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BOUNDARY-LAYER CONTROL ON THE
TRAILING-EDGE FLAPS

By Seth B. Anderson, Hervey C. Quigley,
and Robert C. Innis

SUMMARY

Tests have been conducted to determine the flight characteristics of
en F-86 eirplane equipped with a blowing-type boundery-layer-control
installation on the trailing-edge flaps. Included in this study are the
pilotst! evaluation of the operational use of the boundary-layer-control
system. The effectiveness of the flap wes determined in conjumection with
slatted leading edges, and an inflatable rubber boot on the leading edge.
Measurements were made of the 1ift, drag, and flow requirements. Perform-
ance computations were made for take-off, climb, and landing. The results
of the flight tests asre compared with those of full-scale wind-tunnel tests
of a similar type installsetion, and wlth those of £flight tests of =2 wing-
shroud blowing system of an FIF-hI sirplane.

The results showed that blowing alr over the flap deflected 55° for
the landing-~approach condition (11° angle of attack, 80-percent engine rpm)
increased the 1lift coefficient from 1.02 to 1.37 over that cobtained wlth
the standard slotted flsp deflected 38°. Maximum 1ift coefficient was
increased from 1.40 for the 38° slotted flap to 1.68 for the 66° flap
deflection with blowing at meximum engine power. Improvements in perform-
ance were indicated for landing, field take~offs, and catapult-type take-
offs. The pilots'! evaluation of the operational use of the blowing flap
showed reductions In average landing-approach speeds of as much &s 12 knots.

INTRODUCTION

As has previously been reported, boundary-layer control (BIC) is a

promisging means of improving flap 1lift at low speeds. One application
of boundary-layer control by suction through a porous material near the
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flap leading edge has been flight tested on an F-86A airplane (ref.l).
Another applicatlon, which utilizes a high~velocity alr Jjet directed over
the flap, has become feasible with the advent of the high pressure ratio
Jet engine aeffording relatively large bleed-alr flow quantities. Initial
flight-test experlence was gained with a type of blowing boundsry-lsyer
control where the air was ejected from the wing shroud ahead of the

flap (ref. 2).

In an effart to reduce the momentum requirements for the blowlng
system, tests were conducted in the Ames L40- by 80-foot wind tumnnel
(ref. 3) of a YF-86D airplane where the air was ejected from the leading
edge of the flap itself.

Because the wind-tunnel tests could provide only a portion of the
information desired, the flight investigation reported upon hereln was
undertaken on an F-86F airplene. The following ltems were investigated:
(1) the 1ift increments due to blowing; (2) the effect of the boundary-
layer control on the flylng qualities anrd operstion of the alrplane; and
(3) the manner in which the pilot utilizes the additionel 1lift gains.

The blowing flap was tested in conjunction with variocus wing leading-
edge devices. From the 1lift and drag data obtained, computations were made
of the landing and take-off performance. Camparisons are made of flight
results on the F-86F with the wind-tunnel results of the YF-86D (ref. 3).
In addition, the flight characteristics =re compared with those obtained
in flight on the strailght-wing FOF-4 airplane of reference 2.

NOTATI.ON

wing span, £t
drag
as
lift
asS
increment of 1ift coefficient due to flaps

drag coefficient,

1ift coefficient,

maximm 1ift coefficient
momentum coefficient,-l;é§ vy
acceleration of gravity, 32.2 £t/sec®

engine speed, rpm

R

free-stream static pressure, 1b/sq ft
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Pg total pressure in flsp duct, lb[sq £t

Py total pressure at engine compressor ocutlet

Ri duct pressure coefficient,PQh—_-—2

Q dynemic pressure, 1b/sq f%

S wing area, sq ft

Vi indicated airspeed, knots

Vi veloclity of blowlng Jet expanded to free-stream static pressure,
ft/sec

Vg veloecity at stall, knots

VEG veloecity at stall in glide condition, knots

W bleed air flow, 1lb/sec

-S"'I wing losding, 1b/sq ft

& raetio of totael pressure at compressor to static pressure at sea
level

Sf_ flap deflection, deg

e ratio of total.temperature at compressor to total temperature at

sea level
EQUIPMENT AND TESTS

The installation of the blowing-type boundary-layer control was made
on the flaps of en F-86F airplane. A two-view drawing of the test airplane
is shown in figure 1. Pertinent dimensions of the airplane are given in
teble I. A general view of the alrplane and a close-up of the flap are
presented in figures 2 and 3, respectively. The blowlng system consisted
of & manifold to collect alr from the last stage of the englne compressor
of the J-LTGE-27 engine, a butterfly valve comtrolled by the pilot, and
& 3-inch-diameter ducting to each flap. The ducting was mounted on the
underside of the fuselage to facilitate installation.

The flap used for the blowing system was a plsin type made by rework-~
ing the nose section of the slotted flaps normally used on the alrplane.
The flap tracks were removed and external hinge brackets were Instalied
on the undersurface of the wing, allowing flap deflections up to 66°.

A rotating O-ring-type seal wes used to supply air to the flap at a point
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on the center of flap rotation. A sketch of the flap cross section is
given in figure 4. A photograph showing the flap ducting details is given
In figure 5. All parts of the air-supply system were made of steel. The
nozzle block was madé in two parts, the lower part of steel welded to the
3-inch-~diameter tubing, the upper part forming the nozzle exit of 2024-T
aluminum, fastened by screws to the steel nozzle block. Spacers were used
at 3-inch span intervals to provide a 0.020- inch nozzle gap. The area of
the nozzle was 0.0221 square feet.

The weight of the boundary-layer control equipment for this research-
type installetion wes 175 pounds. In a8 production-type installation a con-
slderable savings in weight should be possible.

The smount of engine bleed air used at various engine speeds 1s pre-
sented in figure 6. These values of bleed air correspond to approximately
3.5 percent of the primsry englne air flow. The bleed flow quantlitiy wes
calculated from one-dimensionsl flow eguations using measured values of
pressure, temperature, and nozzle asrea. The variastion of static thrust
(measured on a thrust stand) wilth percent engine speed is presented in
figure 7 with and withoyt bleed alr extraction. It can be noted that for

the blowing-on case there was & reductlon in static thrust of spproximstely

5 percent. The varlation of pressure ratlo with percent englne speed is
presented in figure 8. It will be noted that sonic flow would occur in the
nozzle exit at spproximetely 63-percent rpm.

Standard NACA instruments were used to record ailrspeed, altitude,
acceleration, duct pressures, and engle of attack. Values of alrspeed,
altitude, and angle of atbtack were measured spproximately 8 feet shead af
the fuselage nose. Duct pressures in the flaps were measured at the mid-
span station of the flaps.

The £light tests were conducted with s number of wing leading-edge
devices. These included an F-86D-type slat, a 6-3 slat, and en inflatable
rubber boot on a 6-3 leading edge. The latter leading edge could be
inflated to cover a range of leading-edge redil and amounts of camber by
ad Justing the internsl pressure. For these tests an Iinternal pressure of
10 pounds per square Iinch gage was used which gave a leading-edge radius
of 1l.57-percent chord. A sketch of the cross section of each leading-edge
device is shown in figure 9. The majority of dats presented herein are
for the 6-3 slat, since this is the leading edge currently used with F-8F
type alrplanes.

Tests were conducted at sea level and 5,000 feet over a speed range
from 170 knots to the stall. An asverage 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 asercdynamic chord for the alrplane with the F-86D slatted

Wi
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lesding edge and 6-3 leading edge, respectively.} The engine rpm was held
fixed for a given series of test runs. Tests were conducted at treiling-
edge flap deflections of 38°, 45°, 55°, 60°, and 66°.

RESULTS AND DISCUSSION

Airplane with 6-3 Slatted Leading Edge

Lift.- Lift data are presented in figure 10(a) for various flap
deflections with blowlng on and off for 100-percent engine rpm, in fig-
ure 10(b) for 80-percent rpm, and in figure 10(c) for various percent
engine rpm for 60° flap deflectiom. For conmparative purposes, data are
shown in figure 11 for the stendard 38 slotted flap, normally used on the
airplene. The equations used to determine Cyp, and Cp &are discussed in
Appendix A of reference 2. The data in figure 10 1ndicate substantial
increases in 1ift resulting from the application of blowing at =211 flap
deflections. It will be noted that the angle of sattack for maximm 1ift
coefficlent decreases with the spplication of blowing, with increase in
flap deflection, and with amount of blowing. The effect of various
leading-edge devices on the 1ift will be discussed later.

The improvement in flap lift for the case with blowing on over that
obtained with the standard 380 slotted flap can be seen by compsring the
data in figures 10 and 11; with the 55C flap deflection there was an
increase in Cy, from 1.02 to 1.37 at the lending-spproach attitude
(¢ = 11°, 80-percent rpm) and with the 66° flsp deflection an incresse in
Cr from 1.%40 to 1.68 at maxiwmum engine power.

It can be observed from the data inm figure 10 that the magnitude of
the flap 1lift increment due to blowing varles over the angle-of-attack
range. The varlstion of flap 1lift increment with angle of attack for wver-
ious flap deflections is presented in figure 12. It is noteworthy that
meximum flap 1ift occurs in the angle-of-attack range (10° to 12°) for
the landing approach.. These results are similar to those obtained on the
FOF-L sirplane (fig. 10 of ref. 2).

Drag.- The drag results presented in figure 10 indleate that at low
1lift coefficients blowling caused an increese in drag at a given flap
deflection (at a constent Cr). Thus, although the profile drag must be
reduced by blowing, the induced drag has increased sufficiently to raise
the total drag values. This increese in induced drag is a result of the
increased distortion 1n span losding occurring with the relatively short-
span, high-1ift flap. It can be noted that the drag values are reduced
near chax by blowing. Similar results concerning drag were obtained in

other boundary-laver control investigations (refs. 1, 2, and 3).

1The designstion "6-3" refers to & full-span chord extension of
6 inches at the wing root and 3 inches at the wing tip.

SN T
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Effect of momentum coefficient, Cp, on 1lift.- The varilation of 1ift
coefficient with momentum coefficlent 1s presented in figure 13 at various
flap angles and for angles of attack of 8° l2° and that corresponding to
Cy These dats indicste that as the momentum coefficient was Increased,

the 1ift first increased rapldly and then increased more slowly. Wind-
tunnel tests of reference 3 indicated that the initisl increase in 1ift was
assoclated with control of the boundary layer on the flap. The continued
increase in 1ift is due to an increase in circulstion induced by the jJet
flow over the flap. It can be observed from the data in figure 13 that
most of the increase in 1ift occurs in the €, range up to 0.005. It is

shown by the data in flgure 14 that a C of O 005 is obtalned for an
engine rpm of approximately 60 percent. The Cy variation with Cp, 1is

presented along with the lift data of figure 10.

One item to be noted in the data of figure 13 is the fact that for a
given Cp renge and at a constant o “the change in 1ift with change in
Cy is greater for the larger values of flap deflection. It 1ls also shown
that less chenge in 1ift for a.given C; range 1s obtained at the higher
angles of attack. This latter effect is believed to be due to the presence
of a thicker boundary layer ahead of the flap at the higher angles of
attack. A compensating effect with this blowing boundary-layer control

system 1s the fact that larger values of C are aveilable as the angle of
attack is increased in steady straight fligﬁt (i.e., as the airplasne slows

down).

Comparison of flap 1ift with theory.- Tn order to assess the 1ift
effectiveness of a flap it is convenient to compare with the 1ift predicted
by inviscid flow theory, in which, of course, no flow separation 1s
assumed. Values of flap 1lift increment for various flap deflecticns are
presented in figure 15 for blowing on and off at various velues of angle of
attack. Results for the configuration with the gesr up are included in
this flgure in order. to more closely approximate the theoreticel condi-
tions. The theoreticsl 1ift values were calculated using reference 4 with
a correction for pitching moment obtained from reference 5. The results in
figure 15 for 55° flap deflection indicate that for blowing off, flsp 1lift
effectiveness is considersbly below theory at all values of angle of
attack. Applying blowing increased flap 1ift beyond the theoretical value
at the two lower velues of a.

An examination of the data in figure 15 for the gear-down condition at
various flap deflections discloses that increases in 1ift with increase in
flap deflection were still being obtsined up to the highest flsp deflection
tested. It is felt, however, that 1lift obtained at Tlap deflecticns beyond
66° would not be useful for the test alrplane due to the assoclated drag

incresse, (See Pilot Evaluation of the Use of Boundary-Layer Control.)
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Airplane With Various Leading-Edge Devices

One of the factors influencing the utllity of the 1lift gains of a
boundary-layer control flsp is the wing leading-edge stall. As mentlioned
previously, the effect of applying boundsry-layer cantrol to the flap was
to cause a stall at a lower angle of attack. This shift in angle of attack
is felt to result from a stall at the wing leading edge induced by the
increase in 1ift due to the flap. If & powerful leading-edge protection
were used, considerable gain in maximm 1ift would be forthcomlng with
blowing on. Extending the 1ift to higher angies of attack can be accom-
plished by the use of varilous devices such as slats or camber in the for-
ward portion of the airfoil combined with & large leading-edge radius.

The effect of the F-86D slats and the inflateble leading edge on the
1ift and drag characteristics is indicated by the data in figure 16 for a
flap deflection of 55° at 80-percent rpm. First, it can be seen that the
inflated leading edge provided leading-edge protection to the same angle
of attaeck for tralling-edge flap blowing on or off. Similer protection was
obtained with a nose flap on the FOP-4 airplane (ref. 2). As a point of
interest, it can be noted (fig. 16(a)) that with the F-86D slats open no
increase in Cry., occurred with blowing on although the stalling charac-

teristics were made tolerable and the l1ift was extended to a higher value
of angle of attack with the slats open. No runs were made with the 6-3
slats closed. It can be inferred, however, by camparing msximmm 1Iift
values with the 6-3 slats operating (fig. 10(b)) with those obtained with
the leading-edge boot deflated (fig. 16(b)) that relatively large improve-
ments in Cy result when using the 6-3 slat in conjunction with the

blowing over the trailing-edge flap.

With the inflated leadlng edge the highest chax value was attained,

although the maximum 1lift would bave to be compramised somewhat for more
desirable stall characteristics. The stall was chsracterized by an sbrupt
roll-off which was not mitigated spprecisbly by the installation of the
staendard 6-3 leading-edge fence. Further tailoring to find s more satis-
factory fence configuration was not carried out due to difficulties exper-
ienced in bonding the rubber boot to the wing skin.

A summery of the maximm 1ift characteristies for the various leading-
edge devices is presented in the following table. The stalling speed
values were based on a wing loading of L5 pounds per square foot,
80-percent engine rpm, and 55° flsp deFflection.
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Lead edge v ’

configﬁrat%on Blowing| CLmax knits
F-86D slats

Open On 1.61} 88.6

Open off | 1.43] 93.5

Closed On 1.60] 94

Closed off 1.33| 97.5
Infletable boot '

On On 1.67] 87

On Ooff 1.37| 96

off On 1.37| 97

off off 1.18| 104
6-3 slats .

Open On 1.59] 89.4

Open Of f 1.42| 94.3

The variation of stalling speed with gross weight is presented in figure 17
for the 6-3 slatted leading edge and various flsp deflections and engine
rpm. These data indicate that the largest percentage reduction in stalling
speed due to blowing occurs at the lowest gross welghts for a given engine
power. This is due to the fact that for a given engine power smaller Cu
values are avallsble at the higher gross weights.

As another point of interest, the flap 1lift increments over the angle-
of ~attack range from 0° to that corresponding to Cr are presented in

figure 18 for the various leading-edge devices and &p = 55° at 80-percent
rpm. From en inspectlon of these deta it can be observed that there are
only small differences in magnitude of the flap 1lift lncrement at a glven
angle of attack for the various leadlng edges. Thus 1t would appear that
the flap 1lift increment was lnsensitive to the fact that the slats did not
extend to the inbosrd edge of the leading edge. In this regard the area~-
suction flap discussed in reference 6 was noted to have suffered a reduc-
tion in 1ift due to a vortex shed from the inboard edge of the slat.

Figure 19 shows a comparison between flight and wind-tunnel results
for the F-86D slatted leading edge with the flap deflected 60°. The flight
results are presented for the gear-up condition to correspond with the
tunnel tests (ref. 3). These data show reasonsbly good correlation between
the wind-tunnel resulis and the flight results over the C range tested.

Operational Charscteristics

In the evelustion of the performance of the airplane, actual measure-
ments of landing and teke-off distances, climb, and catapult launching were
not maede; but by the use of the 1lift and drag data obtained with the 6-3
glatted leading edge and engine thrust, computations have been made of the

SRR
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performance. The methods used for computing performence sre contained in
the appendix of reference 1 and are felt to be adequate for comperative

purposes.

Landing performance.- The landing distance over a 50-foot obstacle
and the ground roll distsnce were computed for the landing configuration
using the average approach speeds selected by the plliots and are presented
in figure 20 for flap deflections of 55° and 660, blowing on and off. For
comparison purposes the computed distences for the normel 38° slotted flap
deflection are also presented in figure 20. These data indicate that &
reduction of approximately 30 percent in total distance would be realized
using the 66° flesp deflection with blowing on &t an alrplsne gross weight
of 14,000 pounds.

Take~off performence.- In the computations for take-off and c¢limb,
account is taken of the thrust loss Incurred as a result of extraecting air
from the engine compressor. In order to operste the engine wlthin the
allowaeble talilpipe temperature when extracting alr for boundary-layer con-
trol, a reduced value of rpm is used. The thrust reduction was approxi-
mately 270 pounds at meximum power.

In considering & catapult type take-off this reduction in thrust is
not too significant, since take-off acceleration is provided principally
by the catapult itself. It is required, however, that sufficient englne
thrust be availsble to accelerate the airplane after lsunch with a minimum
longitudinal acceleration of approximately 0.065g.2 TLift-off speed is
selected as the speed at 0.9 Cr or at the msximum ground attitude.

The results of computations of the tske-off speeds at the end of the cata-
pult run es a function of gross welght for variocus flap deflectlons with
blowing on and off are presented in figure 21. TIndicated on this figure
are the HB8-catspult characteristice. The results indicate significant
improvements in performence with blowing on. Compered to the 38° deflec-
tion of the slotted flsp, the 66° deflection of the flap with boundary-
layer control would allow an 8-knot reduection in catapult take-off speed
at a gross weight of 16,000 pounds. At this gross weight the longitudinal
acceleration would be aspproximately 0.15g.

With regard to a f£ileld take-off, the assumption is made that the air-
plane accelerates on the ground in a level attitude, and at take-off speed
the airplane is rotated to the angle of attack corresponding to a veloecity
of 1.2 Vggg1y- For the transition distance, it is assumed that the air-
plane is 1n a steady rate of climb at the value for the 50-foot-height
point. The results of the compubtations presented in figure 22 indicate
smsll improvements in total distance over a 50-foot obstacle with blowing
on for the h5° flap deflectlon compared wlth the standard 38° slotted flap.
The take-off performesnce was computed with the maximum possible Cy

2Aggumed minimum acceleratlion value used to assure that the alrplane

does not sink after launch.
‘Flliiﬁﬁﬁiiﬁggﬂid
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available. Reducing the air flow to the flaps to reduce the thrust loss
and thus operate at a lower Cp made a further improvement in the take-off
performance. By walting until take~off speed is reached before turning on
the boundary-layer control, a 6-percent reduction in total distance would
be reslized over the standerd technique.

Climb characteristics.- The rate of climb after a catapult take-off
(1.05 Vstalijfis presented as a functlion of gross welght in figure 23.
Although the rate of eclimb 18 reduced when blowing is used, 1t should be
kept In mind that due to the lower stalling speed i1t is possible to climb
at a lower alrspeed with blowlng on.

Pilot Evsluetion of the Use of Boundery-layer Control

A total of 48 flights were made by four Ames pilots, a number of com-
pany test pilots, and service pllots to evaluate the airplane with and
without boundary-layer control. In particulsr, 1t was desired to know the
effect of BLC on the 1anding-approach speeds take-of £ characteristics, and
flying gqualities. .

Approach speeds.- The landing-~aspproach speeds chosen by the NACA
pilots for a carrier-type approach at 12,850 pounds, the stalling speeds,
and the stalling cheracteristics are presented in table II for the airplane
with various leading-edge devices for 55° flap deflection. Included in the
table for comparison are the values for the slotted flap (8¢ = 38°).

These dabta Indicate that substantial reductions Iin approach speed are
realized with the boundary-layer control operating. For the normsl type
slatted leading edge, & 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 deflectionm,
blowing on and off, and the slotted flsp is presented in figure 24, These
date were computed on the assumption that the pilot would approach at the
seme angle of attack regardless of gross welght.2

The reasons given by the pilots for selecting a minimm comforteble
approach speed changed in most cases from the g&bility to arrest a sink
rate or to control altlitude without boundary-layer control to proximity
to the stall with boundary-layer control on. The relationshlp between
the pilots' selected approach speeds on the 1ift curves with the 6-3
slatted leading edge 1s given in filgure 25. These deta indicate that the
pilots did not make spproaches at the same asngle of attack with blowing
on and off. Although the pllots felt that the ability to control sltitude

38everal pllots commented on the improvement In turning performance
during landing approach by noting an Increase in attainable angle of bank
or normal acceleration with blowing on.
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while maintaining e desired approach airspeed was greatly improved with
blowing on, a reduction in angle of attack was necessary to maintain =a
safe mesrgin below meximm 1ift.

Each pilot also made carrier spprosches with the flaps deflected 66°.
In this case the increased 1lift resulted in only small (1 to 2 knots)
reductions in approach speed. The 66° flap deflection was not felt to be
desireble for carrier spproaches hecause of the incressed drag ceusing
poorer wave-off performance.

The foregoing discussion has been concerned with cerrier-type
approaches which are made at essentialily constant a2ltitude with power for
level flight. For normel fleld operatlon, & sinking-type approach is used
at reduced engine powers. DBecsuse engine power has a direct effect on the
amount of Tlap 1ift produced with blowing on, as well aa 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 power on f£lap 1lift increment is Indicated by the data presented in
figure 26 for a 55° Plap deflection. The dats show a smooth vaerlation of
flep 1ift with rpm. Figure 27 shows the veriation of approasch speed chosen
with engine rpm for a 55° flap deflection with boundary~layer control on
end off. These approaches were mede at constant power and constent alr-
speed with the throttle retarded after the Plare (except for idle condi=-
tion). Although sn apprecisble amount of 1ift due to blowing is present
even at idie power, the data in figure 27 indicated that if the entire
gpproach is made near idle power little or no reduction in approech speed
would be realized. In order to get the maximm ubtilization of the
boundary-layer control for a sinking-type approach, the RACA pilots modi-
fied their approach and used low power to reduce sirspeed and lose altitude
in the early part of the landing patbern, and then Increased power in the
last part of the finsl spproach, wlth a cubt in power after the flare.

Finel aspproach speeds for landings made in this menner could be as slow

a8 those obtained in the carrier-type spproaches. In an approach where
TO=percent rpm was maintained wntil the landing flsre was initiated, due
to wind=milliing action, the engine rpm dropped off only 55 percent, For
the sinking-type approach some pilots preferred a 66° flep deflection since
the added drag permitted higher engine rpm and resulted in Improved engine
response and increased 1ift due to blowing.

In regard to instrument-type lendings seversl pilots cormmented that
with blowing on the airplane wes held more easily at a deslred spproach
speed. This effect is presumsbly tied in with the incressed slope of the
Cy, - Cp curve with blowing on which results in smaller drag changes for
a given 1lift change.

In order to investigate further the action of boundasry-layer control
in sinking-type approaches, several GCA (ground control approach)
approaches were made uslng the Moffett Field GCA facilitles. The pllot's
comments were as follows:

L ceciuaues —

»
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"The first approach was made attempting to use the technique described in
the pilot's handbook (i.e., power comstant at T8 percent, 150 knots, on
level portion of final approach, and upon reaching glide slope, opening
speed brakes which is supposed to result in 500 feet per minute rate of
descent at 150 knots). The flaps were set at 380, blowing off. Altitude
control was good; however, it seemed rather difficult to meintain the
desired sirspeed and s number of power corrections had to be made. Even
80, rather large excursions from the desired alrspeed occurred (10 to 15
knots). The second approach was made with 55° flap deflection with
boundary-layer caontrol off. The entire approach was made gt 130 knots
which seemed qulte comfortable. Power required was about 80 percent,

speed brakes were opened upon reaching the glide slope. In general, 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 first the flep deflection was left at 55° throughout
the approach and the speed brakes were opened to gtart the rate of descent.
On the second, 559 flap deflection was used to the glide slope, at which
point the flaps were lowered to 660, leaving the speed brskes retracted.
This latter procedure 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 sbout 83-percent rpm. Speed cantrol with
boundary-layer control on is excellent. Glide slope corrections were eas-
1ly mede with little effort, requiring only slight chasnges in power. Once
the correct power and rate of descent were established the alrplane seemed
to ride down the glide slope as if it were on a track.”

Other pilots made comments relstive to the take-off characteristics.
The.fact that additional 1ift was svallable with no change in attitude when
the blowing was turned on was appreclated by some pilots and was felt to be
desirable for instrument-type teke-offs. It was also noted that the c¢limb-
out angle was increased with the blowing on. However, because of the high
drag above 110 knots a modified climb-out technique was used to get maximum
performasnce (i.e., climb initially st 100 to 110 knots, then turn boundary-
layer control off before accelerating).

Flying qualities.- The following discussion will cover those items on
which boundary-leyer control had an effect. All other flying gualities
were wmaffected by boundary-layer control operation.

The longitudinsl trim changes due to the operation of the boundary-
layer control system on this sirplane were considered to be excessive by
the pilot. The measured control forces ere presented in the following
table for the pertinent conditions outlined in Air Force Specification

MIL F-8785 (ASG), reference 7.
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Longitudinal Initial trim condition Conf'i etion Eb;gm%féﬁi
tick f lgur o be he
e Iborce, iﬁﬁﬁi{ Gear | Flaps g:gﬁgﬁi BLC change constant

140
0 Down T 80 £f — _———
(1.4Vv8g) P G

7 pull 140 | Down [55°down | 80 Off | Flaps down Altitude
18 pull 140 | Down |55 down | 87 on BLC on Altitude

0 140 Up [55%down | 100 on ——- ——

15 push -— Up [55%°down | 100 |off | BIC off Rﬁ{gmgf
Rate of

2k push — Up Up 100 off | Flaps up olimb

4 Although the trim changes noted in the table exceed the allowsable
10-pound push or pull value of reference T, it is not felt that the
boundary-layer control operation in itself would represent a serious trim
change problem. It can be noted that large trim chasnges were encountered
in operation of the flaps slone and result from the type of force feel
system (irreversible conitrol system with a2 bungee-fixed spring gradient
picked on the basis of high-speed flight) employed on this alrplsne. It
is of interest to note that the pltching-moment change with the application
of blowing measured for the alrplane in reference 3 was 1n an opposite
direction to that meassured in fiight in the present Investigation. The
reason for this is felt to be due to the difference in horizontasl tail
geometry between the two airplsanes.

The effect of the boundary-layer control on the stalling chsracteris-
tics was dependent somewhat on the type of leading-edge device employed
with it. For the 6-3 slats and the slotted flap (8 = 38°) the stall was
characterized by s mild pitch-up coupled with & lateral unsteadiness which
was controllable. The pitch-up was followed by a pitch-down. There was
no stall warning. The stall in thils configuratlion was considered satis-
factory. With the plain flap deflected 55° and boundary-layer control off,
the pitch-up was more pronounced. Applyling boundary-layer control tended
to. increase the plich-up and the stall itself was considered marginal to
unsatisfactory due chiefly to the poor stall recovery characteristies. In
order to recover from the stall, large forward stick displacements were
necessary and the associated stick forces were objectiongble. The pitch-up
at the stall end the poor staell recovery chasracteristlcs were sggravated by
the extreme rearward center-of-gravity location (approximately 27 percent)
with the 6-3 slats installed. With the F-86D slats, the stall was con-
sidered satisfactory for all conditions; however, the spplication of
boundary-layer control tended to reduce the stall warning and render 1t
marginal to umsatisfactory. With the rubber-boot leading edge inflated the
stall was unsatisfactory, both with boundary-layer control off or on, due
to a pitch-up and an sbrupt roll-off. With the boot deflasted and boundary-
layer control off, the rolil-off was slower and somewhat controllsble. As
mentioned previously, the addition of the standard 6-3 leading-edge fence
did not alter the stalling cheracterisitics appreciably.

SRAMEBEENTIAL Y
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CONCLUSIONS

The following conclusions are based on measurements of the flight
characteristics of an F-86F airplane equipped with blowing-type boundsxry-
layer control:

1. Blowing alr over the flap deflected 55° resulted in an increase in
lift coefficient fram 1.02 to 1.37 for the landing-gpproach configuraticn
(11° angle of attack, 80 percent engine rpm) over that obtained with the
standard slotted flap deflected 38°. Maximm 1lift was increased from 1.40
for the slotted flep to 1.68 for the deflected 66° flap with blowing at
meximum engine power. e e L

2. Comparison with theoretical flep eff'ectiveness indicated that the
flap 1ift increments predicted by linear, inviscid fiuld theory of refer-
ence 4 were attained.

3. Most of the increase in flap 1lift due to blowing occurred in ihe
Cu range up to 0.005 with a steady increase in 1ift with increase 1n Cy
up to the largest C; values tested.

b, Cf the various leading edges tested, the inflated rubber boot pro-
duced the highest value of C(j, ; however, the stalling characteristics

were considered wunsatisfactory. The 6-3 slatted leading edge was consid-
ered by the pilots to be the best leading edge for landing approach,
resulting in the lowest approsch speed (96 knots) in spite of the object-
ionable pitch-up characteristics noted at the stall. The type of leading
edge had only a small efféct on thé 1ift increment due to blowing at a
glven angle of attack below Crp...

5. In regard té pérformarice, use of blowing at a flap deflection of
66° reduced the calculated landing distance by 30 percent compared to the
standard 38° slotted flep. In take-off performance, the catapult end speed
at a given gross welght was reduced by 8 knots due to blowing. For a
field~type take-off, 45° flap deflection was optimum for the case with
blowing on; however, these geins were reletively small.

6. The use of blowing with the 55° flap deflection reduced the aver-
age approach speed by as much ae 12 knots in a carrier-type spproach com-
pared to the slotted flap deflected 38°. In sinking-type approsaches
smaller reductions in speed were realized; the flatter the approach angle
wlth a resultant increase in approach power, the greater the speed reduc-
tion.

7. Improvements were noted by the pllots in control of the airplane
glide path with blowing on. Improvements were noted also in take-off since
the airplane would tend to fly off without as much rotation in attitude

required.
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8. The longitudinsl trim changes due to f£lap deflection snd applica-
tion of blowing were considered excessive by the pilots.

9. In some cases the stalling characteristics were made less desir-
able with blowing on.

Ames Aeromautical laboratory
National Advisory Committee for Aeronsutics
Moffett Field, Cslif., July 30, 1956
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TABLE I.- DIMENSIONS OF TEST ATRPLANE

Wing

Total area, sq £t (with F 86D-type 8lats) « v+ 4 4 « 0 . . . 287.9
Total area, sq £t (with 6-3 leading €dge) « « o o « « « o & & 302
Spa.n,:f‘t..........................37.12
Aspect TELIO 4 4 4 ¢ o 6 s o 6 6 4 8 8 s e e e 4 o e e e Lig
Taper ratio « ¢« ¢« ¢« « ¢« ¢ o o 4 e s s ¢ i ae e ae w s 0.51
Meen aserodynsmic chord (wing station 98 Tin.}, £t . . . .. 8.1
Dihedral engle, deg « « ¢ ¢ & ¢ ¢ o ¢ o ¢ o o o ¢ 2 o & o o o 3.0
Sweepback of 0.25-chord 1line, deg « « « o ¢ o o &+ s ¢ » o o & 35.23
Geometric twist, deg . ¢ o« o ¢ o o ¢ ¢ s o ¢ o ¢ e 0 o . o . 2.0
Root airfoil section (normal to 0.25-chord line)} . . . NACA 0012-6k4

(modified)
Tip airfoil section (normal to 0.25-chord line) . . . . NACA CO11-6%

(modified)

Wing ares affected by flap, SqQ £t « « o « o « s o « » « o » « 116.6
Horizontal taill

Total area, sq £t ¢« « o & o ¢ o o o o o o o s o ¢ o o s o« o o 35.0
SPEN, FL s o o o o o o o o o o o o o o e e e e e e e 12.7
ASPECt TAE10 ¢ + 4 e e ¢ o n e e o o e s o s e s e e e e e L. 65
Taper ratio « ¢ ¢ o ¢ ¢ ¢ o o 4 ¢ ¢ s 4 4 o 4 4 s 6 e 4 s e 0.45
Dihedral angle, deg .« . '+ . . e+ s 4 e 6 e s s e e e e 10.0
Mean serodynamic chord (horizontal-tail station 33.54 in.) ft 2.9
Sweepback of 0.25-chord 1in€. « + « o« s « s o = s s« s s« « » «» 34,58

« « « « NACA 0010-6h4

Airfoill section (parsllel to center line) . . .
Vertical tsil .

Total area, SQ FL ¢« o & 4 o« o o o o o o o o ¢ s o s o o o s s 3h.k
Span, Tt + ¢ ¢ o ¢ ¢ ¢« s o o o ¢ o o 8 s s e 2 s e s e & s . 7.5
ASpect TAtI0 . 4 ¢ ¢ ¢ ¢ ¢ . 4 e e o s 8 s 5 e o o 8 s s e . 1.74
Taper ratio « « ¢ o6 o o o & Y o I 1t
Sweepback of 0.25- chord line, deg e N A R I 35.00

Flsp T

Total area ’ Bq- ft— L .. . i L] - - . . . '. L 4 . - ! e . - . - * - e 23 L 7
Spen (from 13.4 to 49.5-percent semispan), ft e e e e e e T.27
Chord (comstant), £t « ¢ o ¢ o o o o ¢ ¢ o o o o o o o o o 1.67
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TABIE II.- PILOTS' OBSERVED STALLING AND APPROACH CHARACTERISTICS
FOR VARIOUS FLAP AND LEADING-EDGE DEVICES.

Confimuoration Btall cu-rh:- npR-o-u.h
Pllot Indtosted |  Grows Indicwted
Resson for limiting
I.:?;.ng Flsp O air sposd,] weight, 1b Oharegtaristics alr apoad, "
6-3 nlat|38% nlotted | None o 12,780 h'u'nin‘i Unsatisfectory 100 Inadaquate longitudinel con-
Btall; -— ol wnd -mhﬂ,m
. \lmuw Hane - muumctur; Prodixnity to irmdecuata |
S-3mat) 9° |[®| B | 26 ~ atisfactary i aluieals control
hmj.u: Nome - unantisfactory Proriud wall, inadaquato
63 miat{ 5P ars x 18,730 | gtal1y Merglosl - satiafactory 103 uungn sontral and visi
A Warning: Bet {tudine]l con-
P60 #10t[3E° alotted [Fme [ 96 15,200 g1 tattefactory — 106 m:‘:g_ulhlm =
: 93 imote, lems
lr-afm aist| =@ () 8 12,860 vith Q0 off 98 Pracimity to stall
Btall; Satjsfactory
. Insdequats longitudine oon-
B0 alat] 3 o | 93 | 1g,660 | Mowies 105 woms, mtimfectery| o, trol mt Gty o srreet
6-3 nlat|300 alotted 1Wme| 00 12,k70 | M504 ptehp with roll-off 108-108 1 T pribeug asl
Werning: Unextisfestary
63any) B oo | 88 | o860 |l BeEAL MEL TR 5308 | Erectatty to pltcbep
with Iateral, instahility at
Werning: Unsstisfastary -
B 6-3 mlaz] 550 ore 53 1,860 3 b - 96-103 | Proximity o pltch-up
B Eﬁmﬁry Mﬂiﬁtummdliﬂk
86D nlnt]38° alotted |Nene ] 18,860 T iet 103 raintey
P850 mlnt 0 m [ 12,660 Varning: 91 mats, satisfactory 96-58 Ah:ll’.:;y 10 ooatyal rate of
Batiaf [ ]
f 1 very mildi
Btalli Spilefastary elnk
Secoth to 100 knota; yaw to
6-3 aixt |38 olobiad [wema | g2 15,30 | laft et 90 kmota md fel) 106 mﬂ“‘mt' .,‘l‘f.;“t?mmlmj
Varning: agtary
¢ §-3 nlat o on 8 12,860 | 8tall; Urwstigfastory dua to ar Frocimity to piteh-up
tai
63 slat =P ooy 90 12,860 |5 : Mﬂ'ﬂg‘w ) 110 Abllity to arrast rate of mink
mmtsaﬂm'm g8 n’m T D aatary 116 Ahﬂ.inkwtomﬁnlnhut
slaty WP [+ B3 12,660 | Stall: Batixfactory 98106 | Progimity to wiall
76D alat Bs9 off [ 18,660 1 Atall; Satisfactory 10-113 | AbLlity ta control altituin
Warning: imats, vesticfen.
’ 05 alet| w0 m % 12,960 | tary, light piscb-wp 38 | Tondequete altitole sontral
H
¥arning: wnsatisfartory Hlov Imgitadine) sontrel of
-3 mm| B0 Jorr % 13,660 | pres @ ! 208 Flight peth visikdlity
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Pigure 1.~ Two-view drawing of the test alrplane.
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Figure 2.- General view of test airplane.
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Figure 4.~ Typical cross section of flap.
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Figure 5.~ Close-up showing flap ducting details.
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Figure 6.- Varietion of engine bleed air with engine speed; sea level,

100

OEDOCY WM VOVN




5000
ﬁMuximum
aliowable engi
O Blowing off /: gine

. d due to tailpi
! o Blowing on /ﬁ ‘:;:emht:ree o tailpipe

:

Static thrust, 1b
J

é in

1000
Gﬂ—"%
0

30 40 50 60 T0 80 a0 100
Corrected engine speed, N/ /@, percent

Figure 7.~ Variation of atetic thrust with engine speed for blowing on and off; sea level.
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Figure 8. - Variation of pressure ratio with engine gpeed; sea level.
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All dimensions in feet

2
3 o
10 15

.667 > 1.06 >

Normal section showing slat open aond closed
Siat extent: 24 B2 to 96 l’/z

3

-

[
| - 0350 .
8 L~——Et<se7 i

1.083 -

6-3 section showing siat open and closed.

Slat extent: .24 b/z to 96b/%

.08s®
atlOPSIG

Modified 6-3 section showing boot infiated at 10PSIG and deflated.
Boot extent: 2084 to. 96

Figure 9.- Cross sections of various devices normal to the wing leading
edge; wing station 0.857 b/2.

e *



18

16
'L &
14 — o
£ Z'
1.2 ) : ) 7
© 7
'.0 7 /( 4 /sé 1/5 / /A /
CL / < // Y, }! Fcfﬁ / E// ’
S (B s Y, Vi
8 :
vy 7Y/ 7
el % 7/ / » Gear BLC
xj & -0 down o0
’ " o 38° dowmn off
4 & 45 down  off
[ A 45°  down on
A 55* down on
o 55 down  off
2 b 66° down off
’ o g6° down on
a 0° wp
0532 & 216 20 24 008 Oz D6 cp.ozo 024
3, dag o 04 08 2 U6 20 24 28 .32 ' .36

Cp

(a) 100-percent engine speed.

Filgure 10,- Lift, drag, and momentum-coefficient curves for various flap deflections; 6-3 slatted

leading edge.
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FPlgure 10.- Continued.
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Pigure 10.- Concluded.
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Figure 11l.- Lift and drag curves for slotted flap; 6-3 slatted lesding edge.
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Figure 12.~ Vaeriation of flep lift increment with sngle of attack for
various flap deflections; 100-percent engine rpm, 6-3 slatted lead-
Ing edge. . L . .
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Figure 13.- Verlation of Cf, with C,; 6-3 slatted leading edge.
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Pigure 13.- Continued.
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Figure 13.- Continued.
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Figure 15.- Varlation of flep 1ift lncrement with flep deflection for
various angles of attack; 100O-percent englne speed.
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Figure 16.- Lift and drag curves for various leeding-edge devices; S0-percent engine speed.
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Figure 17.- Variation of stalling speed with gross weight for variocus
flap deflections and engine speeds; sea level, 6-3 slatted leading

edge.
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Figure 18.- Variation of flap 1ift increment with angle of attack for
various leading-edge devices; B&p = 55°, 80-percent engine speed.
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Figure 20.- Variation of landing distance with gross weight for various
flep deflections; 6-3 leading edge, sea level.
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Figure 21.- Variaetion of catapult take-off velocity with gross weight
for various flap deflections with blowing on and off; 6~3 slatted

leading edge, sea level.
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Figure 22.~ Variation of take-off distance with gross weight for varilous
flaep deflections; blowing on and off, 6-3 slatted lesding edge,
sea level.
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Figure 23.- Variation of rate of climb with gross weight for various flap

deflections with blowlng on and off; wave-off speed = 1.05 Vg, 6-3
leading edge, sea level, _



NACA RM A56G30 ST 49

8 3 = 38° Slotted fiap

i

4 BL505°off

o
0
© Average landing /
s - weight k /f
§_ BLG on
) 55°

102
=
- / /
(=) )
a )/
< 98 /

_
A
94
90
11000 12000 13000 14000 1S000 16000 17000

Gross weight , 1b

Figure 2L.- Varistion of approach speed wilth gross weight for various
flap deflections; 6-3 slatted leading edge.
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Figure 26.~ Variation of flap 1lift increment with engine speed; 6-3
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