addi t i on of droop or radius increase was required 
in order to a chi eve effective stall control. 

4. For the drooped-nose configuration, blowing from either the 
slot at t he knee of the droop or the slot located on the upper surface 
near the leading edge produced similar gains in lift. 

5. Blowi ng at the leadi ng edge of the wing for either nose droop 
or radius increase produced l i ttle change in pitching moment at a given 
l i ft coeffi cient below the maximum lift coefficient. The pitching
moment curves were substantially linear up to the maximum lift coeffici
ent with a slight pitch- up characteristic at stall. 

6. A properly designed boundary- layer- control high-pressure blowing 
system requi ring a total mass - flow rate within the bleedoff capabilities 
of current turbojet compressors could be expected to reduce the approach 
speed by about 15 knots when applied to a typical airplane configuration 
having a wi ng loading of 60 pounds per square foot . This assumes that 
in all other respects the handling qualities and stall-warning character
istics are found satisfactory at the higher operating lift coefficients. 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics , 

Langley Fi el d, Va . , April 4, 1957. 

------ - -- -----
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Figure 2.- General view of model mounted in wind tunnel. L-93853 
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Figure 14.- Concluded. 
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Figure 18 . - Wing flow patterns for model with nose with a radius increase 
and with flaps deflected 60° . 
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