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RESEARCH MEMORANDUM 

BLOWING OVER THE FLAPS AND WING LEADING EDGE OF A THIN 

490 SWEPT WING-BODY-TAIL CONFI GURATI ON I N COMBINATION 

WITH LEADI NG-EDGE DEVICES 

By H. Clyde McLemore and Marvin P. Fink 

SUMMARY 

An investigation has been conducted in the Langley full - scale tunnel 
to determine the effects on the low-speed aerodynamic characteristics of 
blowing air over the trailing- edge flap of a large - scale wing-body- tail 
model . The wing and horizontal tail have an aspect ratio of 3 . 5, taper 
ratio of 0 . 3, leading- edge sweep of 490 , and NACA 65A006 airfoil sections 
parallel to the plane of symmetry . The trailing-edge air was ejected 
over highly deflected half- and full - span flaps in combination with sev­
eral leading- edge-flow control devices including blowing from a slot in 
the wing leading edge. The momentum coefficient range investigated was 
o t o 0.16 for the trailing-edge blowing and 0 to 0.025 for the leading­
edge blowing . Most of the tests were conducted at a Reynolds number of 

5. 2 X 106 corresponding to a Mach number of 0.08. 

Blowing over highly deflected trailing-edge flaps produced lift 
increments approximately equal to values predicted by potential theory 
for moderate values of momentum coefficient . Effective full - span 
leading-edge - stall control devices must be used when blowing is applied 
over flaps if appreciable lift gains are to be realized in the high 
angle-of-attack range. Blowing over inboard half-span flaps or blowing 
applied outboard at the wing leading edge provides marked improvement 
in the effectiveness of outboard located ailerons. 

INTRODUCTION 

The problem of obtaining acceptable landing speeds for high-speed 
airplanes has become increasingly severe in the past few years due to 
i ncreased wing loadings and reduced effectiveness of conventional high­
lift devices when applied to highly swept wings. The necessity of 
obtaining increased lift for these airplanes at a given attitude has 
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prompted research int o methods of obtaining higher lift through increased 
flap effectiveness and improved leading- edge-stall control. One of the 
more recent considerations for achieving an improvement in landing and 
take -off performance is boundary - layer control by blowing a high energy 
stream of air over surfaces otherwise subject to air-flow separation. 

This system of boundary- layer control is by no means new in prin­
ciple . The investigations reported in references 1, 2, and 3 (to mention 
only a few) had indicated that considerable improvement in the lift char­
acteristics of airfoils could be realized. Until recent years, however, 
the necessary equipment (motors, pumps , and plumbing) for providing 
boundary-layer control was so heavy, inefficient, and bulky that the net 
gain in lift of a complete airplane configuration equipped for boundary­
layer control by blowing was determined to be negligible. The use of 
the jet engine , however, provides a convenient and available air pumping 
source for a blowing- type boundary- layer control system, utilizing bleed 
air either from a compressor stage or from the engine tailpipe, without 
any appreciable weight penalty . Boundary-layer control, therefore, has 
become the subject of renewed interest as a possible means of either 
increasing the load- carrying capabilities of present-day aircraft or 
providing decreased landing and take-off speeds. 

The present paper presents the results of tests with and without 
boundary-layer control by blowing over highly deflected half- and full­
span flaps and over the wing leading edge of a modern fighter-type­
airplane model. The primary purpose of this investigation was to deter­
mine the lift gains to be attained by the blowing-type boundary-layer 
control and the amount of air required to produce these gains. Results 
are also given to show the effects of blowing on the trim requirements 
and horizontal- tail effectiveness and on the wing leading-edge-flow con­
trol devices required to prevent leading-edge separation. 

The model used in the present investigation was a large-scale, wing­
body-tail configuration having NACA 65A006 airfoil sections parallel to 
the plane of symmetry , an aspect ratio of 3. 5, taper ratio of 0.3, and 
490 o£ sweep at the l eading edge. 

The tests of this investigation were conducted i n the Langley full­
scale tunnel for a range of angles of attack, flap angles, aileron angles, 
~nd tail incidence angles with most of the tests conducted at a Reynolds 

number of 5.2 X 106 corresponding to a Mach number of 0.08. 
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CImax 

L/D 

c 

c 

COEFFICIENTS AND SYMBOLS 

lift coefficient, 

increment in lift coefficient due to flap deflection 
at ex, = 00 

maximum lift coefficient 

drag coefficient, (drag equivalent of pumping power 

not included) 

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

qoSc 

rate of change of pitching-moment coefficient with 
lift coefficient 

rolling-moment coefficient, 

yawing-moment coefficient, 

flow coefficient, Q/VoS 

momentum coefficient, 

Rolling moment 
qoSb 

Yawing moment 
qoSb 

or 

free-stream dynamic pressure, 

lift-drag ratio 

local wing chord measured parallel to plane of symmetry, ft 

mean aerodynamic chord, 
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Subscripts: 

LE 

TE 

R 
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average chord of wing measured parallel to plane of 
symmetry Sib , ft 

wing span, ft 

spanwise distance measured perpendicular to plane of 
symmetry, ft 

area of wing, sq ft 

Reynolds number based on mean aerodynamic chord 

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 flow of air blown out of slot, cu ft/sec 

weight flow of air from slot, lb/sec 

acceleration due to gravity, ft/sec 2 

angle of attack, deg 

effective downwash, deg 

flap deflection (relative to wing-chord plane) measured 
perpendicular to flap hinge line, deg 

aileron deflection (relative to wing-chord plane) measured 
perpendicular to aileron hinge line (positive when right 
aileron trailing edge down), deg 

horizontal-tail deflection (relative to wing-chord plane) 
measured parallel to plane of symmetry (positive when 
trailing edge down), deg 

wing leading edge 

wing trailing edge 

right wing 
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MODEL 

The model used for this investigation was a large-scale research 
model having the geometric characteristics shown in figure 1. The wing 
has a leading-edge sweep of 490

, an aspect ratio of 3.5, a taper ratio 
of 0.3, and NACA 65A006 airfoil sections parallel to the plane of sym­
metry . A photograph of the model mounted for tests in the Langley 
full-scale tunnel is given as figure 2. The model was equipped with 
0.24c flaps and ailerons, measured from the hinge line, with the ailerons 
being capable of deflection as outboard flaps. 

The leading-edge-flow control devices used in this investigation 
were a 0. 15c slat, a 0.013c increase in the leading-edge radius similar 
in profile to the WADC infl atable boot, and an outboard wing leading­
edge blowing jet. The slat and radius increase were segmented so that 
portions could be tested alone or in combination with the other devices. 
The slat used was not an integral part of the wing but was mounted onto 
the unmodified wing leading edge with lower surface brackets alined with 
the plane of symmetry of the model. The radius increase, when used in 
combination with the O.60b/2 slat, extended from the inboard end of the 
slat to the fuselage. When the leading-edge-radius increase was used 
in combination with leading- edge blOwing, the radius increase extended 
over the entire span. Sectional views of these high-lift and flow con­
trol devices are presented in figure 3. 

Just ahead of the flaps and ailerons a slot opened into the wing 
trailing edge (see fig. 3) through which the trailing-edge boundary­
layer control air was ejected. The slot was constructed so that the 
slot gap could be varied to control the amount and rate of flow of air 
ejected over half- or full-span flaps. 

To make possible some exploratory tests of leading-edge blowing, a 
slot was constructed as near to the wing leading edge as practical 
(0 . 005cav) and extended over the outboard 38 percent of the right wing 
only. The available high-pressure air supply for the leading-edge­
blowing tests was limited and this dictated the extent of wing span 
investigated. 

The model had an all-movable horizontal tail mounted on the fuse­
lage center line at a tail length of approximately 1.5e. 

- - - - -------~-
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APPARA'IUS 

AIR SUPPLY 

The air supply for the trailing- edge -blowing tests was obtained 
from a modified J-34 compressor mounted in the fuselage which was driven 
by two 200- horsepower electric motors . The air to the compressor was 
supplied through a fuselage nose inlet. The compressor exhausted into 
a plenum chamber which supplied the air to the flaps and ailerons through 
internal wing ducts . The compre ssor , as used, was capable of producing 
a maximum pressure of 1.4 atmospheres at the exit slot and a maximum 
weight flow r ate of approximately 29 pounds per second . 

The air supply for the leadi ng-edge-blowing tests was supplied from 
an external source and was brought on board the model through an exter­
nal duct attached to the lower surface of the right wing . The pressure 
available for the leading- edge -blowing tests was approximately 1 . 9 atmos­
pheres with a maxi mum weight flow rate of 1 . 7 pounds per second. 

I NSTRUMENTATION 

Shielded thermocouples and r akes of total and static pressure tubes 
were mounted in the wing ducts upstream of the blowi ng slots and were used 
t o determine the flow quanti ty for the flap and aileron blowing tests . 
Shielded t hermocouples were a l so used in the leading-edge - blowing duct 
to determine the duct air temperature , but the weight flow was determined 
f rom orifice pressure and temperature measurements in the supply tube . 

The normal force of the horizontal tail, which was used to determine 
the effective downwash at the tail , was determined by the use of a strain 
gage atta ched to the l eft hori zontal- tail pivot shaft . 

TESTS 

The static longitudinal and l ateral control characteristics of the 
model were determined from force measurements obtained from the tunnel 
s ca le bal ance system for a range of angles of attack from approximatel y 
_40 t o 230 • An index of the test conditions for the various configura­
t ions used in this investigation is given in the following table : 

• 
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°a, 
Momentum coefficient range 

Wing leading-edge of , deg it, 
Trailing edge Leading edge configuration deg deg 

Left Right Half-span Full-span 0.38b/2 

0 0 0 0 0 0 0 

Basic 40 0 0 0 o to 0 . 064 0 0 
50 0 0 0 o to 0 . 064 0 0 
60 0 0 0 o to 0 . 064 0 0 

0. 40b/2 slat 60 0 0 0 0 . 027 to 0 . 099 0 0 

0 . 60b/2 slat 60 0 0 0 o to 0 . 099 0 0 

0 . 85b/2 slat 60 0 0 0 o to 0 . 099 0 0 

40 0 0 0 o to 0 . 099 0 0 
50 0 0 0 o to 0 . 099 0 0 

0 .60b/2 slat plus 60 0 0 10 to - 25 o to 0 . 099 0 0 

inboard radius 40 40 40 0 -------------- o to 0 . 099 0 
increase 50 50 50 0 -------------- o to 0 . 099 0 

60 60 60 10 to - 25 -------------- o to 0 . 099 0 
60 0 - 10 to 30 0 o to 0 . 099 0 0 
60 30 20 to 60 o to - 25 -------------- o to 0.099 0 

Full-span radius 60 0 -10 to 30 0 o to 0 . 164 0 o to 0. 025 increase 

The hemispherical nose inlet fairing (fig. 1) was installed for all 
the tests for which trailing- edge blowing was not applied. 

Preliminary tests showed that woolen tufts attached to the upper 
surface of the wing had negligible effects on the force and moment char­
acteristics of the model and) therefore) were left on the wing for flow­
visualization studies throughout the investigation. 

The basic leading-edge configuration with flaps and ailerons neutral 

was tested at Reynolds numbers of ) . 02 X 106) 5.20 x 106, and 6.20 x 106; 
however) all of the remaining tests were conducted at a Reynolds number 

of 5. 20 x 106 corresponding to a Mach number of 0.08. 

CORRECTIONS 

The data have been corrected for airstream misalinement) buoyancy, 
and jet boundary effects . For the trailing- edge-blowing tests a correc­
tion to the drag characteristics resulting from taking the air on board 
the model was unnecessary inasmuch as the air delivered to the compressor 
was obtained from the airstream through a fuselage nose inlet. 
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For the leading- edge -blowing tests, however, the air entered the 
model from an external source, and calculations were made to determine 
the drag equivalent to taking air on board the model. For the flow rates 
used in this investigation the drag equivalent (0. 002 maximum) was con­
sidered to be unimportant for the purpose of this investigation and, 
therefore, was not applied . 

The drag equivalent of the pumping power required for the trailing­
and leading-edge blowing has not been included in the drag data. The 
leading-edge blowi ng air was brought onto the scale balance system 
through a flexible connector alined in the direction of the side force 
at some distance below the model. The pressure reaction of the blowing 
air, therefore , was in the direction of this force thus eliminating the 
need for tare corrections to the lift, drag, and pitching moment. The 
tare corrections to the rolling- and yawing-moment data were a function 
of the duct pressure reaction forces and the geometric distances of the 
tunnel setup. Static calibrations were made to check the alinement of 
the duct setup which confirmed the lack of tares for the lift, drag, and 
pitching moments and the ability to calculate the rolling- and yawing­
moment tares as a function of the duct pressure. 

Inasmuch as the leading-edge blowing was applied only over the right 
wing, the total effect of leading-edge blowing presented in this report 
was determined by doubling the increments of lift, pitching moment , and 
drag obtained when blowing was applied over the right wing. Subsequent 
tests conducted with the present model with leading-edge blowing applied 
over the outboard portions of both wings have shown that doubling the 
lift increments is a valid procedure. The validity of this procedure 
for determining the drag and pitching-moment data, however, has not been 
definitely established. 

PRESENTATION OF RESULTS 

The figures presenting the results of the present investigation 
are grouped as follows: 

Figure 

Basic wing characteristics for several Reynolds numbers • . . 4 
Effect of trailing-edge blowing over half-span flaps for the 

basic wing configuration . . • . • • . . . . . . . • . . • 5 
Summary of the effect of half-span trailing-edge blowing on 

half- span flap effectiveness at a = 00 • • • • • • . • . 6 
Effect of several partial- and full-span leading-edge - flow 

control devices . • . . • • • . • • • . • . • . . . . 7 to 15 
Effect of full-span trailing- edge blowing over several 

combinations of full - span deflected flaps . . . . • . 16 and 18 

, 

• 
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Summary of the effect of full-span trailing- edge blowing 
on full - span flap effecti veness at ~ = 00 

• • • • • 

Effect of half- span trailing- edge bl owing on the longi ­
tudinal control and trim char acteristics • . . . • . • 

Effect of full - span trailing- edge bl owing on the longi ­
tudinal control and trim characteristics •• •• 

Effect of half- and full - span trailing- edge blowing on 
the effective downwash characteristics • . . . • 

Effect of half - and full - span traili ng-edge blowing on 

Figure 

9 

17 

19 

20 

21 

the lift-drag ratio • • • . • • • • • • • . . • • . 22 and 23 
Effect of half- and full - span traili ng- edge blowing, 

and leading- edge blowing on the a ileron characteristics • • 24 and 25 

RESULTS AND DISCUSSION 

With the available blower air supply, it was possible to cover a 
range of trailing- edge blowing momentum coefficients up to approxi­
mately 0 . 16 . This range represents either a compressor bleed system in 
the low C~ range (~< 0 . 05) or a tailpipe exhaust bleed system at the 

greater C~ values. Preliminary tests made with velocity ratio Vj/Vo 

and flow coefficient CQ varied i ndependently by varying slot height 
for a range of Vj/Vo and CQ from 2 . 5 to 8 and 0.0016 to 0.0105, 
respectively, showed that momentum coefficient C~ for a properly 
alined jet was the primary factor affecting the lift gains to be attained 
by blowing air over trailing- edge flaps . (This finding has also been 
established independently and reported by other investigators . ) With 
this fact established, the data of the present report are presented 
using C~ as the correlating factor . 

In order to determine whether any significant Reynolds number effects 
existed, tests were made over a Reynolds number range from 3.02 x 106 to 
6 . 20 x 106 for the basic configuration with flaps and ailerons neutral . 
The results of the tests (fig. 4) did not show any appreciable Reynolds 
number effects . Preliminary tests for various rates of trailing-edge 
blowing also did not show any significant Reynolds number effects. All 
subsequent tests, consequently, were made for a Reynolds number 
of 5 . 20 x 106 . 
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LIFT CHARACTERISTICS 

Half - Span Flaps 

Effect of trailing- edge blowing and flap deflection at ~ = 00 ._ 

The basic effectiveness of the blowing jet on the flapped wing at ~ = 00 

is indicated by the results presented i n figure 6(a) showing the incre­
ment of CL for a given amount of blowing momentum C~ for flap angles 
of 400 , 500

, and 600
• It is evident that only a small amount of jet 

energy is required essentially to eliminate separated flow over the 
deflected flap (the portion of the curve for which the rate of increase 
of l':CL with ~ markedly decreases - often referred to as the "knee" 
of the DeL - C~ curve). The knee of the curve correlated well with 
the flow cleanup noted by the observation of wool tufts attached to the 
upper surface of the flaps . It is evident from these results that, for 
a given amount of momentum, the greatest gain in lift to be obtained 
from this type of boundary-layer control system is accomplished by elimi­
nating the separated flow over the flap. If additional momentum is 
available from the pumping source, then further gains in lift are avail­
able but at a much lesser rate. For example , with the flap deflected 600 

a blowing C~ of 0.015 produces an i ncrement of CL of about 0.35, 
whereas only an additional teL of about 0 . 07 is obtained for an increase 
in C~ to a value of 0 . 06. It may be noted that for this same range of 
C~ the rate of flow of the downward component of jet momentum is about 
one -half of the additional lift increment obtained . The fourfold 
increase in C~ for an additional one - fifth gain in l':CL over and above 

that required for eliminating separat ion may not be practical for most 
compressor bleed systems . For a tailpipe bleed or a large mass flow 
arrangement, however, where pumping power expended is not a major con­
sideration all available lift gains could be utilized, provided the 
configuration can be tri mmed. 

The i ncrease of l':CL with f lap deflect ion for a given value of C~ 

,in excess of that required for cleanup is reduced somewhat for the 
600 flapped configuration (fig . 6(a)). This reduction of lift effec­
tiveness is at least in part the result of increased losses at the ends 
of the flaps with the increased deflection angles. The inboard and 
outboard ends of the flaps , when deflected to large angles , were defi­
nitely experiencing flow breakdown even with blowing applied as noted 
in the tuft diagrams of figure 8. 

The experimental lift results obtained at ~ = 00 are summarized 
as a function of flap angle in figure 6(b) . The results of theoretical 
calculations of the potential lift increment due to deflecting flaps as 
determined by the method of reference 4 are also included in this fig­
ure. A comparison of figures 6(a) and 6(b) shows that for the flap 

• 

• 

• 
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angles investigated the calculated potential lift values are in reasona­
ble agreement with those obtained experimentally at the knee of the 
.6CL - CI-l curve. 

Effect of trailing- edge blowing, flap deflection, and leading- edge 
devices at angles of attack.- Of major consideration for any flapped 
wing, once the flap effectiveness has been established at zero or low 
angles of attack, is the ability to maintain th~ flapped lift gains t o 
the stall . It has been the experience of many thin swept- wing configu­
rations that the angle of attack for maximum lift has been severely 
limited by leading-edge separation . For the configuration investigated, 
this is clearly demonstrated by the results given in figure 5 which 
shows that the flapped wing with bl owi ng but without a leading- edge 
device experiences practically no increase in CLmax over the basi c 

unflapped wing - even at high values of CI-l . 

In order to gain more insight as to the nature of the flow field 
over the wing before embarking on a comprehensive leading- edge flow­
control program, a study was made of the wing stall pattern with and 
without blowing applied (fig. 8) . The results of these flow studies 
indicated that an outboard leading- edge device would be required to 
alleviate the tip stall . Tests were therefore conducted with leading­
edge slats having spans of 0 . 40b/2, 0 . 50b/2, and 0.60b/2, without blowing 
over 400 deflected flaps , to determine the extent of leading- edge- slat 
span required to give acceptable lift and pitching-moment characteris ­
tics and to serve as a basis for comparing the overall effects of 
boundary- layer control. The 0 . 40b/2 and 0 . 50b/2 slats (data not pre ­
sented) provided stability at CLmax but did not maintai n the flap lift 

increment to CLmax . A slat span of approximately 0.60b/2 was found to 

be sufficient to maintain the flap lift increment to CLmax and give 
only a slight instability at CLmax' so several tests were conducted 
with the 0 . 60b/2 slat installed in combination with flaps deflected 600

• 

The results of these tests are shown in figure 7. Without blowing, the 
lift curve was made essentially straight to CLmax; however, with blowing 

applied the lift-curve slope began to decrease rather rapidly before 
CLmax was reached. This was not expected originally, since the out-

board wing sections which had stalled first without slats installed were 
believed to be adequately influenced by the slat selected. It was 
observed, however, from tuft studies (fig. 8) that a marked region of 
flow disturbance over the inboard portion of the wing resulted from 
leading- edge separation inboard of the slat . It was apparent , there­
fore, that with trailing- edge blowing applied some full-span leading­
edge - flow cO:"ltrol device would be required to prevent the inboard 
leading- edge separation and alleviate the reduction in lift-curve slope. 
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The f irst such device studied was a 0.013c leading-edge radius 
increase installed i nboard of the 0 . 60b/2 slat which, as far as flow 
control is concerned , could be considered similar to at least one 
present- day fighter configuration which has outboard leading-edge chord­
extension and inboard leading- edge droop. A comparison of the results 
obtained for this configuration with those obtained for the slat alone 
(fig. 9) shows that the lift- curve - slope reduction at high lift was 
essentially eliminated. For the largest C~ investigated (C~ = 0.099), 

which would produce the greatest induced local upwash angles and there­
fore the most severe leading-edge separation, the addition of the radius 
increased CLmax from 1.47 to 1.67. Tuft diagrams of these configura-

tions (fig . 10) show the inboard flow disturbance to be considerably 
reduced with the radius increase installed. 

In order to show more graphically the effect of increasing the span 
of leading- edge - flow control devices, tests were conducted for slat spans 
varying from 0. 40b/2 to the fuselage juncture (full-span or 0 . 85b/2) for 
several values of C~ . Increasing the slat span progressively alleviated 
the reduced lift - curve slope (fig . 11) resulting in an increase in CL 
(C~ = 0 . 099) from 1 . 30 for the 0. 40b/2 slat to a value of 1.67 for the 
full - span slat configuration. 

The slat configuration employed for this investigation had a stream­
wise slat angle of 250 which was the largest angle that could be used 
without precipitating separation of the flow at the trailing edge of the 
slat. It is believed that, if a slat configuration with improved slot 
geometric characteristics could have been used, larger deflection angles 
would have been possible and the angle of attack for CLmax would have 

been increased resulting in some further increases in CLmax. 

Another leading-edge-flow control device used in this investigation 
was a full - span (0.013c) leading- edge-radius increase. The maximum lift 
of this configuration (fig. 12) was not as large as that obtained for the 
slat-pIus-radius or full - span slat configurations (figs. 9 and 11, respec­
tively), because the full - span- radius increase was unable to control the 
leading- edge separation (especially in the region of the wing tips, see 
fig . 14) to as high an angle of attack as did the other full-span leading­
edge devices. Additional outboard treatment would therefore be required. 

Effect of leading- edge blowing at high angles of attack.- In an 
attempt to control further the leading-edge separation associated with 
the full-span radius-increase configuration, tests were made with 
leading-edge blowing applied over the outboard 0 . 38b/2 of the right 
wing in combination with the full - span radius-increase. 

• 

.. 
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Leading- edge blowing at a ve locity of the order of 1 , 000 ft/sec 
( C~LE = 0 . 025) greatly improved the maximum lift values as compared with 

those obtained for the full-span radius -alone configuration (fig. 13) 
by considerably extending the angle of attack for maximum lift. For a 
value of ~TE equal to 0. 164, CLmax was increased from a value of 

1 . 5 at ~ = 11.40 to a value of 1 . 78 at a value of ~ = 16.50
• 

Tuft diagrams are presented as f i gure 14 to illustrate the differ­
ence in the type of flow existing over the full-span radius-increase 
configuration when leading-edge blowi ng is applied. The significant 
difference in the f low over the wing is that, with leading-edge blowing 
applied , attached flow is maintained over the outboard wing sections to 
considerably higher angles of attack. 

For comparable trailing- edge -blowing rates the leading-edge blowing 
in combination with the full - span-radius increase produced CLmax values 

of the same order of magnitude as those obtained for the slat-plus-radius 
or full - span slat configurations . While model construction did not allow 
different extents of leading-edge treatment to reach an optimum leading­
edge -blowing application, the results of the limited tests did show 
encouraging possibilities of leading- edge blowing when used in combina­
tion with the full - span- radius increase. 

Effect of trailing- edge blOwing and flap deflection for one of the 
better leading-edge configurations .- In order to provide more complete 
information over a wider range of flap deflections than that normally 
considered in practice, the effects of flap deflection and momentum coef­
ficient for one of the better leading-edge configurations were tested in 
combination with the 0.60b/2 slat plus radius increase for several values 
of C~ (fig. 15) . The characteristic flap effectiveness at low angles 

of attack and the behavior of the wing at high angles of attack discussed 
previously are shown to be consistent for the range of flap angles 
investigated. 

In summation, the lift characteristics presented in figures 5 to 15 
show that trailing-edge blowing over deflected flaps, for even very low 
momentum coeffiCients, will produce values of lift equal to the potential 
flow lift values . The data also show that the problems of wing leading­
edge separation are more severe with the application of trailing-edge 
blowing. To realize any appreciable gain in the maximum lift with 
trailing- edge blowing applied, full - span leading-edge-flow control 
devices must be used to maintain linear lift curves through the usable 
angle - of-attack range . It should be noted, however, that although the 
particular leading- edge devices used in this investigation were quite 
effective, further refinement would permit the attainment of higher 
l i ft coefficients at higher angles of attack. 
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Full- Span Flaps 

Effect of trailin - edge blowin and flap deflection at ~ = 0° ._ The 
half -span flap blowing data of figure a showed that the most efficient 
gain in lift coefficient was obtained when the momentum coefficient was 
just sufficient to eliminate essentially the separated flow over highly 
deflected flaps . Further gains in CL could be realized with increasing 
values of C~, but the rate of i ncrease was considerably reduced . It was 
believed that larger gains in lift could be obtained for a given amount 
of blowing air by directing the air, in excess of the amount required to 
produce essentially potential flow over the half-span flaps, t o deflected 
outboard flaps or drooped ailerons . 

The overall shape of the DeL - C~ curves at ~ = 00 (fig. 17(a)) 
is very similar to the curves obtained for half - span blowing except that 
the slopes of the curves for values of C~ above the knee are consider­
ably larger than those obtained for the half -span blowing tests (fig. 6(a)) . 
For a given value of C~, blowing over full-span flaps also produced con-

siderably larger increments of CL than did the half-span blowing . The 
values of C~ (based on total wing area) required to produce unseparated 

flow over the full - span flaps (the knee of the curves) are greater than 
those required for half- span flaps because of the greater area treated. 

A summary of the flap effectiveness at ~ = 00 as a function of 
flap angle is compared wi th potential l i ft values obtained by the method 
of reference 4 in figure 17(b). As in the case for half-span blowing, 
the potential flow lift values are i n r easonable agreement with the 
experimental values obtained at the knee of the 6CL - C~ curve. 

Effect of t railing- edge blowing and flap deflection at angles of 
attack . - The results of tests conducted with full-span trailing- edge 
blowing applied over full - span deflected flaps i n combination with the 
0.60b/2 slat plus radius i ncrease show that for the same C~ noted in 
the half - span tests , full - span blowing produced cons iderabl y larger values 
of CL through the complete angle- of - attack range (fig . 16). Full-span 
blowing over outboard flaps (or a ilerons) deflected 300 in combination 
with 600 deflected half - span flaps in general produced lift values 
(fig . 18) of the order of those obtained with full - span blowing over 
full - span flaps deflected 500 (fig . 16 ) . Full- span trailing-edge blowing 
would appear to be the most efficient method for producing large values 
of CL for a given value of C~. However, for a hi ghly swept wing, the 

apparent lift gains for a full-span flap arrangement may be totally com­
pensated by the download on the tail required for trim as discussed in 
the following sections . 

t 

• 

--' 
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PITCHING-MOMENT AND LONGITUDINAL TRIM CHARACTERISTICS 

Half- Span Flaps 

Effect of trailing- edge blowing) flap deflection, and leading -edge 
devices .- The pitching-moment characteristics of the various configura­
tions i Evestigated at a given lift coefficient, as shown in figures 5 
to 15, were relatively unaffected by the application of half-span trailing­
edge blowing or increased rates of blowing. 

The s lopes of the pitching-moment curves with blowing applied were 
essentially linear and constant at a value of dCm/dCL of approximately 
-0 . 20 and indicated stable configurations through the lift range t o maxi­
mum l i ft . For all configurations t ested having blowing applied, unstable 
breaks i n the pitching-moment curves occurred at CLmax ' This indicates 

the need for more effective outboard leading-edge treatment than was 
available on the present model . 

Effect of leadin -edge blowin at hi h an les of attack. - Leading­
edge blowing fig . 13 tended to produce l arger values of negative 
pitching moment than did the no - leading-edge - blowing configurations; 
how~ver, the magnitude of the unstable break at CLmax was reduced. 

With f urther refinement of the leading-edge - blowing configuration, the 
unstable break in the pitching moments at CLmax could probably be 

eliminated. 

Effect of horizontal- tail deflection on longitudinal trim.- The 
static margin for the model was approximately 20 percent, with the 
assumed center of gravity, for all configurations. This static margin 
is considerably larger than would be r equired for a fighter aircraft of 
this type. A value of 8 to 10 percent would be a mOre reasonable fig ­
ure which, if used, would result i n. higher values of maximum trimmed 
lift coefficient than those i ndicated in the present report. The tail 
incidence data presented in figure 19 for half- span flaps deflected 600 

show that a normal tail installation would only be capable of trimming 
the model to maximum lift-coefficient values of the order of 1.1 for a 
blowing rate C~ of 0.099. For static-margin values of the order of 

10 percent, however, a maximum trimmed lift coefficient of the order 
of 1 . 5 could be attained for a C~ of 0. 099 . 

Full- Span Flaps 

Effect of trailing-edge blOwing and flap deflection in combination 
with a full - span leading- edge device.- The pitching-moment characteristics 
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of the model for various combinations of full - span trailing-edge - flap 
deflections are adversely affected with the application of full - span 
trailing-edge blowing. With blowing applied, the negative pitching 
moments are increased over the no- blowing case, and the negative values 
continue to incr ease with either increased blowing rate .or flap deflec­
tion (figs. 16 and 18) . The negative pitching moments are approximately 
double those produced by blowing over half-span deflected flaps. 

Effect of horizontal-tail deflection on longitudinal trim.- The neg­
ative pitching moments become so large with full-span blowing applied 
(figs . 16 and 18) that configurations having normal tail volume could not 
produce the negative l i ft required to trim the model . Tail incidence data 
for the configuration having full-span blowing applied over inboard flaps 
deflected 600 and outboard flaps (or ailerons) drooped 300 (fig . 20) show 
this to be the case. Even with the static margin reduced to about 10 per­
cent , moderate values of C~ would produce negative pitching-moment values 
too large to be trimmed by a normal tail installation. Even if a tail 
could be designed to trim the large negative pitching moments, the asso­
ciated loss in lift due to trim would probably negate most of the increase 
in lift that otherwise would have been obtained by blowing over full-span 
deflected flaps . 

Because of the large negative pitching moments associated with the 
full - span blowing for an airplane of this sweep, trailing-edge blowing 
applied over half- span flaps is considered a more practical application. 

Effect of trailing-edge blowing and flap deflection on the effec­
tive downwash.- The effective downwash characterist ics obtained from tail 
loading data for the model having 0.60b/2 slats plus radius installed 
show that increasing the blowing rate over either the half- or the full ­
span flaps increases the effective downwash for the low angle-of-attack 
range (fig . 21); however, the effective downwash is considerably higher 
for half-span blowing than for full - span blowing. With blowing applied 
over either half- or full-span flaps the variation of the effective down­
wash with angle of attack is fairly uniform to an angle of attack of 
about 120 with the values of effective downwash decreasing rapidly for 
angles of attack above CLmax' 

DRAG CHARACTERISTICS 

Half- Span Flaps 

Effect of trailing-edge blOWing , flap deflection, and leading-edge 
devices .- The drag characteristics of the model for the various half-span 
flap t ests in general show that drag is increased with flap deflection 

• 
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above 400 at a given lift coeffici ent and further increased when trailing­
edge blowing is applied . (See figs. 5 to 15 . ) Increasing the rate of 
blowing, for the C~ range covered, apparently had little effect on the 

drag characteristics. Leading- edge devices in general produced a decrease 
in drag in the moderate to high angle- of- attack range for the no-blowing 
and low C~ tests; however , for the hi gher C~ range the installation 

of leading-edge devices had no apparent effect on drag • 

• 
Effect of leading- edge blowing at high angles of attack.- Leading­

edge blowing in combination with the full-span leading-edge- radius 
increase (fig . 13) produced essentially the same effects on the drag 
characteristics as did the other leading- edge devices, except for the 
case where C~TE = O. For C~TE = 0, leading-edge blowing also reduced 

the drag values for a given lift coefficient in the low angle-of-attack 
range. 

Full-Span Flaps 

Effect of trailing-edge blowing and flap deflection in combination 
with a full - span leading-edge device.- In general, the drag characteris­
tics of the model for the various combinations of flap deflections used 
(ailerons used as flaps) show that for the condition of C~ = 0, 

increasing flap angle produced an increase in the drag (fig. 16) . With 
full-span blowing applied over flaps deflected 400 and 500 , however, the 
drag is decreased and continues to decrease with increased blowing rate. 
For full-span flap angles of 600 increased blowing rates at a given lift 
coefficient seemed to have negligible effects on the drag characteris­
tics . The reduction in drag due to blowing over flaps deflected 400 

and 500 is probably associated with the reduced model angle of attack 
for a given lift coefficient and the more uniform span loading for the 
full-span-blowing configuration (noted in ref. 5) resulting in consider­
ably reduced values of induced drag. The drag characteristics of the 
model with blowing applied over 600 deflected half-span flaps and 
300 drooped ailerons (fig. 18) are about the same as those experienced 
with trailing-edge blowing applied over the full-span 500 deflected­
flaps configuration. 

LIFT-DRAG RATIO 

Half - Span Flaps 

and flap deflection in combination 
with a full - span leading-edge device. - The variations of L D with CL 
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fo r the model wit h half- span flaps defl ected 400 , 500 , and 600 (f i g . 22) 
in genera l show that LID decrea sed with increas ing f l ap angle , and for 
lift coefficient s below approxi mately 1. 2 (except f or the 400 flap con­
figuration) , LID was decreased when blowing was appl ied . The values 
of LID f or f lap angles of 500 and 600 with blowi ng applied are essen ­
tially constant over a wide lift - coefficient range t o CLmax. 

Full- Span Flaps 

Effect of t r ailing-ed e blowin and flap deflection in combination 
with a full - span leading-edge device .- The variations of L D with CL 
for the model with full - span flaps deflected 400 , 500 , and 600 (fig. 23) 
show that increasing f l ap angle decreased the value of LID for a given 
value of CL either with or without full-span blowing applied . For com­
parable lift coefficients, blowing at a value of C~ of 0 . 027 had very 

little effect on the values of LID. Increasing the rate of trailing­
edge blowing to a value of C~ of 0 . 099, however, considerably increased 

the values of LID for flap angles of 400 and 500 • For a flap angle 
of 600 the increased blowing rate did not increase the values of LID; 
however, the increased blowing rate did extend the lift range of the 
600 flapped configuration without any appreciable loss in LID. 

LATERAL CONTROL 

Half- Span Flaps 

Effect of trailing- edge blowing on the aileron effectiveness.- It 
is interesting to note that blowing applied over half- span flaps deflected 
600 provided improved aileron effectiveness through the angle - of-attack 
range investigated for a wide range of aileron deflection angles 
(fig. 24(a)). At high angles of attack and control deflection the 
rolling power of the ailerons was approximately doubled. These improved 
aileron characteristics are probably associated with the entrainment of 
a portion of the normally spanwise boundary- layer flow toward the half­
span flaps thus partially cleaning up the flow over the outboard portion 
of the wing . 

Effect of leading-edge blowing on the aileron effectiveness. - It was 
noted from flow studies made for the configuration having leading-edge 
blowing applied (fig. 15) that the marked improvement in the flow over 
the outboard portion of the wing should produce very good aileron effec ­
tiveness characteristics . As shown in figure 25, leading-edge blowing 
increased the aileron effectiveness through the deflection and angle ­
of-attack range i nvestigated , and pr oduced a twofold increase in rolling 
moment at high angles of attack f or C~LE of 0.025. 

... 

• 
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Effect of trailing- edge blowing on the yawing characteristics.- For 
the model configuration having half-span flaps deflected 600

, with or 
without half-span blowing applied, only small adverse yawing tendencies 
are noted with differential a ileron deflection for angles of attack 
through 110 (fig. 24(c)) . Also the yawing characteristics were rela­
tively unaffected by increased blowing over the flaps for the ~ range 
investigated. 

Effect of leading-edge blowing on the yawing characteristics .- In 
general the adverse yaw with aileron deflection was small for the con­
figuration having leading-edge blowing over the outboard 38 percent of 
the wi ng span (fig. 25) and about the same order of magnitude as that 
obtained for the half-span flap tests without leading-edge blowing 
(f ig. 24 (c)). 

Full-Span Flaps 

Effect of trailing- edge blowing on the aileron effectiveness .- For 

an a ileron deflection range of approximately 200 to 600
, full - span 

trailing- edge blowing over 600 deflected half-span flaps and 300 ini­
tially drooped ailerons (fig. 24(b)) provided aileron effectiveness, 
for comparable blowing rates, greater than those obtained for the normal 
aileron with blowing applied only over the 600 deflected half -span flaps 
(fig. 24(a)). The aileron effectiveness was considerably reduced, how­
ever, at the higher deflection angles for the lower blowing rate 
investigated. 

Effect of trailing- edge blowing on the yawing characteristics .­
Full-span trailing- edge blowing over 600 deflected half-span flaps and 
300 initially drooped ailerons produced severe adverse yaw with differ­
ential aileron deflection which increased with increased rate of blowing 
(fig. 24(d)). 

CONCLUSIONS 

An investigation of boundary-layer control by blowing over trailing­
edge flaps in conjunction wi th several leading- edge - flow control devices, 
including leading-edge blowing on a 490 swept wing-body-tail model yielded 
the following results : 

1. Boundary-layer control by blowing over trailing-edge flaps 
deflected to angles up to 600 results in flap lift increments approxi­
mately equal to values predi cted by potential flow theory for moderate 
va lues of blowing momentum coefficient . Additional lift increases can 
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be obtained by increasing the blowing momentum rate, but the rate of 
lift increase with momentum coefficient is much reduced after the flap 
separation is eliminated. 

2. For a given momentum coefficient, full-span flap blowing pro­
vides larger lift increments, untrimmed, than obtained with half-span 
flap blowing; however, for a highly swept wing, pitching moments for 
the full-span case become so large that longitudinal trim cannot be 
obtained with a normal tail volume. 

3. Effective full-span leading-edge-stall control devices are 
required with trailing-edge blowing applied over flaps if the lift gains 
obtained at low angles of attack are to be maintained through the normal 
angle- of-attack range and the maximum lift coefficient increased. 

4. Blowing from a rearward directed slot located outboard in the 
wing upper surface very near the leading edge provided effective leading­
edge-stall control when combined with leading-edge-radius increase. 

5. Blowing over half-span flaps has little effect on the model 
pitching moments or longitudinal stability at a given lift coefficient 
up to maximum lift. Blowing over full-span flaps greatly increased the 
diving moments as compared with those obtained for the half-span flap 
configuration. 

6. Blowing over the inboard half-span flap or blowing applied out­
board at the wing leading edge provides marked improvement in the aileron 
effectiveness of outboard located ailerons. 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., May 1, 1956. 
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