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A single-engined light aircraft has been modified by fitting new wings and a suection unit
driven by a small gas turbine. By applying suction through perforations in the leading edge
of the wing and at isolated strips along the upper surface, and by modifying the leading-edge
geometry, the stalling C;, without flap and with power on has been raised from 1.6 to a maxi-
mum of 5.3. With flap 30°, values of approximately 6 have been recorded. Over-all suction
quantity coefficients are in the range 0.008 to approximately 0.01, and the stall from angles
of attack as high as 42°; suction on, is more pleasant than the normal stall, with only a small
loss in height. The maximum measured section lift coeflicient, outside the slipstream and
without flap, is approximately 4. A calculation method has been developed for the turbulent
boundary layer with suction or blowing, which indicates lower suction requirements than

have been necessary so far.

1. Introduction

VER the past ten years or so boundary-layer control by
blowing has received an increasing measure of acceptance
and for certain applications, perhaps the most urgent, its
advantages over suction are readily apparent; the availability
of high-pressure air for blowing, the restriction on duct area
imposed by thin wings, and the very high suetion peaks oc-
curring on such wings, all combine to make blowing the ob-
vious means of boundary-layer control for improving the
low-speed characteristics of really high-speed aircraft. There
remains, however, the category of STOL aircraft, propeller
driven and with relatively thick wings, where suction is likely
to prove more economical and possibly no less convenient;
there also remains an intermediate range of aircraft where
the issue can only be decided when more comprehensive and
systematic experimental data are available and a satisfactory
design procedure has been evolved. It was with these con-
siderations in mind that the present investigation at Cam-
bridge was undertaken.
Numerous investigations have been performed in the past
and a fairly comprehensive review of this work up to 1960
is given in Ref. 1. Since then there have been the wind-tun-
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nel and flight experiments of Schwarz and Wuest?? in Ger-
many which are of considerable interest, but somewhat
limited scope.

The experiments of Raspet and Cornish*5 at Mississippi
during the period 19501955, which receive only passing
mention in Ref. 1, showed most convincingly what could be
accomplished by applying suction to a light aircraft. In their
later experiments the maximum lift coefficient of the Cessna
L 19 aircraft had been raised to values above 5 by the use of
very modest suction powers and only a minimum of modifica-
tion to the basic aircraft. It was therefore decided to carry
out similar experiments at Cambridge, again using a light
aireraft, but with the emphasis on obtaining detailed meas-
urements at high lift coefficients and some insight into the
factors governing the design of suction aerofoils rather than
on using suction to improve the landing or take-off perform-
ance of the particular aircraft used. As compared with wind-
tunnel tests, the flight experiments offered the advantages of
an absence of tunnel constraint, the ability to assess stalling
behavior and handling problems at the stall, and the ac-
quaintance with any practical difficulties that might arise
in the design, maintenance, and operation of a suction wing.

The flight results alone would obviously cover only a nar-
row range of conditions, and to fit them into a general picture
it seemed essential to develop an acceptably reliable method
for calculating the turbulent boundary layer with suction so
that a variety of different Reynolds numbers and pressure
distributions eould be covered. In addition, it seemed de-
sirable to show the sort of gains in landing and take-off
performance which would follow from the ability to achieve
high lift with negligible penalties in profile drag. In this
paper the aircraft and the flight experiments to date are
discussed first, then other aspects of the investigation are
briefly outlined.
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Fig. 1 Aircraft as originally accepted.

2. The Aircraft

2.1 General

The experimental aireraft is a greatly modified Auster
Mk7 with only the engine and the fuselage structure (ex-
tensively reinforced) remaining from the original aircraft.
As the scheme was first conceived, the only major modifica-
tions envisaged were 1) the building of new wings of somewhat
higher aspect ratio and 2) the fitting of a suction plant in
the fuselage; the latter would replace the third person,
usually carried. In the design stages, however, the sim-
plicity of the original conception was lost and the perform-
ance of the aircraft deteriorated markedly as a result of
increased AUW and, more important, increased drag. The
aircraft was taken over by the University in the form shown
im Fig. 1; but, before starting the experiments, it seemed
essential to bring its performance up to a more acceptable
level. The initial rate of climb had been somewhat improved
by fitting a larger diameter, lower pitch airscrew, but much
more substantial gains were achieved by an extensive drag
cleanup. Figure 2 shows zero-thrust drag polars measured
before and after this operation, and Fig. 3 shows the envelopes
of numerous timed climbs. The aircraft is shown in Figs.
4 and 5 in its final form (Table 1).

The following sections describe the suction system, the
wing construction, and the instrumentation. The only other
special feature worth mentioning here is the variable-in-
cidence tailplane, servodyne operated from a hydraulic ac-
cumulator which also operates the flaps; pressure in the ac-
cumulator is maintained by a hand pump.

2.2 Suction System

The suction flow from the wings first passes to the center
section where turning vanes deflect it rearward. A further
set of turning vanes then directs the flow downward toward
the suction unit to which it passes via a short duct incorpora-
ting a variable bleed; this is controlled by the observer
who sits facing aft. The arrangement is shown in Fig. 6.
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Fig.3 Envelopes of timed climbs.

As will be seen from Fig. 7, the suction unit itselff con-
sists of a small commerecial gas turbine nominally rated at
60 brake horsepower (BHP), which drives an axial-flow fan
via a centrifugal clutch and an epicyclic reduction gear.
Maximum fan rpm is 9500, which corresponds to a turbine
speed of approximately 45,000 rpm. This maintains a 1
psi reduction of pressure in the main ducting for a flow in the
region of 85 ft3/sec. Thus the maximum effective air horse-
power is approximately 22. Tt is only recently that the unit
has been cleared to a fan rpm of 9500; earlier, the maximum
permitted was 8700. The unit is started on the ground by
means of a heavyduty electric drill, and is controlled in the
air by the observer. Sufficient fuel is carried for approxi-
mately 50 minutes operation.

2.3 Wings

These are of two-spar all wood construction with normal
truss ribs, and flaps and ailerons piano-hinged to the lower
surface. The interspar space provides the main duct, which
communicates with the leading-edge section, and flaps and
ailerons via orifices in front and rear spars. The upper sur-
face of the wing is of sandwich construction, and suction can
be applied more or less continuously around the wing leading
edge and nose of the flap, as well as at seven spanwise strips
along the upper surface. In these regions the outer surface

Table 1 Leading particulars of high-lift research

aircraft
Wing
Area 160 ft2
Span 40 ft
Aspect ratio 10
Chord 4 ft (const)
Section NACA 23015
(modified)
Dihedral +1°
Constant incidence (3° to fuselage datum)
Flap and aileron hinge at 739,C
Weight
Fully loaded 2900 b
Minus fuel 29750 b
Power
“Gypsy Major’” VII 135 BHP
Airscrew :
“Tairey Reed” (metal) fixed pitch
Diam 7 £t 6 in.
Pitch (nominal) 3.21 1t
Loadings®
Wing loading 17.8 psf
Power loading 21.11b/BHP
Approx. thrust/weight ratio 0.2

e Based on' a weight of 2850 lb.

1 Developed by David Budworth Ltd., Harwich.
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is of perforated 1 mm ply separated from the inner skin
by spanwise stringers and diagonal members, which divide
the space between inner and outer skins into a series of
cells which communicate with the interior of the wing via
small orifices fitted with simple rubber flap valves. This
insures that outflow through the surface cannot take place
when suction is inoperative. The outer perforated surface
is covered with heavily doped tissue that is pierced by hand
in regions where it is desired to apply suction. Figure 8
shows details of the wing construction.

2.4 Instrumentation

Provision is made for measuring pressure distributions
around the wing at the four spanwise stations indicated in
Fig. 5. Thirty static pressure tappings are incorporated at
each station, and a changcover switch is fitted so that any
one of these four sets of 30 pressure tappings can be con-
nected to the manometer. The manometer itself, which is
normally -filled with carbon tetrachloride, has 62 tubes
arranged in banks of ten with two balance tubes, so that
a range of internal pressure and pitot-comb readings can be
simultaneously recorded, as well as a chordwise pressure dis-
tribution. The manometer is fitted with a freezer, and the
liquid levels are recorded by marking them with suitable
pencil on a sheet of flexible transparent plastic. The sheet is
wound on rollers clipped to the face of the manometer so that
it can be wound-on to record successive sets of data. The
observer, as well as the manometer, is provided with a full
set of turbine instruments, an altimeter, a sensitive air-
speed indicator (ASI), and an inclinometer. The last is
used along with the recorded rate of climb or descent to
determine the incidence.

3. Filight Experiments

3.1 Initial Tests

Tlight experiments started with suction applied at the
flap knuckle only. A flap angle of 30° was chosen and several
flights were made with progressively increased suction. It
was found that fully attached flow could be maintained over
the flap at speeds above the normal stalling speed, thus giving
reduced angles of attack and improved handling. The stall
itself, however, was always preceded by the development of
normal separated flow over the flap, and the final stalling
speed of 47 knots indicated air speed (IAS) was virtually uh-
altered.

With small amounts of suction applied in the leading edge
region, however, fully attached flow was maintained over the
flap right down to the original stalling speed. The stalling
speed itself was reduced from 47 to 42 kt. Again, however,
the stall was preceded by full separation over the flap, and this
seemed to demonstrate fairly conclusively that flap suction
could have very little effect on the stalling speed although, of
course, a considerable reduction in angle of attack could be
obtained at speeds quite close to the stall. Since the objective
at this stage was, in fact, the reduction of stalling speed, there
seemed little point in continuing with flap suction. The flap
knuckle was therefore sealed and subsequent experiments
have all been carried out in this condition. Representative
pressure distributions measured at the midflap station in
these early experiments with suction applied to the flap are
shown in Fig. 9.

Fig. 4 Research aireraft in final form.
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Fig. 5 General arrangement of research aireraft in final
form.

With the nose of the flap sealed, a short series of flights
now was carried out with progressively increased suction
areas opened up around the nose and in the main wing surface.
Stalling speeds were reduced to 40 kt without flap and to 38
kt with flap 30°.  Corresponding 'z, values were, respectively,
3.2 and 3.4 for a Cg in the region of 0.006. The stalling speed
without flap was originally 56 kt, so that Crm.x had been ap-
proximately doubled by the application of suction.
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It should be mentioned that the stalling speeds quoted were
all obtained with full or nearly full throttle. At idling or
zero-thrust throttle settings, the flow, with suection applied,
separated over the center section; and, with full up elevator
the aircraft settled down in steady descending flight at an
TAS of 50 kt.

The pressure distribution measured at the midflap section
for an over-all Cr of 3.1 without flap is shown in Fig. 10a.
Trailing edge pitot combs indicated fully attached flow with a
boundary-layer thickness on the upper surface at the trailing
edge somewhat greater than 24 in. The integrated pressure
distribution gives a resultant force coefficient Cr of approx-
imately 3, and, since, Cp will be small compared with Cz, this
latter may be taken to have very nearly the same value as C;.

3.2 Leading Edge Modifications

The C rmex values so far achieved were somewhat disappoint-
ing in view of the suction power available; and whereas some
improvement might have been achieved by altering the dis-
tribution of suction, it was felt that such improvements were
likely to be small. It was therefore decided to proceed, in-
stead, with modifications to the leading edge, which the ex-
periments of Raspet and Cornish* had shown to be effective.
By reducing the leading-edge suction peak, which at high
incidences considerably exceeded the suction available in
the interior of the wing, it was hoped not only to improve
conditions in the boundary layer at the beginning of suction
but also to make it possible to apply suction closer to the
leading edge.
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Fig. 7 Suction unit.

The changes of contour were carried out in two stages, as
shown in Fig. 11. The new shapes were obtained simply by
building up the original leading edge with balsa blocks. The
resulting pressure distributions are shown in Fig. 12. The
first modification was & simple increase in radius, the center
of curvature being chosen to give a small amount of droop.
This gave a marked reduction in stalling speed, but the re-
duction in negative pressure peak was disappointingly small;
probably because the modification gave little, if any, reduc-
tion of surface curvature in the region of peak veloecity.
The stalling speed, flaps up, had fallen to 38 kt (over-all
Cr = 3.9), and a stalling speed with the flaps lowered 30°
of 35 kt (over-all Cr = 4.6) was recorded. The pressure
minimum at the leading edge, however, still exceeded the
lowest suction pressure available for airspeeds below about
47 kt.

The second contour was arrived at by systematically
modifying a short section of the leading edge spanning the
midflap pressure tappings; pressure distributions obtained in
flight were used as a guide at each step. This contour sue-
ceeded in bringing the pressure minimum within the range of
the available suction pressure (see Fig. 12) and when applied
over the full span, it gave a further decrease in stalling speed
to 35 kt, flaps up (mean Crp = 4.6). The stalling lift co-
efficient, suction off, had been raised from the original value
of 1.65 to 1.8 power on, flaps up.

More recently, as mentioned in Sec. 2.2, it has become pos-
sible to increase the speed of the suction unit to a fan rpm
of 9500. TUsing the increased suction pressure that this gave,
together with some small extensions of the suction area for-
ward at the leading edge, a stalling speed, flaps up, of 32 kt

L

|

——

000000000
KsYoYsToXoYeTeYo]

‘SPANWISE

Fig. 8 Wing section showing details of

K4
32 SHEET RUBBER section surfaces.

o] o2 03 0-4 c5 06 07 o8

0-9 -0



MARCH-APRIL 1967
126
-
SUCTION x ?so‘
) AREAS
g l
'
3 .
7841
i
'
Fig.9 Typical pres- 6 il B
sure distributions { ] :II?:I omcrs:g: bl
with ﬂa_p suction (at s 3‘ T (SURFACE SEALED)
mid-flap). ‘\ “IAS, 45 KNOTS
4% Y 50
o 208 60 -
< RN |
\ T
2 D D, j
\é\ \o\ s
:~g::3::"” [
! S
¥ s -
° g J"
\f‘f" B 3
o < 1
0 0z 04, 06 08 0
e

TAS (mean over-all ¢ = 5.3 — 5.4) has been recorded with
fair consistency. It now is possible, in principle, to experi-
ment with suction round the entire leading edge at over-all
lift coefficients up to the highest obtainable, though for
structural reasons this may not in fact be feasible.

The over-all suction quantity coefficients for this last series
of tests were in the range 0.008-0.0095, allowance being made
for leakage flow which amounted to approximately 89, of the
total, according to a recent calibration in the course of which
the upper surface of the wing was covered with an impervious
polythene sheet. The distribution of suction achieved close
to the stall at the midfiap section is shown in Fig. 18 along with
the corresponding distributions of external velocity and pres-
sure coeflicient. The suction distribution was inferred from the
pressure drop across the surface and its known resistance
characteristics.

Of the TAS values quoted in this report, the later ones
(following the leading-edge modifications) represent observer’s
ASI readings, and the earlier ones represent pilot’s ASI
readings. Over-all lift coefficients are based on the AUW of
the aircraft at take-off, with allowance for turbine and main
fuel used, a gross wing area of 160 ft?, and ASI readings
corrected for instrument and position errors. These last
errors were determined by the use of a standard trailing static
and a Kiel tube mounted outside the slipstream, a few inches
beneath the wing at the half-chord point. The static vents
used for pilot’s and observer’s ASI systems were apparently
subject to only small errors, and the total correction to the
observer’s ASI readings at 31 kt (the lowest speed for which
the position error has been determined) was only in the region
of 1 kt. The correction to the pilot’s ASI readings in the
vange 45-90 kt varied only from about —1 to +1 kt, but the
readings became increasingly inaccurate at lower speeds.

The usual plot of pressure against chordwise distance, ob-
tained after the second leading-edge modification, is shown in
Fig. 10b for comparison with that obtained with the original
leading edge at a lower lift coefficient. In addition, both
chordwise and normal-to-chord plots are shown in Fig. 14§

§ These measurements were made at a lower airspeed than
those shown in the corresponding figure of Ref. 17. The change
in the undersurface pressure distribution and the relatively small
increase in resultant force were established as being caused by
the effect of the wake of the main lift strut.
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Fig. 10 Pressure distributions measured with flaps up
(at midflap).

together with the vector diagram obtained from the integrated
pressures. It will be seen that the chordwise force coefficient
is large and quite comparable in magnitude with the normal
force coefficient.

3.3 Variation of Lift Coefficient with Incidence

A comprehensive view of the results so far obtained is
provided by Fig. 15,7 which shows aireraft lift coefficient
(i.e., over-all C) plotted as a funetion of incidence. It
will be seen that the leading-edge modifications increase the
lift-curve slope, and the effect of an increasing vertical com-
ponent of the thrust is apparent at the higher incidences.
The figure shows graphically the increases in Crmax brought
about by the combination of suction and leading-edge modifi-
cations.

Slipstream effects and the vertical component of thrust are
estimated to contribute approximately 249, of the total lift
at an over-all 'z, of 4.6. The suction unit is supplying almost
direet lift at the higher angles of attack, but its thrust is only
45-50 1b at full rpm, so that its contribution at no time exceeds
1.8%,.

3.4 Stall Patterns

In the course of the leading-edge modifications, checks on
the stalling pattern were made using wool tufts photographed
from another aircraft. The main characteristic revealed was
a tendency for strongly localized separations to develop at the
edges of the slipstream, as may be seen from Fig. 16, which

5 ~— PRESSURE TAPPINGS

ORIGINAL SECTION
20

FIRST MOOIFICATION 22

~ SECOND MODIFICATION

Fig. 11 Leading-edge modifications.

T Differences between this figure and the corresponding figure
of Ref. 17 are accounted for by more comprehensive measure-
ments of position error and the removal of the lift strut fairing
which greatly improved repeatability at high lift coefficients.
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shows the aircraft close to the stall following the first leading-
edge modification. Investigations with pitot tubes in flight,
and in the wind tunnel using a model airscrew, showed that
at low advance ratios there was a region at the slipstream
edge where the pitot pressure was not only lower than free-
stream total pressure, but actually fell below freestream static
pressure. It is reasonable to assume that these regions repre-
sent the paths of the airscrew-blade tip vortices.

The separations further outboard on either wing, also
visible in Fig. 16, are probably caused by wakes from the lift
struts being carried around over the leading edge: an effect
that had been encountered earlier, like the slipstream edge
effect, by Cornish.

The second leading-edge modification produced a more
nearly uniform stalling pattern. Signs of local separation
were much delayed and a fairly uniform trailing edge separa-
tion accompanied their appearance.

3.5 Additional Observations

The stall has been generally mild throughout, and is con-
siderably more pleasant from a high angle of attack, suction
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on, than in normal flight with suction off. There is very ade-
quate stall warning and the loss of height from an unac-
celerated stall is small (of the order of 50 to 100 ft).

The stall caused by sudden loss of suction also is docile,
as has been checked by shutting off the high pressure cock to
the turbine and simultaneously opening the suction air bleed.
The aircraft immediately pitches nose-down, and recovery is
normal.

With power off and suction on the aireraft cannot be stalled
in the normal way, and the application of full up elevator
results in steady descending flight at an TAS of about 43 kt
(Cr = 3.0). With a loading of approximately 21 1b/BHP,
the aircraft is somewhat underpowered (probably grossly so
by STOL standards), but level flight can be maintained up to
an over-all C'x of about 4, and at the highest lift coeflicients
the rate of descent is less than 100 fpm.

4. Section Design

The flight experiments have shown the importance of re-
ducing the negative pressure peak at the leading edge to a
minimum if suction is to be used effectively for high lift,
and the logical conclusion to this process is to maintain a
uniform low pressure around the leading edge over the full
depth of the section and as far back along the upper surface
as possible. This could be done for a particular incidence,
at least in principle, by insuring that the relevant part of the
contour takes the form of a free streamline.

Although the general problem of design for free streamline
flow may be somewhat intractable, it becomes comparatively
simple when the contour, with the exception of the loading
edge region, is specified by two straight lines. Hurley't **
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Fig. 13 Pressure, velocity, and suction distributions for
section C; = 3.9.

Fig. 14 Forces from integrated pressure distributions at
mid-flap station.
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has solved this problem in quite another connection, and
from an inspection of the data given in Ref. 1** it appears
that aerofoils of this simple type are capable of giving high
1ift, coefficients with very modest negative pressure coefficients.

The free streamline approach is of course only one possible
method of obtaining an aerofoil section characterized by a
more or less uniformly low pressure around the leading edge
and over at least a large part of the upper surface, and the
real problem arises in the necessity for achieving a solution
(whether by variable geometry or not) that satisfies the re-
quirements of both low speed and cruising flight.

5. Boundary-Layer Calculations

When this work was started, it appeared that a satisfactory
caleulation method for turbulent boundary layers with suc-
tion (or injection) might be achieved by the use of the en-
trainment equation, proposed earlier by one of the present
authors” and the so-called “bilog law” of Black and Sar-
necki.® The cntrainment equation was based on the as-
sumption that the rate of increase of mass flux in the boundary
layer was controlled primarily by the velocity defeet in the
outer part of the layer, which could be related to the value of
H, the conventional form parameter. Using two empirically
determined curves, the development of H then could be
caleulated simply from the growth of momentum thickness
and the increase of total mass flux in the boundary layer.
The method had been found to work very satisfactorily for
solid surfaces,® and it appeared equally applicable with sue-
tion or blowing.

The bilog law represented the velocity distribution in the
wall region of the turbulent boundary layer with suction or
injection in the same way as the normal log law represented

Fig. 16 Aircraft in steady level flight with suction.

** Ref. 1, pages 205-341,

(case D).

it for solid surfaces; and just as the log law may be used with
a suitable family of velocity profiles to determine & skin fric-
tion relationship of the form ¢; = ¢; (Ry, H), so the bilog
law can be used to determine ¢; = [Ry, H, (v,/U)]. Thomp-
son has prepared skin-friction charts of this form and has re-
cently presented! some comparisons between calculated and
measured boundary-layer developments with suction and
injection, using these charts and either the original entrain-
ment equation or a somewhat improved version. Some of his
results are presented in Figs. 17 and 18 which, incidentally,
show the shortecomings of Pechau’s method.

The caleculation method used by Thompson has been pro-
gramed by Krishnamurthy in order to carry out systematic
calculations relevant to suction acrofoils generally, and to the
present flight experiments in particular. Some of the re-
sults so far obtained are shown in Figs. 19 and 20 for the case
where suction is applied to maintain a constant value of H
in a pressure gradient similar to that measured on the upper
surface of the aircraft wing at a moderately high lift coefficient.
It shows the effect of maintaining different values of H and
of different values of initial boundary-layer thickness. It
will be seen that the suction quantities required generally
are quite similar to those found necessary in flight, though
the actual distributions of suction are of course very different,
and suction could have been curtailed (at least for the low H
values) quite far forward on the chord without bringing sep-
aration forward of the trailing edge. This indicates that
present suction requirements probably could be substantially
reduced. Tt will also be noted that the suction requirements
do not increase particularly rapidly with inereasing momen-
tum thickness at the start of suction.
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6. Performance Calculations

Some time ago Edwards™ used a computer to determine
the effects of available lift coefficient on takeoff and landing
distances for a wide range of aircraft parameters. It was
found that the numerous curves that he obtained could be
virtually collapsed by the use of suitable nondimensional
parameters, and the resulis have been published™? in this
form. The basic nondimensional parameters involved in
the problem are T/W, Crmas/A, and w/hogA [or w/hoC rmes],
where % is the height of the obstacle to be cleared (custom-
arily 50 ft) and the other symbols have their usual significance.
It is found that the takeoff distance, expressed as a multiple
of h, is primarily a function of T/W and w/hpg A when Crmas/
A is high (induced drag limited takeoff) and of T/W and
W/ hpgCrmax When Crmas/A is small (lift-limited takeoff).

As other investigations'®** have shown, considerable
reductions in airfield length are made possible by the avail-
ability of high lift coeflicients, particularly when the available
thrust/weight ratios also are high. For example, at a T/W of
0.6, take-off distances to 50 ft are typically about halved by
raising Crmex from 2 to 5, and further reductions in takeoff
distance are apparently possible up t0 a Crm.x of the order of
10, the usable Cr being taken as 0.9 Crmas.
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Fig. 21 Induced velocities at aerofoil assuming simple
hovseshoe vortex model.

The results of the calculations performed here and else-
where appeared to confirm the usefulness of the present work,
bearing in mind that suction might not bear the whole burden
of increasing lift but might be used in conjunction with de-
flected slip-stream, conventional slotted flaps, or tilt-wings.
In this last connection it may be worth remarking that dif-
ficulties that apparently have been encountered in the transi-
tion regime due to boundary-layer separations could pre-
sumably be eliminated by a direct application of the results
reported here.

A factor that has been omitted in the takeoff and landing
caleulations mentioned, is what might be called the “wind-
gradient effect”.® A lifting wing close to the ground ex-
periences an apparent reduction in airspeed due to the in-
duced velocity generated by the image of the bound vortex
representing the wing. There thus is a built-in tail wind that
inereases in magnitude as the incidence is increased for take-
off, and rapidly decreases as the aireraft climbs away. The
effect will be to increase the ground run, but at the same time
to give an increased initial rate of climb. In landing, too,
the effect may be important in leading to a rapid decrease in
apparent airspeed as the aireraft takes up the landing attitude,
and stall-on at an increased still-air groundspeed. To obtain
an idea of the order of magnitude of this effect, a simple horse-
shoe vortex model was assumed which leads to the results
shown in Fig. 21. 1t willbe seen that the effect becomes large
for high lift coefficients and close proximity to the ground.
This supports the use of the high-wing configuration for STOL
aireraft and suggests that future landing and takeoff cal-
culations might well take this effect into account.

7. Conclusions

This paper has attempted to outline progress in what set
out to be a fairly comprehensive investigation of a topic that
may or may not find practical application. It is hoped that
the results achieved, along with those obtained elsewhere,
will ultimately make it possible for the designer to make a
realistic assessment in any given situation of the potentialities
and limitations of this particular method of boundary-layer
control.
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Use of Boundary-Layer Control on a Supersonic

Attack-Reconnaissance Aircraft
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The application of lift augmentation through boundary-layer control (BLC) on a contem-
porary model high-performanece carrier-based aireraft is discussed. Two distinct schemes for
providing BLC are examined. Early models of the aircraft (A-5A) utilized BLC on the trailing

edge flaps to obtain increased lift at low angles of attack.
on the leading edge in order to increase the maximum lift coefficient.

Later models (RA-5C) employ BLC
Wind-tunnel test data

are presented for both types of BLC. These data show the influence of various factors such
as the amount of BLC and BLC distribution on the lift and pitching moment characteristics.
The wind-tunnel results are compared with those obtained from flight tests of an instru-

mented aircraft.

Introduction

HE increased emphasis on extended range and super-

sonic flight capabilities for carrier-based aircraft has con-
fronted the aircraft designer with two conflicting aero-
dynamic requirements. The thin, highly swept, low aspect
ratio configurations, necessary to fulfill the supersonic flight
requirements, provide notoriously poor low-speed character-
istics. The low-speed problems can be partially solved by
increasing takeoff and landing speeds, thus requiring ever
increasing runway lengths and emergency gear. However,
when the added restriction of operating from the flight deck
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A comparison of the characteristics of the two types of BLC is also presented.

of an aircraft carrier is imposed, considerably more attention
must be given to maintaining the reasonable takeoff and
landing speeds inherent in low-speed aircraft.

The high degree of development of mechanical high-lift
devices has enabled considerable reduction in takeoff and
landing speeds of high-performance aircraft. Because of this
refined development of mechanical high-lift devices, it was
reasonable to assume that only relatively minor improve-
ments in this area would be possible with the hardware avail-
able. This, coupled with the increased weight and complex-
ity of these systems in order to keep the wing mold line of
the retracted system intact so as not to compromise high-
speed performance, has directed more attention to the ap-
plication of BLC systems to improve low-speed characteristics.

The concept of preventing separation on a lifting surface
with BLC was first demonstrated by Prandtl as early as
1904 through the use of a suction system. The application
of BLC using tangential blowing at the leading edge of an
airfoil was first proposed by Bauman in 1921.  With the advent



