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BLOWING-TYPE BOUNDARY-LAYER CONTROL AS APPLIED TO THE TRAILING-EDGE FLAPS
OF A 35° SWEPT-WING AIRPLANE I

By MARK TV.KELLY, SETHB. ANDERSON,and ROBERTC. INNIS

SUMMARY

A wind-tunnel investigation w made to determirw the
effects on the aerodynamic characteri.vtiw of a 36° &wept-wing
airplane of applying blowingdype boundury-layer control to
the trailing-edge $aps. Flight hi% of a similar airplam were
then conducted to detmn.ine the e@& of boundaq-layer control
on the hundiing quzhliee and optiion of the airplaw, par-
ticularly during landing and take-oj.

The wind-tunnel and $ight testi indicated tha$ blowing over
the jlaps produced luTge increases in $ap lift increment, and
,vign&ant increa.w in muximum lift. The we of blowing
pWmi&d TedUCl~On8in the landing approcwh epeeds of ae
much w 12 knots.

INTRODUCI’ION

Numerous investigations have demonstrated that it is
possible to significantly increase the lift of a wing by ejecting
n high-velocity jet of air over the upper surface of a trailing-
cdge flap (e. g., refs. 1 and 2). These investigations have
nlso indicated that the flow required to develop these lifts
was so large that a powerful (and heavy) pumping system
wns required, rmd this deterred application of this system
to octual aircmft. The introduction of the turbojet engine,
which provided a convenient source of high-pressure air,
nnd the. trend of high+peed wing design to configurations
having poor low+peed capabilities caused a renewal of
intcrest in this method of obtaining high lift. The investi-
gation roportecl in reference 3 indicated that the momentum
of the jet, rather than the quantity flow, was the parameter
which determined the effectiveness of blowing bounda~-
luyer control, and that signihmt reductions in flow quanti~
requirementt.s could be obtained by using high-pressureair
(i. e., high jet velocities). It was also pointed out in referenee
3 that sufficient amounts of high-pressure air to satisfy the
requirements of a blowing flap mild be bled from the
compressor of a turbojet engine. However, the thrust of a
turbojet engine diminishes rapidly as the amount of bleed
air is increased; it was therefore considered desirable to
investigate the possibilities of reducing the flow require-
mentts by careful design of the flap and nozzle itself, so that
the desired lift would be obtained for a minimum expendi-
ture of jet momentum.

The primary purpose of the fuk.tale wind-tumml tests
reported herein was to investigate a blowing flap conjura-
tion which preliminary smalkwle tests had indicated should

require less jet momentum to prevent flow separation than
the arrangements previously investigated. Also, since the
justification for presenting blowing flap effectiveness in terms
of jet momentum was largely empirical, it was desired to
w@- this concept ova the range of pressure ratios obtain-
able from current turbojet engines. Finally, it was desired
to obtain SufEcientdata to design a blowing flap system into
a research airplane for further study in flight.

The main purposes for conducting the flight tests were to
investiga”ti (1) the manner in which the pilots used the lift
gains provided by the blowing flaps, and (2) the effects of
boundary-layer control on the flying qualities and operation
of the airplane.

This report presents results of both the wind-tunnel and
flight- investigations. Six-component force data showing
the eilects of blowing boundary-layer control on the longi-
tudinal and lateral stability and control characteristics are
discussed. Also presented are pilots’ opinions of the effects
of boundary-layer control on the handling qualities and
operation of the airplane. Finally, the results of computa-
tions showing the effects of boundary-layer control on the
landing and take-off performance are presented.

NOTATION

velocity of sound, ft/sec
area, sq ft
wing span, ft
wing chord parallel to plane of symmetry, ft

:J?@
mean aerodynamic chord, —

~g
drag coeflkient, —

@
tit coefficient !&

‘ (#
incremmt of lift coeilicient due to flaps
maximum lift coefficient

pitching-moment coefficient, pitching moment
QSZ

flow coefficient, ~

W9V,momentum coefficient, —
qs

rate of change of lift coeilicient with flap deflection
for full wing-ohord flap (given as CLJ,in ref. 5)

~WmmnrlzcsNAOARewarclIMemorandumsA661C@byM8rkTV.KellyandVi’fllirimH. Tolhur6t,Jr.,andAM(JWbySethB.Anderwn,HemeyO.Q@ey, andRobertO.Innh

799



. . ..— ——— —. —..... .—. ..— —. ..— — . .-

REPORT lS6~NATION~ ADTISORY COMMtTTBE FOR AERONAUTICS

distance from engine thrust line to moment center,
positive when thrust line is above moment
center, ft

gross thrust from engine, lb
net thrust tim engine, lb
acceleration of gravity, ft/se@
nozzle height, in.

jet Mach number, ~

engine speed, rpm
free-stream static pr~ure, lb/sq ft
total pressure in flap duct, lb/sq ft
compressor discharge tot@ pressure, lb/sq ft

duct pressure coefficient, ~ ‘

dynamic pressure, lb/sq ft
wing area, sq ft
temperature, ‘R
free-stream velocity, ft/sec
indicated airspeed, knots
jet velocity assuming isentropic expansion,

&=J@lf@c -
velocity at stall, knots
velocity at stall in glide condition, knots

bleed air flow, lb/see
specitic weight of air at free-stream conditions,

lb/cu ft
distance along airfoil chord normal to wing quarter-

chord line, in.
spantie distance perpendicular to plane of sym-

metry, ft
height in inches above wing reference plane defined

by qu~ter-chord line and the chord of the -iving
section at 0.663 b/2

sweep angle, deg
angle of attack of fuselage reference line, deg
ratio of total pressure at compressor inlet to stand-

ard pressure at sea level
flap deflection, measured normal to flap hinge line

(given as 6 in ref. 5), deg
flap deflecti&, measured in plane parallel to pliine

of symmetry (’given as 6 in ref. 5), deg
horizontal-tail deflection, deg
angle between engine thrust axis and fuselage

reference line, deg
ratio of specific heats for air, 1.4
ratio of total temperature at compressor inlet to

standard temperature at sea level
angular distance between flap nozzle and a line
drawn through the flap hinge line perpendicular
to the wing chord plane (@. 18)

SUSSCRJIW9
flap duct
flaps
flap jet
uncorrected

DESCR~ON OF RESEARCH AIRPLANES, INSTRUMENTA-
TION; AND TESTS

WIND-TUNNRLAIRPLANEAND INSTRUMENTATION

Airplane.-The wind-tunnel tests were conducted on n
F-s6D airplane on which the normal singleslotted flaps
had been replaced by blowing flaps. A photograph showing
the general arrangement of the airplane installed in the
Ames 40- by 80-foot wind tunnel is presented in figure 1.
The major dimensions and parameters of aerodynamic
importance are shown in figure 2. The airfoil section at
the wing root was an NACA 0012-64 (modified) and at the
m-rig tip, an NACA 0011–64 (modified). The ordinates of
the airfoil sections are given in table I. Detailed informa-
tion for the wing and flaps is given in figure 3. StrAic-
pre.wm.reotices were installed in the afterportion of the flap
upper surface so that the degree of flow separation could be
estimated.

Flap nozzles.-Two flap and nozzle cmiigurations wem
tested + the wind-tunnel investigation. The fit of these
was a plain flap arrangement in which the nozzle was esscm-
tially a slit in the flap upper surface extending over the full
span of the flap. A section view of the nozzle is shown in
figure 3. The nozzle bloch were machined from cold-
rolled mild-steel stock and were fastened to the top wall of
the flap duct with cm.mte.munkmachine screws. Various
nozzle heights were obtained by shimming the forward
nozzle block. This assembly was made rigid enough to
hold the nozzle deflections, under load, to acceptable values

FICWJEEI.—Photograph of the F-86D airplane mounted in the Ames
40- by SO-foot wind tunnel.
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Fzcwzm 2,—General arrangement of the F–86D airplane.

without the use of faetenera or spacers in the high-velocity
portion of the nozzle. For part of the investigation, spacers
were simulated by cementing small rectangular pieces of
grmket.material at reguku intervals in the nozzle.

In order to investigate the effects of chordw+e location of
the nozzle on the effactiveness of the flap, the flap duct
was constructed so that it could be rotated about the flap
hinge line independently of the flap itself. For most of the
investigation the nozzle was located at an angular setting
(P) eq~l to on*haIf the tip deflection.

The second flap and nozzle arrangement investigated had
n single-slotted flap and a nozzle located in the wing shroud
ahead of the flap similar to the conjuration investigated
in leference 3. Details of this flap and nozzle are show-nin
6gure 4.
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FIWJJiE 3.—Detaik of wing and plain blowing flap.
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FzcmrmzA—Det&le of shroud blowing flap.
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Engine and duoting.-For these tests the J-47 turbojet.
engine normally used in this airplane was replaced by a J–34
engine. (This was done ordy because spare J47 engines
were not available.) The amount of air delivered to the
flaps vm.scontrolled by a butterfly valve in each duct.

The weight rate of flow to wch flap was determined from
total pressure, static pressure, and temperature measure-
ments in the ducts. This system was calibrated using a
thin plate orifice. The total-pressure and temperature
measurements used for calculating the jet momentum were
taken at the entrance of the flap duct. Stati~pressure
and temperature measurements were also made at the
outboard end of the flap duct to obtain an estimati of the
spwmise variation of the jet momentum. .

TlEm3

Range of variables.-The investigation covered a range of
rmglesof attack from —2° to +23° and -Reynolds numbers
from 5.S to 10.1X106. These Reynolds numbers were
based on the mean aerodynamic chord of the airplane
(S.0S ft) and correspond to free-stream dynamic pressures
from 15 to 55 pounds per square foot. The range of flap
deflections investigated was from 45° to S5°. The airplane
was tested with and without the horizontal tail, and with
and without the leading-edge slats extended.

Method of testing.—To defie completely the aerodynamic
characteristics of the airplane as a function of flap jet
momentum, it would have been necessary to obtain data for
various jet momentum flows throughout the angle-of-attack
mnge. However, in order to expedite the tests, the
momentum flow was varied at only three angles of attack,
0°, SO, and 12°. (The angle of attack for maximum lift
with leading-edge slats retracted was near 120.) The addi-
tional information required to obtain typical lift, drag, and
pitching-moment data for the airplane was obtained by
testing at severaI other angles of attack with a constant
jet momentum mill abova that required for flow attachment.

CORRECTIONS

The force data obtained from the wind-tunnel balance
system were not corrected for suppori%trut interference
but were corrected for the effects of the wind-tunnel-wall
interference as follows:

a=q+0.6110Lti

C.= C.U+0.0107CLU2

I&= CmU+0.00691CLU(for tail-on tests only)

The following corrections for the effects of the engine
thrust were made:

totallift FN
c.= ~~ — sin (a+ e)@

PLIGHTTESTAIRPLANE

The flight tests were conducted with an F–86F Dirplaue
on which the standard single-slotted flaps were replaced by
blowing flaps. Pertinent dimensions of the airplane ~re
given in table II. A general view of the airplane and a
close-up of the flap are presented in fiawes 6 and 6, m-
respectively. The blowing system consisted of a manifold
to collect air from the last stage of the engine compressor
of the J47 engine, a butterfly valve controlled by the pilot,
and a 3-inch-diameter ducting to each flap. The ducting
was mounted on the underside of the fuserdge to facilitnt,o
installation.

The flap used for the blowing system was a plain type
made by reworking the nose section of the slotted flaps
normally used on the airplane. The flap tracks were re-
moved and external hinge brackets were installed on the
undersurface of the wing, allowing flap deflections up to G130.
A rotating O-ring-type seal was used to supply air to the flrLp
at a point on the center of flap rotation. A sketch of tlm

~
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FIGUEE5.—General view of twt airplane.

FIGURE6.—ClosI3up of flap.
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lhmm 7.—DetaiLe of blowbg flap construction for flight airplane.

9
70 1s0 I I

90 100 Pemnt rpm

w

o
RIP

I?rGrrnn S.—lllustmtion of analysis for seleeting proper no&le size fol
blowing tip.

flap cross section is given in iigure 7. AU parts of the air-
supply system were made of steel- The nozzle block wm
made in two parts., the lower part of steel welded to the 3-
inch-dkmeter tubing, the upper part forming the nozzle ezil
of 2024-T aluminum, fastened by screws to the steel nozzh
block. Spacers were used at 3-inch-span intervals to pro
tide a 0.020-inch nozzle gap. The area of the nozzle ww
0.0221 square feet.

It should be noted that the nozzle area was not selectee
arbitrarily, but was caretiy chosen ~ meet the flOWrequire
rnents of the blowing flaps and the limitations of bleed ti
from the engine. Figure 8 indicates graphically how thi
selection was made. First, the weight rate of flow availabl[
from the engine bleed air system was plotted as a function o

pressure ratio for various engine speeds. These are the
dashed lines in figure 8. Curves representing the jet mo-
mentum required to give the desired flap lift were then super-
imposedon this same plot. These are the hyperbolic-shaped
olid curves in figure 8 and were obtained fkom the equation

~w= Cpgqs
Mj(aj/atfWd

rhe value of OF used was 0.012, which the wind-tunnel
nvestigation indicated to be about 14 percent above that,
‘equired to prevent flow separation with the flap deflected
~OO. The values of dynamic pr=ure used correspond to
light speeds of 100 to 140 knots, the range of interest in the
anding approach. Finally, the weight rate of flow which
xm be driven through nozzl~ of various size was computed

Jnd is shown in figure 8 by the long dash lines. These were
ieveloped from the equation.

‘=-CW)A’
vhere p/pd=O.634 and a/a~=CL913 for air flow in choked
lozzles.

It is seen from figure 8 that, to have the flap fully effective
‘or landing approach conditio~ (say 70- to So-percent rpm
md 100 to 120 lmots) a nozzle height of 0.02 to 0.03 inch
Jhotid be used. For a nozzle height of 0.02 inch, a loss of
rntium thrust of between 5 and 6 percent due to bleeding
h from the engine would be anticipated.

The weight of the boundv-layer-control equipment for
this reaemch-type installation W= 175 pounds. h a
production-type imtallation a co~iderable safigs in weight
should be possible.

The amount of engine bleed air actu~y used at various
engine speeds is presented in figure 9. These values of
bleed air correspond to approfiat@ 3.5 percent of the
primary engine air flow. The bleed flow quantity was calw-
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lated horn one-dimensional flow equations using measured
values of pre9sure, temperature, and nozzle area. The
variation of static thrust (measured on a thrust stand) with
percent engine speed is pr~ented in figure 10 with and

5000
I
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FIGURE10.—Variation of statio thrust with engine speed for blowing
on and off; sea level, J-47 engine.
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Fmmm 12.—Croes sections norrnai ta wing leading edge of the normai
slat and the O-3 slat.

without bleed air extraction. It can be noted that for tlm
blow-ing+n case there was a reduction in static thrust of
approximately 5 percent. The variation of pressure ratio
With percent engine speed is presented in figure 11. It WI
be noted that sonic flow would occur in the nozzle e.sit at
approxirnately 63-perc8nt rpm.

Standard NACA instruments were used to record airspeed,
altitude, acceleration, duct pressures, and angle of attack.
Values of airspeed, altitude, and angle of attack were
measured approximately 8 feet ahead of the fuselage nose,
Duct pressures in the flaps were measured at the midspan
station of the flaps.

The flight tests w-ere conducted with two wing leding-
edge configurations, an F-s6D type slat, and Q 6-3 slat.’
A sketch of the cross section of each leading-edge device is
shown in figure 12. The majority of data obtained in the
flight investigation -waswith the 6-3 slat, since this is the
leading edge currently used with F–8613type airplanes,

Tests were conducted at sea level and 5,ooO feet over a
speed range from 170 Imots to the stall. An average wing
loading of 45.5 pounds per square foot was used with the
take-off center of gravity at 24.1 and 26.6-percent mean
aerodynamic chord for the airplane with the I’-S6D slatted
leading edge and 6-3 leading edge, respectively. The engine
rpm was held iixed for a given series of test runs. Tests
were conducted at trailing-edge flap deflections of 38°) 46°,
55°, 00°, and 66°.

RESULTS AND DISCUSSION

wlNlkTuNNzL Tr?9T3

Correlation of blowing-flap performance with momen-
hun coefEkient.-One of the fit objectives of the test pro-
yams was @ establish whether the effectiveness of a partic-

S The dadgnatforr “0-3” refeaa to a frrll-qmn ohord axtansfon of 6 Inahm at t.ho IYfng root

md 3 Snahra at tire whrg tip.
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ulur blowing-flap configuration w-asdetermined solely by the
momentum of the air ejected over the flap. This was done
by making a series of tests on the same basic flap configura-
tion with various nozzle openings. Typical results of these
tests are presented in figure 13 (a). It should be noted that,
although the nozzle opening was changed from a value of
0,016 inch to 0.065 inch (corresponding tQvalues of &/c from
0,00017 to 0.00067), good correlation with momentum co-
efficient is obtained. The da~a presented in figure 13 (a)
cover a range of nozzle pressure ratios from subcritical up
to 2.9, and therefore a range of expanded jet velocities from
subsonic to supersonic. It should be noted that no particular
aerodynamic difficulties or benefits ‘me associated with either
subsonic or supersonic jet velocities. Corresponding varia-
tions of lift coefficient with flow coefficient and duct prwmre
coefficient are shown in figures 13 (b) and 13 (c), respectively.
Here it is seen that the effects of nozzle height are significant,
and that values of flow coefficient or pressure ‘inefficienthave
meaning only when the nozzle height is speciiied. While

1.2

Q 0
1.0 &at

which

CL .8 Symbol & nozzle.
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.6 0 .040” .017

c
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(a) Variation of lift coefficient with momentum coefficient.

G .
(b) Variation of lift coefficient with flow coefficient.
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(o) Variation of lift coefficient with duct pressure coefficient,

l?mmuz 13.—Effect of nozzle height on the flow requirements of the
blowing flap; 3~=60°, a.=OO, R=7.5x 106, tail off.

1.6

,.-c~

I.4

L. ~,&

1.2

I.0

CL.8

.6

.4

~, inches
0 0.042

.2 ❑ .025
0 .014
n .006\

1
0 .004 .008 .012 .016 .020 .024 .C!8

c“

I? KHJRE14.—Effect of nozzle height on tbe flow requirements of the
blowing flap of reference 4; @60°, R= 10.7x 10s.

the data presented in figure 13 are for 0° angle of attack only,
similar results vwre obtained at 8° and 12° angle of attack.
Figure 14 presents similar results obtained from later wind-
tuunel tests of an F-93 airplane equipped with similar blow--
ing flaps (ref. 4). Here the range of nozzle pressure ratios
used wcz from subcritical up to 9.5, and good correlation
of CL ‘with Cp was again obtained. Thus, it appears that,
for pressure ratios obtainable from turbojet engine bleed-air
systems, the effects of blowing boundary-layer control on
flap lift are adequately defined by the jet momentum.

Typical effects of blowing on aerod~amic characteris-
tics.-l?igure 15 (a) presents the tail-off lift, drag, and
pitching-moment characteristics of the airplane with various
flap deflections with and without blowing. The data ob-
tained with blowing mrre taken at constant values of momen-
tum coeilicient which mre more than sufficient to provide
attached flow-for each flap deflection. It is seeii that blow-

I ing over the flap produced the type of lift and pitching-
m~ment incremen~ which would b; expected from-subst&-

tial increases in flap effectiveness. The drag coefficient for

a given flap deflection was increased by blowing. This may

be surprising in view of the fact that blowing over the flap

should reduce the amount of flow separation and hence the
profile”drag of the flap. However, it must be remembered
that the total airplane drag is the sum of both protie and
induced drag. Since the total drag was increased by blow=
ing, while the profile drag was decieased, it must be con-
cluded that blowing over the flaps resulted in an increase in
induced drag. The use of a short span, highly effective flap
will usually cause a significant distortion of the wing span
loading and a resulting increase in the induced drag of the
wing. The order of magnitude of this induced drag can be
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(a) Typical aerodynamic charaut-~ with and without blowing.

FIGURE 15.—Eff@s of blowing over the ilaps on tbe aerodynamic charackristics of the airplane; R=7.5x 10e,.tail off, h,= O.065 inoh.

estimated from the theory of reference 5. It should be noted
that this induced drag increment is a function of flap span
rind k more for small-span flaps than it is for large-span
flaps.

The data presented in iigge 15 were obtained tith the
flap nozzle located at an angular setting (p) equal to one-half
the flap deflection, as previously pointed out in the section
‘(Wind-Tunnel Airplane and Instrumentation.” This WaS
done because previous research (ref. 6) had indicated that
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this setting would put the nozzle near the minimum-pressure

point on the flap, and this was believed to be near the

optimum location. Subsequent testing to determine the

effects of nozzle location (see section entitled ‘(Effect of
Nozzle Location”) indicated that this location was, in fact,
near the optimum. However, the flap lift was relatively
insensitive to nozzle position, and the data presented in
figure 15 me typical of those which would be obtained with
the nozzle located anywhae between the minimum-pressure
point on the flap and the wing-flap juncture.

Figures 15 (b), (c), and (d) present the variation of lift,
drag, and pitching-moment coefficient with momentum
coefficient. As mentioned previously, the momemtum
coefficient was varied only at uncorrected angles of attack
of 0°, 8°, and 12°. (The momentum coefficient was not
vmied at 12° angle of attack for flap deflections of 75° and
S6° since, with these flap deflections, the wing had already
passed maximum lift.) Figure 15 (b) shows that, as the
momentum coefficient was increased, the lift at first increased
rapidly, but then the rate of increase fell off to a relatively
low value. Static-pressurq measurements on the upper
surface of the flap indicnted that the initial rapid increase in
lift was associated with the control of the boundary layer on
the flap, The additional lift obtained after the flow was
nttached is due to wing circulation induced by the jet flow-
over the flap. The data presented in iigure 15 (b) indicate
(bat the momentum coefficient required for a given flap
lift increment is relatively low when the flap deflection is
large enough so that the desired lift is obtained by using

IJ2M07-8G5?J

blowing primarily for boundary-layer control rather than to
provide jet-induced circulation. It might be noted that the
pitching moment per unit lift due to flap deflection is not
significantly changed by blowing. This is shown in the
following table which w-asobtained from the data presented
in figures 15 (b) and 15 (d) for 0° uncorrected angle of attack:

~ =

AUof the preceding data were obtained at a Reynolds number
of 7.5X 10°. Results of this investigation showed no effect,
of Reynolds number on the lift increment due to blowing
from R=5.8 to 10XIOE.

Results of tests to determine the effects of blowing over
the flaps on static lateral and directional stability indicated
that both were slightly increased. It was also found that,
blowing over the flaps increased the aileron effectiveness by
about 25 pereent.

Effects of leading-edge slats.-Figures 16 (a) and (b) show
the effects of extending the leading-edge slats on the aero-
dynamic characteristics of the airplane with and without
blowing on the flaps. It is seen that extending the slats
had no signihmt effect on the flap performance, that is, had
no effect on the lift increment due to blowing or the required
momentum coefficients. The loss in lift at angles of attack
below maximum lift is due primarily to the nose camber
effect of the slats. It ‘should be noted that there is no
nonlinearity in the lift curve such as that obtained with
area-suction flaps in the investigation of reference 6, where
the vortex shed from the slat root spoiled the flow over
a portion of the flap. The leading-edge slats did not provide
a signiiicxmt increase in maximum lift, although they did
ohange the type of stall from one that was very abrupt to one
that was relatively gradual. The pitching-moment data
show that, with blowing on, the leading-edge slats did not
provide the stable variation in pitching moment at the stall
that was obtained without blowing.

Effect of horizontal taiL-Lift and pitching-moment data
for the airplane with and without the horizontal tail and
With and without blofig on the flap are shown in figures
17 (a) and (b). It is seen that with the tail on and the
airplane at a constant lift coefficient, ‘blowing over the flap
produced a positive pitching-moment, change. This was
caused by an increase in dovrmvash in the vicinity of the
horizontal tail. (The dynamic pressure at the tail was
measured and found equal to free-stream dynamic pressure.)

Effect of nozzle location,-Figure 18 presentslift coefficient
as a function of momentum coefficient for various nozzle loca-
tions on the flaps which-were deflected 60°. The data indicate
that, for the range of nozzle locations available with the flaps
deflected 60°, no appreciable effect of nozzle location was
found at angles of attack of 8° and 12°, which are in the range
of most signiiicanca as far as landing and take-off of the
airplane is concerned. Results from similar tests with
the flaps deflected S5° showed that, with the nozzle behind the
minimum pressure point (w= 62.50), the flow could not be
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Fmmm 16.—Effects of leading-edge slate on the aerodynmnic characteristioe of the airplane with blowing over the flaps; 31= 60°, R= 7,5X 106
tailoff, h.=o.040 rnch.
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attached with the highwt value of momentum coefEcient
available. In general, these data indicate that, as long as
the nozzle k located between tie wing-flap juncture and the
minimum-prwsure point on the flap, no siggcaut effect on
flow requirements will be obtained. It shouId be noted that,
for the me where the nozzle is tied with respect to the
flap, the nozzle should be positioned approximately at
the location of the mimmum-pre9sure point on the flap
for the maximum flap deflection contemplated. At lower
flap deflections the nozzle will then be ahead of the minimum-
pressure point on the flap and satisfactory performance
should be obtained.

Figure 19 shows .sim& results obtained from subsequent
tests of this airplane with a blowing flap with the nozzle in
the wing shroud. Vihth this arrangement, it was found that
to obtain the minimum jet momezitumrequirements, the flap
should be positioned close to the nozzle (within 0.44 inch for
this flap). At this optimum position, the variation of lift
coefficient Withmomentum coefficient for the shroud blowing
flap compares favorably with that for the plain blowing flap.

EiTectof spacers in nozzle .—For this phde of the investi-
gation the nozzle was plugged with rectangular spacers at
regular spamvise intervals to simulate an interrupted nozzle,
that is, several discrete nozzles along the flap span. Data
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FmuRE 20.—Variation of lift coefficient with momentum coefficient
for nozzles having various spacer arrangements; ISf=60°, R=
7.5X 10°, till off, h,= O.040 inch.

for various nozzle configurations are presented in figure 20.
It is seen that no significant effect was obtained until nozzles
2 inches long separnted by l-inch sprmxs vmre simulated.
For this arrrmgement, it was found that the required mo-
mentum coefficient for a given lift coefficient w-assomewhat
increased.

Comparison with theory .-Usually any large discrepancies
between the lift of a wing and that predicted from inviscid
fluid theory can be attributed to flow separation. Since the
application of boundary-layer control should reduce the
amount of flow separation, it is reasonable to assume that
the lift obtained by the use of boundary-layer cxmtrolshould
approximate that predicted by inviscid fluid theory. Figure
21 shows a comparison of the flap lift increments due to
boundary-layer control obtained in this investigation with
those estimated by the theory of reference 5Y The experi-

fi c~al~(eqnfvdentto3ThetheortttcalifopefleotlvcmesswasesttmatedfromACL-—(?4IJ
W. famf. a
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FIQUEE 21.—Comparimn of theoretical 5p lift increments with thoso
obtained e~erimentally on the blowing fiap at tho point of flow
attachment; ct=OO.

men tal flap lift increments chosen were those e.usting whrm
the flow over the flap first became attached, as indicated by
static-pressure measurements near the flap trailing edge.
The momentum coefficients required to eliminate flow sepw
ration for each flap deflection are also presented. It may be
seen by referring to figure 15(b) that these momentum coeff-
icientsare in the region where the rate of increase of lift co-
e5eient with momentum coefficient falls off to rLrelatively
low value. This affords an alternative, but oftenless precise,
method of selecting the point of flow attachment. It maybe
seen from figge 21 that, for flap deflections up to 60°, tho
estimated and experimental flap lift increments are in good
agreement. The discrepancies behveen the predicted and
experimental values at higher flap deflections are bdiovod
to be due more to the linearizing assumptions utilized in tho
theory rather than to an actual deterioration of tlmflow over
the flap. Even at a flap deflection of 85° the static-presmnm
measurements on the flaps indicated that ~ttnched flow was
~btained.

FLIGHT‘1’IS3TS

Aerodynamic characteristics with the 6-S slatted leading
edge,—Data are presented in figures 22 (a) and (b) for vrwi-
ms flap deflections with blowing on and off for 100- and SO-
pmcent engine rpm, and in figure 22 (c) for 60° flap deflec-

tion and mxious engine rpm’s. The equations used to deter-
mine CLand CD axe discussed in appendk A. The data in
figure 22 indicate substantial increases in lift resulting from
the application of blowing at all flap deflections. It will bo
noted Lhatthe angle of attack for maximum lift coefficient
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decreases with the amount of blowing, and with increase in
flap deflection.

Flight tests of the airplane equipped with the standard
38° slotted flap normally used on this airplane gave essen-
tially the same results as those-shown for the plain flap
deflected 38° without blowing. The improvement in CL
With blowing on the flaps deflected 55° over that obtained
with the 38° flap was from 1.02 to 1.37 at the landing ap-
proach condition (a=l 1°, 80-percent rpm). With the
flrLpsdeflected 60°, there vma an increase in CL- horn
1,40 to 1.68 at maximum engine pomr.

It can be observed from the data in figure 22 that tbe flap
lift increment due to blowing varies over the angle-of-

1.8

L6

1.4

attack range. It is noteworthy that maximum flap lift

increment occurs in the angle-of-attack range (10° to 12°)

f~r the landing approach.

Aerodynamic . characteristics with the standard F–86

leading-edge slats ,—The lift and drag characteristics of

the airplane equipped with the standard F–86 leading-

edge slats are shown in iigure 23. It is seen that, with

blowing on, opening the leading-edge slats did not provide

any increase in CL-. This same result was obtained in

the wind-tunnel investigation. However, the leading-edge

slats did improve the stalling characteristics of the airplane

considerably.
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FIW~ 22.—Lift, drag, and momentum coeffloient ourva for various tip deflections; 8-3 slatted leading edge.
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I?IGUEE23.—LIft and drag curvm for the airplane with the standard F–86D leading-edge slats; 80-percent engine speed.

Fig ure 24 showw a comparison between flight and wind-
turud results for the flaps deflected 60° and @ an angle of
attack of 12°. The fight results are presented with the
gear up to correspond to the configuration tested in the Wind
tunnel, These data show reasonably good correlation
lmhveen the wind-tunnel results and the flight results over
the CPrange tested.

Pilot evaluation of the use of boundary-layer control.—
A total of 48 flights were made by four Ames pilots, a number
of company test pilots, and service pilots to evaluate the
airplane with and without boundpry-layer control. In
pmticulnr, it was desired tmlmow’ the effect of BLC on the
landing-approach speeds, take-off characteristic, and flying
qualities

Appronch speeds: The landing-approach speeds chosen by
the NACA pilots for a carrier+pe approach at 12,850
pounds, the stalhng speeds, and the stalling characteristics
are presented in table III for the airplane with various
leading-edge devices for 55° flap deflection. Included in
the table for comparison are the values for the slotted flnp
(6~38”).
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/
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.m4 .038 .012 .016 .020

Fmwm 24.-Cemptin of wind-tunnel and flight results; F-86D
slatted leading edg~ 6Y=60°, gear up.
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These data indicate that substantial reductions in ap-
proach speed are realized with the boundary-layer control
operating. l?or the normal type slatted leading edge, a 12-

knot reduction in average approach speed over the slotted
flap was obtained, while a 9-knot reduction was obtained
with the 6-3 slatted leading edge. The variation of average

approach speed with gross weight with the 6-3 leading edge
for the 55° flap deflection, blowing on and off, and the slotted
flap is presented in figure 25. These data were computed on
the assumption that the pilot would approach at the same
angle of attack regardless of gross weight.’

118
/

90L I I I I I I { 1 1 I 1 1
I1000 12000 13000 14000 I5000 16000 17000

Gfossweight, lb

FIGURE25.-Variation of approach speed with groEs weight for
various flap deflections; 6-3 slatted leading edge.

The rensons given hy the pilots for selecting a minimum
comfort able approach speed changed in most cases from the
ability to arrest a sink rate or to control altitude without
boundary-layer control to proximity to the stall with boun-
dary-layer control on. The relationship between the pilots’
selected approach speeds and the lift curves for the airplane
with the 6-3 slatted leading edge is given in figure 26. Them
data indicate that the pilots did not make approaches at the
same angle of attack with blowing on and off. Although the
pilots felt that the ability to control altitude while maintain-
‘mg a desired approach ‘&speed was greatly improved with
blowing on, a reduction in angle of attack was necessary to
maintain a safe margin below maximum lift.

Each pilot also made carrier approaches with the flaps
deflected 66°. In this case the increased lift redted in only
small (1 to 2 knots) reductions in approach speed. The 66°
flap deflection was not felt to be desirable for carrier ap-

4Severalpilotsmnnnentdon thoImprowmentfn tnrnhgperformormdrlrbulfuldinK
nPPmti @ nothwm Iacrmw10attainableangbefM ornormalwmlerationwithblow-
ingon
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FrGTMEI 26.—Relationahip of pflot’s seleokd approach spocds to lift
UWM for various flap deflections; 6-3 slatted leading mlgo, 80-
percent engine spe@ W/S=42.5, ~f= 55°.

preaches because of the increased drag musing pooror wnve-
off performance.

The foregoing discussion has been concerned with carrier-
type approaches which are made at essentially constant
akitude with power for level fight. For normal field
operation, a sinking-type approach is used at reduced engino

powers Because engine power has a direct effect on tho
amount of flap lift produced with blowing on, as well ns
affecting the steepness of the glide path, the approach speeds
selected in a sinking-type approach will vary, depending on
the amount of power used. The effect of engine poww on

flap lift increment is indicated by the data presented h]
ilgure 27 for a 55° flap deflection. The data show a smooth
variation of flap lift with rpm. l?@re 28 shows the varkt-
tion of selected approach speed with engine rpm for n 55°
flap deflection with boundm~-layer control on nnd off.
These approaches were made at constant power and constant
airspeed with the throttle retarded after the flare (e..copt for
kl.le condition). Although an appreciable amount of lift CIUO
to blowing is prment even at idle power, the data k figuro 2S
indicated that if the entire approach is made near idle power,
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Engine speed, pwent

FIGURE27.—Variation of f18p lift increment with engine speed; 6-3
slatted leading edge, d~=55°.

Engine speed, percent

FIGURE2S,—EITect of engine speed on approach epeed; blowing off
and on, ~j= 55°, (3-3 slatted leading edge, sinking-type approaoh.

little or no reduction in approach speed would be realized.
It should be noted that for modern jet-powered aircraft,
approaches rarely are made at idle power. With the low
values of LID characteristic of modern aircraft, it is neces-
sary in the interest of safety to use moderate amounts of
engino power to prevept excessively high sink rates and
provide satisfactory engine response in case of a wavedf.
If idle power approaches are necessary for a particular design,
R larger nozzle gap could be used to provide the required
PI.Lvalues. There should be incorporated, however, a means
of reducing the flow to avoid unnecessary loss of engine
thrust at higher values of engine power. In order to get the
mrmirnum utilization of the boundary-layer control for a
sinking-type approach, the NACA pilots modified their
nppronch and used lower power to reduce airspeed and lose
nltitu~$d~:iy part of the landing pattern, and then

increased powei in the iinal approach, ivith a cut in power
after the flare. Final approach speeds for landings made in
this manner could be as slow-as those obtained in the carrier-
type approaches. In an approach where 70-percent rpm was
maintained until the landing flare was initiated, due to
w-indrdling action, the engine rpm dropped off only to 55
percent at touchdown. For the sinking-type approach,
some pilots prefemed a 66° flap deflection since the added
drag permitted higher engine rpm and resulted in improved
engine response and increased lift due to blowing.

In regard to instrument-type landings, several pilots com-
mented that with blowing the airplane was held more easily
at a desired approach speed. This effect is presumably tied
in with the increased slope of the C~—CDcurve with blowing
on which results in smaller drag changes for a given lift
change.

In order to investigate finther the action of boundary-
layer control in sinking-type approaches, several GCA
(ground control approach) approaches were made using the
Nfoffett Field GCA facilitks The pilot’s comments were
as follows:

‘(The fit approach was made attempting to use the
technique d-cribed in the pilot’s handbook (i. e., power
constant at 78 per&nt, 150 knots, on level portion of final
approach, and upon reaching glide slope, opening speed
brakes which is supposed to result in 600 feet per minute rate
of descent at 150 knots). The flaps were set at 38°, blowing
off. Altitude cmtrol was good; however, it seemed rather
diflicult to maintain the desired airspeed and a number of
power cmrections had to be made. Even so, rather large
excursions from the desired airspeed occurred (10 to 15
knots). The second approach was made with 55° flap
deflection with boundary-layer control off. The entire
approach was made at 130 knots which seemed quite com-
fortable. Power required was about 80 percent, speed
brakes were opened upon reaching the glide slope. In
generil, it seemed easier to hold close to the desired airspeed.
Altitude control again was good. Two approaches were
then made with the boundary-layer control on. On the
iirst the flap deflection was left at 55° throughout the
approach and the speed brakes were opened to start” the
rate of descent. On the second, 55° flap deflection was used
to the glide slope, at which point the flaps were lowered to
66°, leaving the speed brakes retracted. This latter pro-
cedure seemed the most effective in commencing the 500
feet per minute rate of descent. The desirable approach
speed seemed to be 115 knots which required about 83-per-
cent rpm. Speed control with boundary-layer control on
was excellent. Glide slope corrections were easily made
with little eflort, requiring only slight chang~ in power.
Once the correct power and rate of descent were established
the airplane seemed to ride down the glide slope as if it were
on a traok.”

Other pilots made comments relative to the trdcedf
characteristic The fact that additional lift was available
with no change in airplane attitude when the blowing -was
turned on was appreciated by some pilots and was felt to
be desirable for instrument-type take+fls. Because of the
high drag above 110 knots, a modified climb~ut technique
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was used to get masimum performtmc8 (i. e., climb initially
at 100 to 110 knots, then turn the boundary-layer control
off before acceleration to higher speeds).

Flying qualities:, The following discussion will cover those
items on which boundaq-layer control had an effect. AU
other flying qualities were untiected by boundary-layer-
control operation.

The longitudinal trimclmnges due to the operation of the
boundary-layer-control system on this airplane were con-
sidered to be excessive by the pilots. The measured con-
trol forces are presented in the following table:

Inltlaf Mm mndft.fon
L#lia- Cm&ugon PyO&e& to
f- Ill sh* OeaI’ Flaps Power, BLO

~t

o 140 Din-n up ml off
(#J

I 18Dull I MOllhrnl S7downl 87 I On I BLOon lAJtltnde I

Y
I

o 140 up 59 dom loo on
15 push .—---- Ilp W devin 100 off BLOoff Rateofdfmb
24pwb .. .. . . up up ml off Flaps up Rate of clfrnb

Although the trim changes noted in the table are large, it
is not felt that the boundmy-layer-ecntmd operation in itself
would represent a serious trim change problem. It can be
noted that large trim changes were encountered in operation
of the flaps alone and result horn the type of force feel system
(irreversible control system with a bungee-fixed spring
gradient picked on the basis of high-peed flight) employed
on this airplane. It is of interwt to note that the pitching--
moment change with the application of blowing measured in
the wind tunnel for the F–86D airplane was in an opposite
direction to that measured in flight in the present invxstiiga-
tion. The rea.ym for this is felt to be due to the difference
in horizontal tail geometry between the two airplanes.

The eilect of the boundary-layer control on the stalling
characteristics was dependent somewhat on the type of
leading-edge device employed with it. For the 6-3 slats
and the slotted flap (8f=380) the stall was characterized by
a mild pitch-up coupled with a lateral unsteadinesswhich was
controllable. The pitch-up was followed by a pitchdown.
There was no stall warning. The stall in this ccdguration
was considered satisfactory. Wnih the plain flap deflected
55° and boundary-layer control off, the pitch-up w-asmore
pronounced. Applying bonndsxy-layer control tended to
increase the pitch-up and the stall itself vms considered
marginal to unsatisfactory due chiefly to the poor stall re-
covery characteristics. h order to recover from the stall,
large forward stick displacanents were necessary and the
associated stick forces were objectionable. The pitch-up at
the stall and the poor stall recovery characteristics ware
aggravated by the extreme rearward center~f-gravity loca-
tion (approximately 27 percent) with the 6-3 slats installed.
V7ith the F-86D slats, the stall was considered satisfactory
for all conditions; however, the application of boundary-
layer control tended to reduce the stall vmrning and render
it marginal to unsatisfactory.

Operational characteristics: In the evaluation of tho
performance of the airplane, actual measurements of landing
and take-off distances, climb, and catapult launching wero
got made; but by the use of the lift and drag data obtainecl
with the 6-3 slatted leading edge and engine thrust data,
computations have been made of the performance. The
methods used for computing performance are contained in
appendix B and are felt to be adequate for comparative pur-
poses.

Landing performance: The landing distance over a 60-
foot obstacle and the ground roll distance were ccrnputecl
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FImRE 29.—Variation of Iandhg distance with grow weight for
varioua flap deflections; 8-3 slatted leading edge, sea Iovcl.

for the landing cmdiguration using the average approach
speeds selected by the pilots and are presented in figuro 29
for flap deflections of 55° and 66°, blowing on and off, For
comparison purposes the computed distances for the normal
38° slotted flap deflection are also presented in figuro 2~.
These data indicate that a reduction of approsinmtely 30
percent in total distance would be realized using the 66°
flap deflection with blowing on at an airplane gross weight
of 14,000 pounds.

Takedl performance: In the computations for take-off
and &b, account is taken of the thrust loss incurred ns a
result of extracting air from the engine compressor. In order
to operate the engine within the allowable tail-pipe tempcrn-
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ture when extracting air for boundary-layer control, a re-
duced value of rpm is used. The thrust reduction was ap-
pro.xinmtely 270 pounds at maximum power.

In considering a cutapui%type take-of this reduction in

thrust is not too sigqiiicant, since take-off acceleration is

provided principally by the catapult itself. It is required,

however, that sticient engine thrust be available to acceler-

ate the airplane after launch with a *U longitudinal

acceleration of appro.xinmtely 0.065g.5 Lift-off speed is se-

lected as the speed at nine-tenths of CL- or at the mmi-
mum ground attitude. The results of computations of the
take-off speeds at the end of the catapult run as a function
of gross weight for various flap deflections with blowing on
and off are presented in figure 30. Indicated in this figure

I I I Operahonol

— 8f = 45° pressure Iimtl

------ 8f= 55° for H8 cotopult~

—— — 8f = 66° ,’
108 .

,
—— 81= 38° slotled flap / r’

II A ~ ,’
Colapult end speed limit -

p p.’ /“

104
,’/ ‘ \

/
~0 / ~E { /
9 /’ /
g100 /“ / /L? “‘f /
5~ < ,
. 4 “‘S6 #/‘/x/ /’. A792 ●y/

BL c off :/
Y

/ //
/ /

/’ /

88 / /

/ ‘,/

BLC on ‘,/

84
I 1000 12000 1= 14000 I 5000 16003 17000
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I%UR?J 30.—Variation of catapult take-off velooity with gross weight
for various tip deflections with blowing on and off; O-3 leading
edge, sea Iwml.

me the H8-crAapult characteristics. The results indicate
significant improvamcnts in performance with blowing on.
Compared to the 38° deflection of the slotted flap, the 66°
deflection of the flap with boundary-layer control would
allow an 8-knot reduction in catapult takedl speed at a
gross weight of 16,000 pounds. At this gross weight the
longitudinal rtccelerationwould be approximately 0.16g.

With regard to ajik?d take-qf, the assumption is made that
the airplane accelerates on tho ground in a level attitude,
and at t~ke-off speed the airplane is rotated to the angle of
attack corresponding to a velocity of 1.2 V,. For the transi-
tion distance, it is assumed that the airplane is in a steady
rate of climb at the value for the 50-foot-height point. The
results of the computations presented in figure 31 indicate

JAsmmed mlnIroumaccekmtionvalueud toasaurethattheakplanodwsnotsinkaftm
faunch,

-..

.L 111111

--- :l’’edf’”pttt-i8f=45”~------ BLC IJ

Ezwo I 1 I [ 1 ,,, , ,

// v

‘-km) 12000 13000 14000 15000 16000

Gross weight. lb

FIQUED 31.—Variation of take-off chstance with gross weight for
various &p deflections; blowing on and off, 6-3 slatted leading
edgq sea level.

small improvements in total distance over a 50-foot obstacle
with blowing on for the 45° flap deflection compared with
the standard 38° slotted flap. The takedl performance was
computed with the maximum possible C’ptwailable. Reduc-
ing the air flow to the flaps to reduce the thrust loss and thus
operate at a 10;w CPmade a further improvement in the
take-off performance. By waiting until take+ff speed is
reached before turning on the boundary-layer control, a
further reduction of 6 percent would be realized.

Climb characteristics: The rate of climb after a catapult
take~ff (at a speed of 1.05 V.) is presented as a function of
groin weight in figure 32. Although the rate of climb is
reduced when blowing is used, it should be kept in mind that
because of the lower stalling speed it is possible to climb at
a lower airspeedwith blowing on so that there is no significant
~hange in climb angle.

SUMMARY OF RESULTS AND CONCLUSIONS

The following conclusions are based on wind-tunnel and
flight investigations of F-86 type aircraft with blowing
boundary-layer control on the trailing+dge flaps:

1. Correlation of flap lift with jet momentum coefficient
was good for the range of pressure ratios obtainable from
turbojet engine bleed air systems.

2. The lift increment obtained by preventing flow separa-
tion on the flap can be predicted up to 60° flap deflection
by the linear intild fluid theory of NACA Rep. 1071.
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ITOOO 12000 13000 14000 15000 16000 I 7(2QO
Gross w=sighl, lb

FIGURE32.—Variation of rate of climb Nith gross weight for various
flap deflections with blowing on and off; wave-off speed= 1.051’,,
6-3 leading edge, sea level.

3. Higher lift increments than those obtained by pre-
venting flow separation on the flaps can be achieved by
further increasing the momentum coefficient to values above
that required to prevent flow separation. However, once
the flow is attached to the flap, large values of momentum
coefficient are required to increase the lift significantly.

4. Lateral stability was increased slightly by blowing
over the flaps, and the maximum roll power of the ailerons
was increased by about 25 percent.

5. When the blowing nozzle was located in the upper
surface of the flap, it was found that the chordwise position
of the nozzle could be nnywhere between the minimum

pressurepoint on the flap and the wing-flap juncture without
seriously affecting the flap lift. If the nozzle is locatrxl too
far downstream of the m@uru pressure point, large losses
in flap lift may result.

6. When the blowing nozzle was lomted in the wing
shroud ahead of the flap, it was necesmry to position tlm
flap close to the nozzle to obtain the same lift coefficicmtsak
low momentum coefficients ns those for the plain-blowing-
flap coniigurstion.

7. The blowing flap lift is relatively insensitive to spaccma
or structural members in the nozzle throat. It is also
insensitive to flow disturbances such as those cnumd by
leadingAge slats.

8. Blowing with the flaps deflected 55° reduced the cwor-
age appronch speed by as much M 12 knots in n carrier-type
approach compared to the slotted flap deflected 38°. In
sinking-type apprm ches smaller reductions in apeed were
reaIized.

9. Blowing with the flaps deflected 66° reduced the cal-
culated landing distance by 30 percent compared to thci
standard 38° slotted flap. In takeoff perfomrmnce calcula-
tions, the catapult end speed required at n given gross
weight was reduced by 8 knots due to blowing. For o fiold-
type takeoff the gains calculated were relatively small.

10. Improvements were noted by the pilots in control of
the glide pnth with blowing on. Improvements were noted
also in taliedl since the airplane would tend to fly off
without as much rotation in attitude required.

11. The longitudinal trim changes due to flap deflection
and application of blowing were considered emwwive by the
piIots.

12. In some cases the stalling characteristics wero made
less desirable with blowing on.

Amm AERONAUTICAL LABORATORY
IVATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

MOFFETT FIELD, CALIF., ~Ptil 30, 1958



APPENDIX A

EQUATIONS USED FOR DETERMINING LIFT AND DRAG

The equations used to determine the lift coticients and I where
drng coefficients areas follows:

c.=; (A,COB a+A=SiIla) –; (1’.sin a)

C~=~ (A. sin et-4 cos a) +* (I’a cos a—rev)

w
F

5.
4
a
w

v
F.

APPENDIX

airplanewing loading, lb~sqft

dynamic pressure,lb/sq ft
normal acceleration factor, g units
longitudinal acceleration factor, g units
angle of attack, deg
engine air flow, lb sec/ft
free-stream velocity, ft/sec
engine gross thrust, lb

B

METHODS USED FOR PERFORMANCE EVALUATION

The following equationa and assumptions were used in
computing the performance:

Landing distanoe:

( )

vm~–v.2+50 $ ft
Air distnnce=

64.4

(ref. 7, p. 198) where Vm is pilots’ average approach speed

and the landing velocity

V’=1.05V,

v.’ L

()‘mmd ‘n=64.4k– (D/L)] 10g e ~ “ ‘t

and p=O.4 (ref. 8, p. 312),

Take-off distanoe:

Ground run=
wvm~

64.4[T–PJV-Sg(C.-&)]’ ‘t

(fromref. 7, pp. 195-196)
50W vm~, ft “

Air distance: — —T–D+ ~ij

(ref. 9, p. 51) where take-off velocity

V,.=1.2V8

and

T thrust at 100-percent engine speed

W airplane gross weight in pounds
a angle of attack at CL- or at maximum ground angle

P 0.02

(The assumption is made that steady climb bas been attained
before reaching the 60 foot height,.) ‘

Catapult end speed:

v~=r%n-’o’
where
cLm

ci~

Climb:

where

v.
T
D

0.90’-
angle of attack at CLm

Rate of climb= 60VO$–D), ft,sw

1.05V., ft/sec
thrust at climb power
drag at V.
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TABLE 111.-PILOTS’ OBSERVED STALLTNG AND APPROACH CHARACTEWSTICS
FOR VARIOUS FLAP AND LEADING-EDGE DEVICES
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