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NAT IONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

FLIGHT MEASUREMENTS OF THE LOW-SPEED CHARACTERISTICS 

OF A 350 SWEPT-WING AIRPLANE WITH AREA-SUCTION 

BOUNDARY -LAYER CONTROL ON THE FLAPS 

By Seth B. Anderson and Hervey C. Quigley 

SUMMARY 

Tests have been conducted to determine the flight characteristics 
of an F-86A airplane equipped with an area-suction boundary-layer-control 
system on the flaps, and to investigate the possible operati onal problems 
which may arise on a flight installation of boundary-layer control. The 
effectiveness of the flap was determined in conjunction with the normal 
slatted leading edge (open and closed) and a modified leading edge incor
porating camber and an increased leading-edge radius. Measurements were 
made of the lift, drag, and, to a limited extent, of the suction require
ments. Performance co.mputations were made to show the effect of boundary
layer control on take-off, climb, and landing. The results of the flight 
tests are compared with those of full-scale wind-tunnel tests of a similar 
installation on a model incorporating F-86 wing panels and a modified flap. 

The results showed that area suction applied to the flap deflected 
640 increased lift coefficient by 0.24 (at ~ = 110

) over that obtained 
with the flap deflected 380 with no suction. Maximum lift was increased 
from 1.38 for the 380 flap to 1.54 for the 640 suction flap when the 
slatted leading edge was used . Improvements in performance due to suction 
were indicated. The flight tests, in general , verified the results of 
the wind-tunnel tests in regard to the suction flow requirementsj however, 
lower values of flap lift increment were obtained in flight. No detri
mental effects due to boundary-layer control were noted on the flying 
qualities of the airplane. The serviceability of the porous ,material was 
considered adequate . 

INTRODUCTION 

Boundary-layer control as a means of improving lift has been the 
subject of many studies. Tests (ref. 1) 'in the Ames 40- by 80-foot wind 
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2 CONFIDENTIAL NACA RM A55K29 

tunnel on a 350 sweptback wing model have indicated that large improve
ments in flap lift increment l can be obtained at high flap deflections 
by applying suction to an area near the leading edge of a flap . It was 
reported in reference 1 that values of flap lift increment nearly eQual 
to that predicted by potential theory could be attained for flap deflec 
tions up to 650

. These relatively large lift increments could be obtained 
with small flow Quantities and at l ow values of horsepower. 

In order to extend the study of boundary- layer control, it was decided 
to install and flight test an area- suction- type flap on an F-86A airplane . 
This would serve, in general, to determine what problems might arise on 
a flight installation of boundary- layer control . In particular, the 
following items were investigated : (1) the lift increments due to suction 
on a swept -wing jet aircraft in flight; (2) the effect of the boundary
layer- control installation on the flying qualities and serviceability of 
the airplane; and (3) the manner in which the pilot makes use of the lift 
increment due to suction . The area - suction flap was tested with various 
leading- edge devices on the wing . From the lift and drag data obtained, 
computations were made of the landing and take- off performance character 
istics of the airplane. 

The discussion of the results obtained in items (1) and (2) are 
presented herein. A detailed discussion of the manner in which the pilots 
made use of boundary- layer control is given in a separate report (ref . 2) . 

p 

q 

Q 

NOTATION 

lift coefficient, l~~t 

maximum lift coefficient 

flow coeffic i ent, ~ 
VS 

free - stream static pressure, lb/sq ft 

static pressure in duct of flap, lb/sQ ft 

pressure coefficient in flap duct, 
p - p 

d 
q 

free - stream dynamic pressure, lb/s Q ft 

volume rate of air removed through porous surface, based on free 
stream dens ity , cu ft/ s ec 

lThe increase in lift due to deflecting the f lap at a constant angle 
of attack . 
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S 

v 

W 
S 

wing area, sq ft 

free - stream a ir velocity, ft/ sec 

angle of attack) deg 

wing loading , Ib/sq ft 

flap deflection , deg 

EQUIPMENT AND TESTS 

3 

The installation of the area- suction flap was made on an F-86A-5 air
plane. A two-view drawing of the test a irplane is shown in figure 1. A 
photograph showing the airplane with the boundary- layer- control equipment 
installed is given in figure 2 and pertinent dimensions are presented in 
table I. Some of the boundary- layer- contr ol equipment was mounted exter
nally to facilitate installation. The external modifications to the air
plane consisted of a faired pod enclos ing an ejector pump for supplying 
suction and ducts on the underside of the fuselage for removing air from 
the flaps (shown in f i g . 3). 

An ejector pump furnished through the cooper ation of Wright Air 
Development Center was used for the suction source. This pump mounted 
under the fuselage is shown in figure 4. Air was bled from the last stage 
of the compressor of the J- 47 engine through a pilot- controlled butterfly 
valve to the primar y nozzle of the ejector pump . The wei ght of the 
boundary-layer- control equipment for this research- type installation was 
105 pounds. Considerable savings in weight should be possible in a 
production-type installation. 

The F-86A slotted flap was modi f ied to a plain type by r eworking the 
nose section and by removing the f lap tracks , and mounting external hinge 
brackets on the under surface of the wing . This mounting allowed flap 
deflections up to 650

. The portion of the flap located ahead of the spar 
was used as a duct and i s shown in figure 5. A sketch of the flap cross 
section is given in figure 6 . In or der to provide for a continuously 
variable flap deflect i on ) a r ubbing- type seal was used between the flap 
and the fuselage . Boundary-layer a ir was drawn in through a gr aded porous 
material of sintered stainless steel , having the permeability character
istics shown in figure 7 . It should be noted that the characteristics 
shown in figure 7 were not measured but were those specified to the manu
facturer and were designed for a uniform inflow velocity of 3. 75 feet per 
second on the basis of pressure- distribut i on data obtained from the 40- by 
80-foot wind- tunnel tests (ref. 1) . The chordwise length and placement 
on the flap of the porous material were estimated also from the wind-tunnel 
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tests. The porous material was formed easily, was readily adaptable to 
the flap structure, and had a reported tensile strength of approximately 
15,000 pounds per square inch. 

Standard NACA instruments were used to record airspeed, altitude, 
acceleration, duct pressures, and angle of attack. Values of airspeed 
and angle of attack were measured approximately 8 feet ahead of the fuse
lage nose. Duct pressures in the flap were measured at the midspan station 
of the flap. The flow quantity drawn through the porous material was 
measured by calibrated rakes in the ducts . Measurements taken on the 
ground with a flow meter indicated uniform inflow velocities along the 
span of the flap. 

Tests were conducted at altitudes of 10,000 and 2,000 feet over a 
speed range of 150 knots to the stall. The tests were conducted at an 
average wing loading of 45 pounds per square foot except as noted, with 
the center of gravit y at 22.5- percent mean aerodynamic chord . The engine 
rpm was held fixed for a given series of test runs. For the data presented 
in this report, an engine rpm of 70 percent was used (approximate rpm used 
in landing approach). In obtaining the data for the lift curves presented 
herein, no attempt was made to change the amount of bleed air to the pri
mary nozzle of the ejector pump with airspeed so as to maintain a critical 
value of CQ (the value where further increases in CQ produce little 
further increase in flap lift, as defined in ref. 1). 

For the major portion of the data reported 
type slats were used on the wing leading edge . 
conducted both with and without a stall - control 
edge (describeQ in ref. 3). 

RESULTS AND DISCUSSION 

herein, the normal F- 86A-5 
In addition , tests were 
fence on a cambered leading 

Airplane With Slatted Leading Edge 

Lift. - The lift data are presented in f igure 8 for flap deflections 
of 550 and 640 for the flap - and-gear- down configuration with boundary- layer 
control on and off. For comparative purposes, data for the 380 plain 
flap2 with no suction are shown in figure 8 also. The data in figure 8 
indicate an increase in CT. from 1 . 38 for the 380 flap to 1 . 54 for 

-'-IDB.X 

2The plain flap at a deflection of 38° was used as a basis for assess 
ing the effectiveness of the suction flap since, at this deflection, the 
flap lift increment and lift curves were similar to that obtained with 
the normal 380 slotted flap on the unmodified airplane (ref . 3). The 
lift curves from reference 3 were not used directly, since drag data used 
for performance computations reported herein were not available from 
reference 3. 
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the 640 flap with suction. A comparison of the lift increment of the 640 

flap deflection (suction on) with the 380 flap at a constant angle of 
attack of 110 (average angle of attack used in landing approach) indicates 
that approximately 0.24 increase in CL is realized. It will be noted 
that some of the increase in lift (0.08) was due to the increased deflec
tion of the plain flap itself (i.e., suction off). The increment in CL 
(0.16) due to suction ~s essentially the same for the 550 flap deflection 
as for the 640 deflection. The lift increment due to suction was essen
tially constant over the angle-of-attack range except near CLmax where 
there was a 50- percent reduction. No marked loss in suction lift increment 
occurred at ~ = 60 as in the tunnel tests (fig. 20 of ref. 1). In the 
tunnel, this loss in lift was felt to be due to a vortex emanating from 
the inboard end of the slat flowing over the flap and causing an area of 
separated flow over a portion of the flap. In the flight tests, the duct 
structure at the wing-fuselage juncture caused flow separation on the 
inboard end of the flap and the addition of the vortex flow from the 
inboard edge of the slat did not increase the amount of separated area at 
60 angle of attack as it did in the tunnel. 

Drag.- The drag data in figure 8 indicate an increase in drag with 
suction on at the lower values of lift and a reduction in drag at the 
higher values of lift. The increase in drag at low CL values is believed 
to be due in part to the distortion from an elliptical span loading result
ing from the increased lift over the span of the flap. The reduction in 
drag with suction on at the higher CL values results from the action of 
the suction system in delaying separation. 

Suction Requirements 

Suction requirements are illustrated by the data presented in fig
ure 9 in terms of flap lift increment, 6CL ' and flow coefficient. These 
data indicate that the flap lift increased with flow coefficient up to a 
value of approximately 0 .0005, after which no further increase in flap lift 
occurred. These data bear out the results of reference 1 regarding the 
amount of flow coefficient required for the most extensive flow attachment 
attained . Although data were not obtained at other values of ~ results 
in reference I indicate no significant change in the critical value of 
flow coeffi cient with angle of attack. A pressure coefficient of - 4.0 
was necessary to obtain the flow coefficient of 0 .0005 at a CL of 1.0. 
The variation of flow coefficient and pressure coefficient in the flap 
duct with CL and indicated airspeed are shown in figure 10. These data 
indicate that sufficient flow coefficient and pressure coefficient were 
used over the speed range of these tests. 
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Airplane With Suction Flap and Various 
Leading- Edge Configurations 

NACA RM A55K29 

The lift characteristics of the airplane equipped with various 
leading- edge devices are summarized in figure 11 for a flap deflection 
of 550

• These data indicate that the type of leading- edge configuration 
had no effect on the magnitude of the lift increment due to suction in 
the landing approach (a = 110

). There was, however, a difference in .mag
nitude at CLmax which was associated with the type of leading edge used. 
For the type of leading edge which produced a well- rounded lift- curve top 
and a satisfactory stall such as the cambered leading edge plus fence, 
less lift due to suction was realized. This was felt to be due to the 
increased thickness of the boundary layer flowing over the flap at the 
higher CL values. This increased boundary- layer thickness was the result 
of the action of the fence in tending to produce a stall in the area 
inboard. of the fence . 

The significance of the decrease in lift due to suction at C
Lmax 

compared to that obtained at the approach angle of attack is not definitely 
known . Evidence is given) however, in the results of reference 2 that 
greater reductions in approach speed were realized than the reduction in 
stalling speed alone . 

The stalling characteristics of the airplane with the various leading 
edges are described in reference 2 . Briefly, it may be stated that there 
was no adverse effect on the stall by the addition of suction to the flap. 
The stalling characteristics were satisfactory with the slatted leading 
edge and the cambered leading edge plus fence. Without the fence or with 
the slats closed (sealed) the stall was considered unsatisfactory due to 
an abrupt roll - off . 

Factors Affecting Flap Lift Increment 

The variation of flap lift increment with flap deflection is presented 
in figure 12 for the flight and wind-tunnel tests and compared with theory . 
The theoretical value was calculated by means of reference 4. The wind
tunnel results of reference 1 have been corrected to a common flap chord 
and corrected for trim. The flight results are presented for the gear-up 
condition for comparison with the tunnel model which had no gear. The 
results in figure 12 indicate that the flight flap lift values are less 
than the tunnel values for both suction on and off . The reason for this 
is not completely understood . Some of the differences in flap lift are 
felt to be associated with the effect of the type of wing- fuselage combi 
nation used on the flow at the inboard flap edge. In the tunnel tests a 
midwing mounting was used in contrast to the low- wing position on the F- 86A 
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airplane. The results of unpublished wind-tunnel tests have shown that 
the condition of the wing- fuselage trailing- edge juncture could influence 
the flap lift increment . Other tests indicated a reduced flap lift incre
ment when the fuselage boundary l ayer flowed over the inboard area of the 
flap. Boundary- layer measurements in flight indicated that the fuselage 
boundary layer extended almost to the inboard edge of the flap but it was 
not felt to be the major cause of the reduced flap lift. A limited amount 
of fairing of the upper wing surface at the Wing- fuselage trailing-edge 
juncture resulted in improvements in lift due to suction - the flap lift 
values approached 70-percent of theoretical flap effectiveness. A complete 
refairing into a more ideal streamline shape was not possible due to the 
presence of the duct underneath the fuselage (fig. 3). Other attempts 
to increase the flap lift increment, such as a fence On the flap, a seal 
between the wing and the flap, and turning vanes to redirect higher energy 
air down over the inboard ar ea of the flap did little or nothing to improve 
the lift increment due to suction. 

Operational Characteristics of Boundary- Layer Control 

One of the main points of interest in the use of boundary-layer 
control is the effect on the performance characteristics of an aircraft. 
Actual measurements of landi ng distance, take- off distance, climb , and 
catapult launching were not made, but by use of the flight measurements 
of lift, drag (fig. 8), and engine thrust, computations have been made 
of the various performance items lor a range of gr oss weights and at 
standard sea-level condi tions . The methods used for computing performance 
are noted in the appendix . 

Landing characteristics. - In the evaluation of the landing- approach 
characteristics reported in reference 2 for the suction flap airplane with 
the slatted leading edge, it was noted that the Ames pilots limited their 
approach speed because of minimum positive altitude control or ability to 
flare, maneuver, or arrest a sink rate. The significance of these fore
going reasons in terms of the aer odynamic factors involved is not com
pletely understood at the present time . From an inspection, however, of 
the curves of thrust required for level flight versus airspeed (fig. 13), 
a partial answer in qualitative terms is apparent. It will be noted that 
the average minimum appr oach speeds selected by the pilots fall close to 
the speed for minimum thrust. Maneuvers below this speed, because of the 
associated drag variation and resultant effect on glide path, are appar
ently not readily handled by throttle manipulation and therefore the pilot 
chooses to avoid this region. 

It is of interest to note the relationship of the selected approach 
speeds on the lift curves shown in figure 1 4 . From these results it is 
apparent that the pilots utilized the increased lift offered by the 640 

boundary-layer-control flap to decrease the approach speeds by flying 
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at approximately the same attitude with suction off and on. These approach 
speeds correspond to 1.15 Vstall and 1 .11 Vstall for suction off and on, 
respectively . 

Based on the foregoing values of approach speed and an assumed touch
down speed of 1.05 Vstall, the effect of boundary-layer control on the 
landing distance over a 50- foot obstacle was computed and is shown in 
figure 15 for various gross weights. These data indicate that a 14.5-
percent reduction in landing distance due to boundary-layer control would 
be obtained at 640 flap deflection. 

Take-off characteristics .- In the computations for take- off and climb, 
account is taken of the thrust loss incurred as a result of extracting 
air from the engine compressor. In order to operate the engine within 
allowable tail-pipe temperature limits with the suction system on , a reduc
tion from 100-percent rpm was necessary for the type of engine tail pipe 
used in the F-86A airplane . The thrust loss associated with the decreased 
rpm was approximately 150 pounds. It is assumed that in take- off, the 
bleed-air valve would be opened only to that amount necessary to reach 
the CQ value above which no further increase in flap lift occurred (as 
shown in fig. 4) in order not to penalize unduly the suction system. With 
a more efficient pumping system (ejector pump used had an efficiency of 
approximately 15 percent) or a variable exit area type tail pipe, the 
thrust loss would be reduced appreciably with a resultant gain in perform
ance with suction on. 

Consider first catapult take-off. The following assumptions are used 
in computing the speed at the end of the catapult run. Lift-off speed is 
selected as the speed at 0 .9 cLmax or at the maximum ground attitude. 

This speed has the additional restriction that the longitudinal accelera
tion shall be equal to or greater than 0.065g .3 The results of computa
tions of the take-off speeds at the end of the catapult run as a function 
of gross weight for various flap deflections with suction on and off are 
presented in figure 16 . Indicated on this figure are the H8 catapult 
characteristics . The take- off speeds for the 550 and 640 flap - deflection 
configurations witb suction on were based on 0 .9 CLmaxj the other config-
urations were limited in take- off speed by ground attitude to the CL at 
~ = 160

• At 21 , 000 pounds or greater, the 0.065g acceleration requirement 
becomes limiting . The data in figure 16 indicate improvements in take- off 
performance with suction on. By use of the H8 catapult characteristics 
and the data in figure 16, computations were made of the wind required 
over the deck as a function of gross weight for the limit pressure of 
3500 psi, a reduced pressure of 2950 pSi, and the catapult end speed limit. 
These data are presented in f i gure 17. It can be noted in this figure 

3Assumed minimum acceleration value used to assure that the aircraft 
does not sink after launch. 
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that when the limit HS catapult pr essure is used, wind is re~uired over 
the deck only for the very hi ghest gr oss weights . The data in figure 17 
indicate that approximately 6 knots l ess wind would be re~uired for the 
flap deflected 640 with suct i on on, compared to the 3So flap with no 
suction. 

Next with regard to a field take- off, the assumption is made that 
the airplane accelerates on t he ground in a level attitude , and at take-off 
speed the airplane is rotated to the angle of attack corresponding to 
1.2 Vstall. For the transition distance, it is assumed that the airplane 
is in a steady rate of climb at the 50- foot - height point . The results of 
the computations, indicate very little change in take- off performance due 
to boundary-layer control or change in flap deflection . The effect of 
boundary-layer control on take- off performance is illustrated in figure lS 
for 550 flap deflection . For t his case, the gains in take- off performance 
which would result from the use of boundary- layer control are canceled by 
the thrust loss associated with the type of pumping system used . The take
off performance could be improved by turning on the boundary- layer control 
after the airplane has accelerated to the take- off speed. 

Climb characteristics .- The rate of climb after a catapult take-off 
(1.05 Vstall) and after wave- off (1 .15 Vstall) are presented in figure 19. 
These data indicate less rate of climb with the boundary- layer control on 
due to the loss in thrust previously mentioned . The rate of climb should 
be ade~uate, however, over the gross - weight range covered. 

Flying ~ualities. - Turning the suction off produced a nose- up pitch 
change which was considered small . No hazardous flight conditions were 
encountered in simulating loss of suction power at any airspeed. There 
was no marked change in stick- free stability as a result of the use of 
boundary-layer control. 

Serviceability. - Flight tests conducted in areas of moderate rain 
showed negligible effect of the rain on either the lift due to suction 
or the pumping re~uirements . No clogging of the porous material was 
evident after approximately 50 hours of flight testing . No particular 
effort was made to protect the porous area in the hangar. No detrimental 
effects on engine life due to the use of the air bleed (3 pounds per second 
average) were noted for approximately 67 hours of flight testing. 

CONCLUSIONS 

Measurements of the flight characteristics of the F- S6A- 5 airplane 
with area-suction boundary-layer control applied t o t he flaps showed the 
following: 
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1. Area suction applied to a flap deflected 640 resulted in an 
increase in lift of 0.24 (at Q = 110

) compared t o the lift of the flap 
deflected 380 

with no suction. Maximum lift was increased from 1.38 with 
the 380 flap to 1.54 for the 640 suction flap when the normal slatted lead
ing edge was used. 

2. Comparison with theoretical flap effectiveness indicated that 
70 percent of the theoretical flap lift increment was obtained at 640 

flap deflection. 

3. A flow coefficient of 0.0005 was needed to obtain the lift incre
ment for 640 flap deflection. 

4. Computed performance gains were noted in catapult take-off and 
in landing with suction on . No significant reduction in field take-off 
distance was evident. 

5. No detrimental effects due to suction were noted on the flying 
qualities of the airplane. 

6. The serviceability of the porous material was considered adequate. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif . , Nov. 29, 1955 
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APPENDIX A 

MErHODS USED FOR PERFORMANCE EVALUATION 

The following e~uations and assumptions were used in computing the 
performance. 

Take-off distance: 

Ground run 

(from ref. 5, pp . 195-196) . 

Air distance 

(ref. 6,p. 51) where take- off velocity 

and 

VTO = 1.2 V stall 

1. 1. 71 , ft sec {: j W - T sin a ) / 
CLmax 

T engine thrust 

W 

a 

gross wei ght in pounds 

angle of attack at CLmax 
0 .02 

(The assumption is made that steady climb has been reached before attain
ing the 50-foot height . ) 

Climb: 

101.4 VTEX 
, ft/min Rate of climb 

W 

where 

TEX = excess thrust at V 
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Landing distance : 

Air distance 

Ground run vL
2 

(L'\ 
::= [ llog e \ ]5) ~, ft 

64. 4 ~ - (~)J 

(ref . ~ p. 312) where V5 0 is pilot ' s actual approach speed, and the 
landing vel ocity , 

and 

~ 0 .4 

Catapult end speed: 

295(W - T sin a. TO) 
, knots 

where 

T ::= thrust at 100- percent rpm 

CLTo 0 ·9 CLmax 

CLTO CL at CLTo 

CONFillENTIAL 
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TABLE I.- DIMENSIONS OF TEST AIRPLANE 

Wi ng 
Tot al area , sq ft 
Span, ft 
Aspect ratio 
Taper ratio . .• • .•• . 
Mean aer odynamic chord (wing st ation 98 .7 in .), ft 
Dihedral angle , deg ..... . 
Sweepback of 0 .25- chord line 
Geometric twist , deg ......... . 
Root airfoil section (normal to 0 .25- chord line) 

Tip airfoil secti on (normal to 0 .25- chord line) 

Wing area affected by flaps , sq ft 
Flap 

Flap area (total), sq ft .... . . . 
Flap span (from 13 . 4 to 49 .5-percent semispan) , ft 
Flap chor d (constant), ft ...•......• 
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287 ·9 
37 ·12 

4 ·79 
0 ·51 

8 .1 
3 

350 14' 
2.0 

NACA 0012- 64 
modified 

NACA 0011- 64 
modified 

116 .6 

23.7 
7 ·27 
1.67 
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~------- 37.12' -------~ 

37. 54'------------~~ 

c::: 

Fi gure 1.- Two-view drawing of test a irplane . 
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Figure 2.- Three-quarter rear view of test airplane with suction flap deflected 55°. 
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Figure 3.- Close-up showing suction flap, ducts on underside of fuselage, and ejector pump in 
faired pod. 
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