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PRESENT STATUS OF RESEARCH ON BOUNDARY-LAYER CONTROL

By Albert E. von Doenhoff and Laurence K. Loftin, Jr.
SUMMARY

- A survey has been made of the present status of research on
boundary-layer control and lts possible applications 1n aeronautics.
The applications of boundary—layer control considered sre:

(1) Reduction of profile drag by the elimination of turbulent
separation and by increasing the relative extent of laminar flow.

(2) Increase of the maximum 1ift coefficient through control of
laminer and turbulent separation.

(3) The use of suction and blowing slote near the trailing edge
of an alrfoll as a means of lateral control.

(4) The use of boundary—layer control as a means of increasing
the efficiency of diffusers and bends.
»

(5) Ths use of boundary—layer control to influence shock—boundary—
layer interaction at high speed.

The posesible improvements in alrplane charaecteristics resulting
from these applications of boundary—layer control are discussed and the
general lines of future research are Indicated.

INTRODUCTION

Since Prandtlt's first paper on boundary layers, removal of a portion
of the boundary layer or the injection of high energy alr under the
boundary layer has been consldered as possible meens for avoiding
boundary—layer separation. More recently, removal of a portion of the
laminar boundary layer elther through discrete slote or through a
permegble surface has been proposed as a means of increasing the
stability, and thereby the relatlive extent of the laminar lsyer at high
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Reynolds numbers, so that the skin friction drag is reduced. It has
been suggested that the effects om the potentiel flow field of with—
drawing or electing small quantitlies of alr near the trailing edge be
used as a means of varying the 11ft of an alrfoil.

A great deal of research has been conducted .on varlous phases of
boundary—layer control but very few results of this vast quantity of
research have found practical appllication. The purposes of the present
paper are to state briefly the present status of information regerding
various types of boundary—layer control, to discuss the possibility of
improving the cheracteristics of alrcraft by boundary-lsyer control,
and to Indicate the general llmnes of future research an thils subJect
that appear to offer the greatest pramise of producing useful results.

The possibllity of using boundary-layer control exlsts each time
that the avoldance of separation or the malntenance of extenaive laminar
flow becames a problem. Because of the large number of ways in which
boundary—layer control cen concelvably be applied, no general conclusions
regarding the applicability of boundary-layer control can be drawn. The
scope of the present paper is, therefore, limited to the comslderation
of proposed methods of boundary-layer control as they affect ths indi-~
vidual aerodynamic characterisgtice of an aircraft. The applicaticns
considered are:

(1) Reduction of profile drag by the elimination of turbulent
separation and by increasing the relative extent of laminar flow.

(2) Increase of the maximum 1ift coefficilent through control of
laminar and turbulent seperation,

(3) The use of suction and blowing slots near the rear porticn of
the alrfoll as a meaneg of lateral comtrol.

(4) The use of boundary~layer control as a means of increasing the
officiency and the range of efficlent operating condlitions of diffusers
and. bends.

(5) The use of Boundary=1ayer control to influence shock boundsry—
layer Interaction at high speeds, and in particular, to eliminate
boundary~layer separation following the shock.

The use of slots represents In all cases one method of applylng
boundary—layer control and in such cases the gains resulting from the
use of boundary—layer control may depend In large measure on the
deslgn of the slots. For thls reason, a short discussion of the
statue of research on the development of efficlient slots 1a Included
et the end of the paper.
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The posaible use of Jet engines as boundary—layer control pumps 1is
also dlscussed briefly.

Subscript:

max

SYMBOLS

aspect ratio (‘be/S)

wing span

chord

distance along chord

alrfoll maximum thickness

wing ares

airplene weight

free—stream velocity

volume flow per u:E;it span

ratio of local veloclty to free—stream wveloclty
wing loading, pounds per.-square foot
lift—drag ratlo

gection drag coefficlent

section 11ft coefficient

wing 11ft coefficient

sectibn flow coefficient (Q/cV)
Reynolds humber

section angle of attack

maexcimmm
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DRAG

As mentioned in the intreoduction, reductions in the profile drag
can be achieved by boundary-layer control through control of the turbulent
layer end through extending the length of the laminar layer. Numerous
design calculations have indicated the camparatively large improvements
in airplane performance to be expected from reductioms in the profile
drag. The improvement in performance that can be expected from reduc—
tions In the profile drag through the malntenance of extensive laminar
layers 1ls shown to be even more marked for Jet than for propsller—driven
alrcraft (reference 1). The effectiveness of control of the turbulent
boundary layer as a meane of reducing the profile drag is consldered
first.

Control of the Turbulent ILayer ¢

In the absence of separatlon, theoretically, some reduction in
the net dreg can be cbtained by sucking the boundary layer into the
interlior of the alrfoll at the traillng edge and discharging the air
thus withdrawn at free—stream total pressure. It seems unlikely that
any net galin could result from such a process because of the necessary
losses assoclated with the intermal flow. If, however, fairly extenslive
reglone of separated flow exist, controlling the turbulent boundary
layer in such & way as to eliminate separatlion results In substantial
reduction of the profile drag even when the necessary pumping power is
included in the drag coefficient (references 2 and 3). Such separation
occurs on alrfolls of moderate thickness at 11ft coefficlents approachlng
the maximum and on extremely thick airfoll sectlons throughout the entire
range of operating 1lift coefficients. The reduction in drag observed
at the higher 1ift coefficients for the thin sections usually comss
about as & by—product of attempts to lmprove the maximum 1ift by boundary—
layer control. For wings having aspect ratlos lesgs than 10 or 12 and
ailrfoll sections of less than 20-percent thickness, such savings in -
drag asre particularly mesrked only for 1lift coefficlients above those for
maximum L/D, and hence are of relatively minor importance.

>

The use of aspect ratios of the order of 15 to 25 has always
appeared attractive from the point of view of lower Induced drag but
has not been practical because, for structural reasmms, the root sectlons
of such wings are quite thick so that flow separation occurs at all
ugeful 1ift coefflcients and the assoclated Increase in profile drag
equals or exceeds the saving in induced drag. Under such circumatances
the preventlion of separation by boundary—layer control would seem to
offer the poesibllity of realizing net drag saevings and Increased
values of L/D on wings of high aspect ratio. With this thought in
mind an experimentel investigation has recently been made at the NACA of
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the characteristics of three NACA 6—series airfolls of 211—-— 32—, and
40—percent thickness ratio employing boundary-layer con'brol by suc'bion
to prevent separation of the burbulent boundery layer. The airfolls
were cambered to have theoretical design 1ift coefficients of O.k. The
suction was applied through a single slot at or slightly behind +the
midchord position of the alrfoil sectlons. In order that the results
ghould correspond approximately to the very limited extent of laminar
flow that 1s usually obtalned on alrplane wings under practical opsrating
conditions, the tests were made with the leading edges of the models
roughened sufficiently to cause immediate transition. ILift and drag
data are now availaeble for the 2l—percent-thick section (reference 2)
and are being prepared for publication for the 32— and LO-percent thick
sectlions. The data for the three thick sections together with those
for airfoils of 12- to 2l—percent thlckness employing boundary—layer
control (references 4, 5, and 6) are sufficient to enable designers to
determine the desirability of employlng boundary—layer control for the
purpose of lmproving the characterlistlcs of high-espect—ratio wings. In
order to supply detalled design Informatlion, however, further research
willl be necessary to determine optimum slot shapes, pltching—moment
characteristics, and the behavior of three—d.imsnsional wings employing
boundary-layer control.

In order to give some indication of the possible Improvement in
wing characteristics which can be reallzed by employing boundary-liayer
control on wings of hilgh espect ratio, a comparison is made in figure 1
of a group of wings having a taper ratio of 0.4 and a varying aspect
ratlo with and without boundary—layer conbrol. The wings are camposgd
of NACA 6—series airfolls with leading edges roughened sufficiently to
cauge immediaste transition. The root section thickness ratios were
based on the structurel design criterion that the ratlo of the span to
root thickness should be 35 to 1, but in no case was the root section
thickness ratlo made less than 12 percent. In all ceses the tip had a
12-percent. thickness ratio. A linear spanwise distribution of thickneas
ratio was assumed. The drag values used in computing the values of I/D
included the wake draeg plus the drag equivalent of the suction powsr.

A comparison of the data for the wings shown in figure 1 Indlcates
that the optimum aspect ratio for maximum I./D is Increased from approxi-—
mately 11 to 20 by the use of boundary—layer control wlith an accompanylng
increase in L/'D of approximately 19 percent. Tne suctlon power con—
sidered in the calculations 1s that required to remove the necessary
gquantity of alr from the surface of the wing through the slot but does
not include any estimate of the losses which would occur in the ducting
and pumping equipment of an airplane. The results for the two sets of -
wings given in figure 1 are, howsver, strictly comparsble if the net

_efficiency of the pumping system from the boundary—layer control slot
“to the dilscharge outlet is equal to the propulsive efficiency of the
main driving unit.
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Despite the fact that the I/D of the wing with boundary—layer
control 1s higher than that of the wing without boundary—layer control,
the valus of the proflle—drag coefficlent at (L/D)m is greater for
the wing with boundery—layer control. Consequently, the addition of a
glven increment of parasite drag coefficient will make the comparison
more favorable for the wing with boundary—layer cantrol. Figure 1(b)
glves a comparison bebtween the two sets of wings when an arbitrary
increment of parasite drag coefficient of 0.0100 has been added to
each. Inspection of the data of figure 1(b) indicates that the opbtimum
aspect ratio 1s now slightly higher than 20 for the wings with boundary—
layer control and that the use of boundary—layer control gives an
increase in (L/D)pay of approximately 30 percent.

It should be noted that the maximum 1ift coefficients of the thick
sectlions sre quite high, and e&s 1s shown subsequently, it 1s on wings
of hilgh aspect ratlo that high meximum 1ift coefficients can be most
effectively employed.

This application of boundery-layer comtrol would be of primary
interest for relatively lowspeed alrplanes where range 1s of the
greetest lmportance. For example, the critical Mach number obtained
from low—-speed pressure—distribution diagrams for the 4O—percent—thick
airfoll section at conditions corresponding to maximim L/D of the
wing is 0.450. In spite of a number of obvious difficulties, it is
thought that the posalbility of increasing thie limiting speed scmewhat
by the use of a moderate amount of sweep should be investigated.

Control of the Leminer Iayer

The first attempte to obtain reductionsg in the profile drag by
increasing the relative extent of leminar flow consisted of the design
of new airfoll shapes having the position of minimm pressure far back
along the surface. The resrward practical limlt of the positiom of
minimim pressure was dlctated by the avoldance of turbulent separation
over the rear portion of the eirfoll, particularly for 1i1ft coefficlents
outeide the low—drag range. Three general types of boundary—layer
control have been proposed to increase the possible relative extent of
laminar flow: <first, mltiple slote to 1limit the growth of the boundary—
layer thickness and eliminate laminar separation; second, speclal alr—
foll sections having the position of minimm pressure extremely far -
back, together with a single suction slot to eliminate separation at a
pressure dlscontinulty; and third, continuous boundary—layer suction
through a porous surface.

The use of mulbiple slots.— Multiple slots have two distinct and
interrelated effects on the boundary layer; they decrease the value of
the boundary—layer Reynolds number and delay or prevent laminar
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separatlon, Work on this problem has been carrisd oul by Holstein
(references 7 apd 8) in Germsny, by Pfenninger (refersnce 9), and
Ackeret, Ras, and PPenninger (reference 10) in Swltzerland, and by
the NACA in the United States. These investigations ghowed in general
that 1t wag posslble to extend the laminsr layer in a region of
adverse pressure gradient practicelly to the trailing edge with a
small expenditure of power such thab very large net drag savings were
realized. The most favorable resulks were cohtelned at a fairly low
value of the Beynolds number, For example, Pfenninger'!s best results,
which ghowed & net dreg saving of 50 percent, were obtained at a

Reynolds number of 2,0 X 10°, In both Pfermingerfs and Holstein's
experiments, however, the saving In drag disappsared vhen en attempt
wes made to repest the tepts at higher Reynolds numbers. Ffenninger
attributed thls adverse scale effect to increasing turbulence in the
tunnel as the speed wes incremsed, Holstein (reference 8) was able

to maintain extensive lgminayr flow up to Reyrolds nymbers of 3,2 X 108,
He found however that if the slol spacing was not decreased as the
Reynolds number was Increased the power required to 1limit the growth

of the laminey boundary layer would become excessive, He gave no
explenation of his fallure to schleve extensiyve laminar flow gt Reynolds

numbers gbove 3,2 X 105,

An investigetlon 1g currently being carried out by the NACA on a
sympetrical NACA 6MACLQ alrfoll sectlon of 3-foot chord designed to
maintaln laminer flow to the tralling edge by ms of suction slots
up to Reynolds numbers of the order of 25,0 X 109, The model is belng
tepted at zero 1ift In the Tangley two—dimensionsl low—turbulence
pressure tunnel,

The following considerations dictated the glot spacing and slot
slze; TFiret, the boundery—layer Reynolds nuymber should not be allowed
to exceed a deflnite yalue. Boundery-leyer Reynolds nynbers corre—
sponding to transition (based on displacement thickness) of 6000
to 7500 have been measured in flight (reference 11) and values of 5000
0 6000 have been measured on enother wing section in the Langley two—
dimenslopal low-turbulence pressure tunnel (reference 12). Tn order
to be ressonably comgesrvabive, the design value of the meximm boundsry—
layer Reynolds number for the slotted wing section was chosen to be

approximately 2600 at & wing Reynelds yumber of 25 X 105, Second, the
spacing between the slots was determined from suction-power considere~—
tlons, Although the suction power required to maintaln the boundary—
layer Reynolds numbper decreases continuously with decreesing glob
spacing, 1t was found that the savings of power corresponding to a slot
spacing smaller than 3/% of en inch on the present model {a Reynolds
number rup of 0,5 X 10%) were relatively small, Furthermore, a smeller
slot spacing would increage considerably the mechanical difficulties of
constructing the model. Previous investigations in the Langley low—-
turbulence tunnel indicated that the slot wldth shomld not be greater
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than the boundary—layer thickness. For the model under comsideration,
thisg slot width was approximately 0.005 inch.

Three persmeters, namely, the maximum value of the boundary—layer
Reynolds number, the ratlo of the slot width to the boundary—layer
thickness, and the Reynolds number run between slots, are sufficlent
to determine the design of & slot Installatlion. TIf the values of these
three parameters are held constant, the slot spacing and slot wildth
expresged as fractions of the chord will be functions of the design
Reynolds number. For example, the slot spacing and slot wldth on the
NACA 6L4A010 sirfoll model would be 5 inches and 0.034 inch, reepectively, at
a Reynolds number of 25 X 106 if the chord of the alrfoill were Iincreased
to 20 feet, If, however, with the 20-Foot chord the design Reynolds
number were increased to 83 X 106, the slot spacing and slot width would

be l%-inches and 0.010 inch respectively, end the number of slots would
increase 1in proportion to the Reynolds number.

The theoretlical pressure distribution together with the slot loca—
tions are glven in figure 2 for the 3-foot—chord NACA 64A010 airfoil
model deslgned for & Reynoldes number of 25.0 X 10°. Grealt pains were
teken In the construction of the model to maintain the machined aluminum
surfaces in a smooth and fair condition. A photograph of the model
partially disassembled is shown in figure 3. Preliminery test results
indicated that not mich difficulty was encountered in obtalning laminar
flow over substantially the entire surface of the model up to a Reynolds

number of about 3.0 X 106. As the Reynolds number was increased,
however, the laminar flow in the boundary layer became exceedingly
gensitive to minute changes In the shape of the slot enbtry and flow
quantlty removed. It was found that honing the edges of the slot
glightly with a lead pencil produced sufficient changes in the slot
contour to affect markedly the maximum Reynolds number at which laminar
flow could be obtained over the slot. The maximum Reynolds number at
which laminar flow could be obtained over substantially the entire upper

surface was 10.0 X 100 whereas the corresponding maximum Reynolds

number for the lower surface was 5.5.X 106. These Reynolds numbers,
although not as high as expected flight values, are conslderably higher
than those for which complete laminsr flow was obtalned In the Investiga—
tions of Holstein (reference 8) and Pfenninger (reference 9) and were
obtalned only after a great desl of effort had been expended in trylng

to eliminste minute ilrregularltles from the slot comtours. Since the
alrfoil was symmetrical, the differences in results between the upper and
lower surfaces are sattributed to =small! variations in the contours of
individual slote. These variations were so slight that they could be
obgerved only with the aid of a powerful magnifying glass. It was also
observed that once transition hed occurred, no amount of suctlion applied
downstream of the transitlon point restored the boundary layer to the
laminar stete. The conclusion drewn from this Investigatlon is that,
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although the possible region of laminsr flow may be\ex:tend.ed. to the
trailing edge of an alrfoll through a region of adverse pressure gradient
at fairly high Reynolds numbers, the laminar layer becomes increasingly
senslitive to surface ilrregularities as the Reynolds number la Increased.
This result is entirely consistent with those of a previous flight
investigation (reference 13) in which no decrease in sensitivity of the
laminay boundary layer to surface irregularities was observed to result
from the Installation of a number of suctlion slots on a wing panel. In
view of the observed increasing sensltivity of the laminsr lsyer to surface
irregularities with increasing Reynolds numbers and the difficulties that
have been experienced In the past In obtaining the design extent of
laminsr flow on low—drag alrfoils on operational alrplanes, the use of
suction slots to increase the possible extent of laminer flow does not
appear to be very attractive. The practicebllity ssems especially limited
when conslderation is given to the extreme dlfficulty of manufacturing
and maintaining sufflclently accurate slot contours.

Alrfoils designed especlally for boundary—layer control.— The second
method of overcoming the limitations on the design extent of laminar flow
Imposed by the consideration of turbulent separetion at the rear of the
airfoll was suggested by Grifflith and discussed In gome detall by Goldasteln
in his Wright Brothers lecture (reference 14). The original basic ldea
of this method of approach was to deslign an airfoll that had favorable
pressure gradlents over the entlre region from leadling edge to trailing
edge. In order to cbtaln a closed shape consistent with this comditiom,
it was necessary that the pressure incresase discontinucusly at some
point along the alrfoil surface. Suction was to be iIntroduced at this
ginguler point In order to enable the flow to follow the contour without
separation. A typlcal velocity distribubtlion and corresponding airfoll
profile (teken from reference 14) are shown in figure 4. Because of the
necessarlly concave nature of the surface downstreem of the pressure
discontinulty and the corresponding Goertler type of instabllity, 1t
wea.s not possible to obtaln laminsr flow downstream of the suctlon slot
except at very low Reynolds numbers. Consequently, in splte of the
favorable pressure gradlent over .the rear portion of the airfoil, leminsr
flow could be expected only in the reglon upstream of the slot. Iater
airfolls of this type were, therefore, designed wilth the pressure
discontinuity asnd assoclated suction slot at & more rearward position
then shown in figure 4. More rearward positions of minimum pressure and
correspondingly lower drag coefflciemts would be feassible with this type
of airfoil section than, for exasmple, with NACA 6-series sections without
boundary—layer control, provided laeminar flow were obtaimed up to the
slot. If, however, lamirar flow were not cbtalned up to the slot it
seems very unlilkely that the suction alrfoll would show an appreciably
lower drag coefficient than that of a plain airfoll section designed to
have minimum pressure at the assumed forward positlion of transitiom.
Practicel alrfolls can be deslgned with the positlon of minimum pressure
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as far back as 60 percent of the chord. Experience with operational
airplenes having low—drag wings, however, indicates that laminar flow
usually extends over a distance of no more than 15 to 20 percent of the
chord back from the leading edge (reference 15). The difficulty appears
to be not omly the presence of inaccuracies in construction but also the
accummlation of Insects aend dirt assoclated with the necessarily exposed
nature of the wing surfaces. There 18 no reason to expect that the
laminsr boundary layer over the forward portion of suction alrfoils of
the Griffith type would be notliceably less sensitive to small surface
irregularities than the corresponding reglon for NACA 6-peries airfolls
wlthout suction. TUnless the certalnty of obtaining extensive laminar
flow over more than the first 60 percent of the alrfoil chord can be
made considerably greater than it ls at present, it 1s not likely that an
airplane designer would feel Inclined to compromlse the deslgn of his
alrplane to the extent of using thie type of suction alrfoll. Since the
adventages of extensive laminar flow are well known and the drag corre—
gponding to various extents of laminar flow can be calculated theoretically,
further research on the design of Griffith type alrfolls and on their
experimental characteristics wnder ideal conditions is mach less urgent
then is research on methods of insuring the realization of extensive
laminar flow.

Area suction.— A baslc diffliculty of obtalning Jeminar flow on
alrplanes 1s the sensitivity of the lamliner boundary layer at high
Reynolds numbers to surface defects that are sufficlently sms=ll as to
be almost unavoldable. The only method of boundary—layer control that
offers even any theoretical hope of reducling the sensitivity of the
laminer layer to such smsll disturbances conslsts of cantinuous suction
through a porous surface. The theory of the stability of laminar boundary
layers to small two—dimensional disturbences was developed by Tollmien
(references 16 and 17) and Schlichting (reference 18) and checked
experimentally for the Blasius velocity distribution by Schubauer and
Skremstad (reference 19). The theory was extended by Schlichting and
others (references 20, 21, 22, 23, 2&, and 25) to include the effectes of
varlations in pressure gradlents and the effects of blowlng or sucking
through a porous surface on the stabillty of the laminar layer. One of
the most important conclusions of this theoretical work (dealing only
with small two—dimensional disturbances) 1s that continuous suction
through a porous surface markedly stabllizes the laminar layer with
respect to small dlsturbances and that the gquantlity of alr that has to
be removed to achieve thig marked stebillzing effect is extremely small.
For example, the theory Indlcates that the lower critical boundary—layer
Reynolds number based on the displacement thickness for the flow over a
flat platée with zero pressure gradient is Increased fram a value of
approximately 420 without suction (reference 26) to an asymptotic value
of 55,000 (reference 23) to 70,000 (reference 22) with an amount of
suction corresponding to a component of veloclty normal to the plate of
the order of 0.01 of 1.0 percent of the fres—stream veloclty.
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An experimentel investigation to debermine the effects of continuous
suction on the drag of an NACA 6LA0LO ailrfoil of 3—foot chord is now
being carried out by the NACA in the Iangley two—dimensional low—

turbulence tunnels. The skin of the model is a -3%—inch—thick sheet of

porous bronze which is made up of powder comsisting of approximasbely
spherical particles of such size that all the particles will pass through
a 200-mesh screen bubt none through a LOO-mesh screen. The sheet is
wrappsd in one contlnuous pisce from the tralling edge on the upper
surface around the leadling edge to the tralling edge on the lower surface.
The porous reglon hes & span of one foobt situsted in the center of the
3—foot span model. A photograph of the model is shown in figure 5.
Although same waviness was present in the model, the chordwlse waves

wore actuslly much less severe than seems to be Iindicated in this

photograph.

Typical results in the form of drag coefficlent against flow coeffi—

cient are shown in figure 6 for a Reynolds number of 6.0 X 106. Boundary—
layer surveys teken near the tralling edge indicated that laminar flow
wag obtained over virtually the entire porous surfece of the model for
flow rates corresponding tc the lowest drags obtalned. These data show
that substantial net savings in drag can be obtained and that completely
laminar flow can be maintained even when the model is not quite aesro—
dynamically emooth and fair. The fact that the model was not qulte
aerodynamically smooth and falr is shown by the comparison of the drag
coefficlent for the boundary—layer control model with sealed surface

and the corresponding dreg coefficient of the solid, falr, and smooth
model of the sams airfoll section. In sealing the porous model the
surface texture was not altered. At Reynolds numbers substantislly
higher than 6.0 X 106, it was not posslble to obtain any net reduction
of drag. This adverse scale effect appears Lo be associated with the
particular semple of mabterial used In the investigation. The pressure
drop across the porous material 1s directly proportional to the flow
veloclty through it, so that the chordwise dlstributlion of inflow
veloclity becomes increasingly nonuniform not only with decreasing fliow
coefficient but also with Increasing Reynolds number. The flow coeffi-—

clent corresponding to cg : at a Reynolde mumber of 6.0 X 106 is

somswhet greater than that indicabted as theoretically necessary with a
uniform inflow velocity to obtaln the desired stability. Relatlve to
free—stream veloclty, the minimm inflow velocity necessary to avoid
local regions of outflow increased with increasing Reynolds number. Ab
high values of the flow coefficlent, it was rather difficult to Judge
whether the boundary layer was laminer or turbulent. In general, however,
the results seem to Indicate that complete laminer flow was obtained
provided there were no locel reglons of outflow over the surface. AL
Reynolds numbers much &bove 6.0 X 106, the flow coefficlent necessary to
satiefy this condition was so large that no net gaving in drag wae
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obtalned in splte of the fact that the intermal structure of the model
was divided into a number of compartments with separately adjustable
suction pressures. It 1s plenned to continue the Investigation using a
much more dense porous material. It should be pointed out that the
pressure drop through the porous surface itegelf is sufficiently asmall
comparod with the free—stream dynamlc pressure for the flow rates of
interest that the pressure drop can be Ilncreased several fold without
materlally affecting the suctlon power requirements.

In addition to the stabilizing effect 1Indicated in the discussion
of the data of figure 6, a further Iindication of the stabilizing action
was cbtalned by spanwlse drag surveys in the neighborhood of the Juncture
betwsen the porous and solid portions of the surface of the model. Thie
Juncture was not completely smooth. As a result, transition spread
inward from the Juncture over the porous region and decreased the span-—
wlse extent of the low—drag reglon behlnd the model. It was noticed
that the spanwise extent of the low—drag reglon Increased wlth increasing
Inflow velocity which Indlcates that contlnuous suctlon decreases the
angle of spread of turbulence.

Before any recommendatlions can be made regarding the use of continuous
suction on airplene wlngs, not only must the feasibility of obtaining
substantial reductions in drag be determined at higher Reynolds number
but, more importantly, the effects of surface irregularities such as
are llkely to be present under practical operating conditions must be
found.

MAXTMUM LIFT

Usable maximim 11ft coefficient.— One of the earliest applications
of boundary—layer control to recelve attention 1s that of Increasing the
maximum 1ift coefficient. The gains in performence assoclated with such
an lmprovement In wlng characterlstics were thought to be obvious. It
lg not at &1l certain, however, that such 1s the case. For rxample, &
recant analytical investigation of a conventional, low—speed alrplane
having & par load of 5000 pounds (reference 279 has indicated that the
gains In take—off performance resulting from increasing the available
maximun 11t coefficient from values of the order of 3.0, which can be
obtainsd without boundary—layer control, up to a value of approximately 5.0,
which can be obtained only with boundary—layer control, did not result in
a proportionate decrease in the total teke—off distance. The improve—
ment in take—off performance appeared to be relatively unimportant for
acpoct ratios much less than 15. Ths results of the analysls are con—
slstent with resulte of German flight tests of two airplanes incorporating
boundary—layer control to increase maximum 1ift coefficient (reference 28).
It should be pointed out that the teke—off disgtance considered to be of-
prlnary importance in these Investigations was the distance required to
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clear a 50-foot obstacle. In nearly all cases, increases in the meximmm
1ift coefficlent resulted in decreases in the ground run, which might be
of consgldersble importance in special problems such as those encountered
in the design of alrcraft for carrier operation.

These investigatiomns served to clarify considerably current concepts
regarding the usefulness of high maxlimim 1ift coefficlents for the
particular take—off problem studled. Similar studies of both take—off
and landing performsnce are badly needed for other types of alrcraft,
particularly those designed primarily for high-epeed performsnce and
having sxtremely thin wings or wings of unususl plan form. Although the
usable maximum 11ft coefflcients for most of the proposed high—~speed wing
configuraetions are probably lower then those of wings of more conventicmal
plan form because of the associsbted high Induced drags and low take—off
thrusts, there does seem to be a possibility of improving the landing and
take—off characteristics of such high—speed conflguratlons by Increasing the
maximim 11ft coefficlents.above the present extremely low values. There
appear then to be two possible flelds of application for boundary—layer con—
trol to increase the maximum 11ft coefficlent: first, to relatively low—speed
airplanes having wings of extremely high aspect ratio; and second, to high—
gpeed alrplanes with wings that have extremsly low maximum 11ft coefficlents.

Yow-speed canfigurations.— For comventlonel wings of high aspect
ratio, methods exist for predicting the wing characteristics from alrfoil
sectlon date.. The dlscussion of methods of improving the maximum 11ft
of conventional wings 1is, therefore, concermed with results which have
been obtalned from two—dimensiomal investigations of airfoils with
boundary—laysr control and other high—1ift devices.

For smooth airfolls at all reasonsbly high sngles of attack, laminar
separatlon occurs near the leading edge, but below the maximm 1ift coeffi-—
clent the flow reatbaches ltself to the surface forming s turbulent
boundexry laysr. The emount of pressure recovery that can occur before
the turbulent boundary layer separates depends markedly on the detalls
of the flow conditions assoclated with the initial forming of the turbulent
boundary layer. Turbulent separatlion near the trelling edge and the
laminar separetlion near the leading edge heve a regenerative effect upon-
each other (reference 29). Maximum 1ift finally occurs elther as a
result of a progressive forwaerd movement of separation from the trailing
edge or psrmanent separation of the leminar boundery layer near the
leading edge. Because of the regenerative effect, increasses of maximum
1ift coefficlent on almost eny glven alrfoll can be obtained by delaying
elther form of separation. The larger effect, however, is generally
obtained by delaying the type of separation that finglly results in
complete flow breskdown. For example, the thicker alrfolls with blunter
leading edges which have round—top 1ift curves generslly can be improved
most by delaying separatlion of the turbulent boundary layer; whereas the
largest increases in maximm 1ift of the thimmer sections can be obtalned
by controlling separation near the leading edge. In any case, if
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boundary-dayer control 1s used to prevent one type of separation, maximum
1ift willl then be limlited by the other type.

The type of boundary—layer conbtrol thet has recelved the most
attention has been that which delays turbulent separation over the rear
portions of alrfolls of 12-percent thickness and greater. Turbulent
geparation can be delayed elther by removing a portion of the low—
energy alr in the boundary layer or by injecting high-energy ailr under
the boundary layer. Boundary—liayer control isg effective In increasing
the maximim 11ft coefflclent elther with or without other high-lift devices,
Thelr use in comnection with boundary-layer control, however, generally
has two advantages: first, the values of the maximm 1ift which can be
obtained ere greatly increased; and second, the angles of attack for
maximum 1ift are not excesslve when tralling-edge high—1ift devices are
employed. A caomparison of the most common methods of controlling the
turbulent boundary layer 1s glven In figure 7. The fligure shows a plot
of maximum 1i1ft coefflclent as a function of blower power for a glven
wing loading. The data were obtalned from references 5, 30, and 31. The
choice of the most effective method of boundary—layer control 1s seen to
depend upon the power expenditure per unlt wing area. The data are seen
to Indlcate that Tfor the lowest power expenditures the midchord suction .

glot in combination with a trailing-edge double—slotted flep ls most
effective. IExtremsly high maximum 1ift coefficients can be cobtaimned with )
an arrangement whereby alr is blown over the flap, but only with relatively T
Jarge expenditure of power. The arrangement whereby air is withdrawn in
the neighborhood of the flap hinge mey be slightly better than the other
two arrangements for intermediate power expenditures.

- g

Some of the results of a systematlc investigation of boundary-layer
control on smooth alirfolls of various thickness ratios are given in
figure 8 (references 2, 4, 5, and 6). In each case boundary—layer control
was applied through & single suction slot located at the approximate
nidchord position. The increment of maximmm 1ift coefficient due to
boundary—layer control Increased progressively with airfoll thickness
ratioco. The reason for the relatively smell Increments In maximum 11ift
observed for the thinner sections is that for these airfoils maximmm 1ift
was orlginally limited by permasnent laminar separation near the leading
edge. In all cases wlth suction applied, maximum 1ift finally occurred
ag a result of permanent laminar separation nesr the leading edge. .o

An obvious method of further increasing the maximum 1ift coefficient
le to delay or ellminate leading—edge separation. This can be done by
the use of leading-edge slats or flaps or by the use of boundary—layer i
control. The effect of the addition of a leading—edge slat to the 12—percent~’
thick alrfoll with boundary-layer control and double—slotted flap (refer—
ence 4) can be seen in figure 9. Tt is seen that substantial increments
in meximum 1ift are gained by the use of the leading—edge slat such that
maximm 1ift coefficlents of the order of 4.0 are possible for all of
the airfoils of 12— to 2hk—percent thickness.
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. In the hope that some form of boundary—layer control might be more
effective or convenlent in controiling leading-edge separatlon than slats
-or flaps, several Investigations have been made. The types of boundary-
layer control investlgated Include the locabtion of slots near the leading
edge and the use of a porous lesading edge (references 32, 33, and 34 and
the work of the British Investigators Cheers, Dougles, and Raymer discussed

- in reference 14). All deta that are aveilable from these investigatioms

are for alrfolls employing leading-edge boundary—leyer control alone
wlthout meang for controlling seperatlon over the rear of the airfoll. As
ght have been expected, the boundery-layer conbtrol eliminated leading—
ledge.-separation but turbulent separation over the rear of the ailrfoill
[1imited the meximum 1ift to values of the order of those obtainsble with
‘la_slat. Further research is needed in order to determine whether boundary-
layer control applled to the leading edge of the thinner sections will
prove more effective then leading—edge slats when used in conJunction
wlth other types of boundary—layer control and high-1ift devices.
Boundary—layer control by continuous suction near the leadlng edge may
have some advantages over discrete slots or leading-edge slats in thetb,
presumsbly, detaelled investigation of individusl sectiomg would not be
necessary to obbtaln optimm configurations.

High—speed comfiguratlons.— Wing configurations which have been
designed primarily +t0 obtaln good eserodynamic characteristics at high
Mach numbers generally have alrfoll sectlon thickness ratlos of less
than 12 percent and may have considersble amounts of sweep. Both of
these characteristics lead to low values of the meximmm 1ift coefficlent.
The low maximm 1ift of the thin sections 1s caused by reletively esrly
geparation of the flow from the leading edge. The largest lmprovements
in the maximm 1ift would, therefore, be expected to occur as a result of
control of the flow separation near the leading edge. Investigations
have shown that the use of a plain, droopsd leading-edge flep in con—

. Junctlon with a plain trailing—edge flap increaged the maximm 1ift of

8 6-percent—thick airfoill section from 0.78 to 1.89 (reference 35). At
least equally large increments in the section maximum 1i1ft coefficlent
could probably be obbtained by substltuting boundary—layer control for
the flap at the leading edge but the pressure dlfference through which
the boundary—layer-control blower would have to operate would be very
large. This pressure difference would probably be a substantial
fraction of the absolute pressure with normal lasnding speeds for airfolls
of the order of 6—percent thickness. It is questionsble whether thils
appllcation of boundery—layer control would be sufficiently more effec—
tive than the simple leadingedge flap to warrant its use. No final
conclusion can be reached, however, until data are obtalned on the pressure
and flow—quantity requirements.

The maximm 1ift coefflclents of the swept—type wings now being
used. for high—speed alrcraft are generslly extremely low. The flow
phenamsna believed to result in the occurrence’ of maximm 1ift on swept
wings 1s briefly discussed in order to i.nd.};a‘be by what meansg the maximm
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1lift of such wings might be improved. According to the conceptes of
simple swoep theory, the characteristlcs of indlvidual sections of an
infinlte yawed wing depend upcn the component of velocity normal to the
leading edge. The characteristics of finite sweptback wings are, how—
ever, rather gtrongly influenced by three—dimensional effects not
present in the case of the infinite yawed wing.

The disbribution of shed vorticlty has two lmportant adverse effects
upon the characteristics of the sweptback wing: <first, the induced
vertical velocity field shilfts the spanwlse center of pressure outboard
as the sweepback 1s Increased; and second, an effectlve negative camber
is induced in the sections near the tip. The resultant effect upon the
flow 1s that pressure pesks near the leadlng edge of the outboard sections
tend to be accentusted. As & result, the tip sections of sweptback wings
usually stell socner than do those near the root, and the stall orlginates
wlth separatlon near the leadlng edge. ZFarly tip stalling is further
provoked by the fact that the spanwise pressure gradient exercises a
measure of boundary—layer control on the sectlons near the root, and by
the fact that the distribution of shed vorticlty induces an effective
poaltive camber in these root sections. Consequently, the first step iIn
attempting to lmprove the low-epeed characteristics of such wings should
be the delsey of leading-edge separation on the outboard portions of the

wing.

A preliminsry investigation has been made in the ILangley full-—
scale tunnel of a 45° gweptback wing having boundary-layer suction slots
to control turbulent separation over the rear of epproximetely the outer
half of the-wing (reference 36). As might have been expected from the
preceding qualitative discussion of the maximmm 1ift of swept wings, the
increases in meximim 1ift coefficlent resulting from thls type of
boundary—layer control were relatively small. The use of a leading—edge
flep to control leading—edge separation together with the boundary—
layer control slots over the rear delayed the stall of the cutboard
sections such that the undesirable longitudinal stability characteristics
agsoclated with tip stalllng were eliminated. The aspoclated increases
in maximum 11ft, however, were relatively amall because stalling of the
inboard sections occurred at a 1lift coefficlent only slightly higher
than that at which the tip sections previously stalled. A more extensive
British investigation (reference 37) of boundary—layer control on a
sweptback wing gave generally similar results, as dld a short German
investigation (reference 38).

The witimate desirability of using boundary—leyer control to improvs
the low—speed characteristics of sweptback wings has not yet been
demonstrated bscause, for example, stable stalling characteristlics were
obtained in ths ILangley 19—foot pressure tunnel for several swepbtback
wings by the use of leading—edge devices of proper design (for example,
reference 39).
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At the present time, soms further investigations of sweptback and
sweptforward wings with boundary—lasyer control are being planned for
the Langley full-scale and Amss LO— by 80—Ffoot tummels, respectively.
Descriptions are also avallable (reference 40) of a British tailless
alrplane having swept wings wlth boundary—lsyer control applied through
a single suction slot located nsar the midchord pogition Just shead of
the outboard control surface. There do not appear, howsver, to be
available any experimental data on this airplene at the present tinms,

*

LATERAT, CONTROL

The effectiveness of boundsry—layer control as a lateral—control
devlice depends upon the sensltlivity of the 1ift of an airfoll section to
details of the flow conditioms at the trail edge. Various investiga—
tions have been made Iin Germany (reference 38) of the effect upon the
direction of the streamline leaving the trailing edge, end consequently
the 1ift, of dlscharging and withdrawing alr through different arrange—
ments of slots located at or near the trailing edge. Beveral of these
devices proved qulte effective in chenging the ift coefficlent at a
glven angle of attack in much the same way as an alleron acts. A device
having a similar effect has been proposed by Thwaites (references 41
and 42). This device comsists of forming the trailling edge of a smsll
cylinder of porous materisl with a short tab abttached to control the
direction of flow leaving the tralling edge. Suctian is applied
through the porous material in order to meke the £low follow the contour.
Although there is little reason to doubt the effectiveness of these
devices, at least at subcritical speeds, or the fact that they might
lead to extremsly light control forces, 1t is not evident that they
would prove to be simpler or more relisble than conventional lateral—control
devices with boosters where necessary.

DIFFUSERS AND BENDS

Efficlent diffusers are even more lmportant on Jet—type airplanes
than on airplenes with conventlonal power plents because any losses in
the diffuser would not only represent an increment of drag but would
also greatly decrease the efficlency and oubtput of the Jet engine 1tself.
It 1s extremely difficult to determine any genersl rules or design
criterions for the use of boundary—layer control on diffusers because of
the marked effect of the initial conditions of the boundary layer at the
entrance of the diffuser on the pressure-recovery characteristics and
the rapidity with which the diffuslion can be accompllshed without
encountering serlous losses. In msny cases the enbtrance to the duct is
situated falrly well back on & body as for exsmple & scoop inlet on a
fuselage. In these cases, improvemsnts in the efficlency of the
diffuser can be obtained by removing a portion of the boundary—layer
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alr shead of the duct as well as wlthin the duct 1tself. The removal of
boundery—layer alr through a suction slot situated 1mmediately ahead of

the entrance to a duct 1s now being Investigasted at the Ames and

Langley Aeronautlcal Laboratories in connection with scoop—~type inlets

for transonic and supersonic speeds. The by—passing of low—energy
boundary—leyer air from the duct entrance is now general practice for
nearly all scoop—type alr Inlets. The use of suctlon to avold separation
within a diffuser 1s not a new princlple. Unfortunately, however,
generallzed data glving the quentlity and pressure requirements are not
avallable. . Such data for several specifilc configuretions, however, are
giwven in reference 43. In gereral 1t appears that high—efficlency diftusion
can be obtained with the use of a single suction slot withdrawing a
quantity of alr of the order of 5 percent of the tobal quantity of air
passing through the duct. In many cases, the improvement in airplane
performence gained as a result of the Improved efficlency of diffusion
might more than counterbalance the losses assoclated with withdrawing the
required boundsry—lsyer alr. Beceuse in general the gtatic pressure within
the diffuser 1s higher than free—stream stetic pressure, no auxlliary
pumping equipment 1s necessary. This applicatlion of boundery—layer control
appeare qulte attractive and should be considered whenever the problem of
efficient diffusion in asshort distance arises. Because of the varied
nature of individual applications, however, it is difficult to outline a
systematic research program that would provide adequate data. Fubure
resgsearch would probebly most profitably deal with proposed specific
ingtallations.

The application of suction to prevent separation in hends does not
appear as attractive as that Just dlscussed because the local pressure
at the point where boundery—layer control is required 1s generally
fz2irly low as compared wlth free—stream static pressure. Furthermore,
considerable improvement in the efficiency of bends can be obtained by
the proper use of guide vanes.

Little detailed informstion is avallable on the use of blowlng slots
to improve the flow in diffusers and bends. One such instellation has
been made, however, in the exit cone of the Langley high—speed T- by
10-foot wind tunnel, where a comperatively asmall amount of air, having
a total pressure equal to that in the center of the tummel, is introduced
unier the boundary leyer in the exlt cone. It was found that these
blowing slots had little effect on the energy ratio of the tunnel, but
they eliminated the unsteadiness of the flow in the tumnel. It is
possible that a corresponding arrsngement In the entrance diffuser of a
Jet—engine installation might have a beneficial influence on the
steadiness of the flow entering the compressor.
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BOUNDARY-TAYER CONTROL AT BTGH MACH NUMBERS

Another posslible application of boundary—layer control is the control
of sepasration following a shock at high Mach numbers. It 1s falrly well
agreed that one of the principal reasons for the rapid increase in drag
above the critical Mach pumber ls the ssparation of the flow from the
surface that accompanies shock formation rather than the losses in the
shock 1tsslf, at least at low supercritical Mach murbers. It also seems
likely thet the position of the shock 1s strongly affected by boumdary-—
layer conditions. Boundary-—layer control as a method for preventing
separation following a shock has been investigeted In Germany and England
(references Ui and 45) and at present is being investigated in £light on
an F-80 airplane at the Ames Aeronautical ILsboratory. These tests
indicate that the externsl drag can be reduced at some Mach numbers, but
in meny cases the power requirements were sbout equivalent to the saving
in weke drag. These investigations however are not necessarily conclusive.
In each case boundary-—layer control wes applied through a single suction
slot. If the primary purpose of the boundary—layer conbtrol is to
eliminate the flow separation associated with shock formation, there is
gome doubt as to the effectlveness of any single slot configuration because
of the largs varlation of the shock position with Mach number and angle of
attack. Tne possible reductions In drag cosfficlent and elimination of
buffeting, and the fact that boundary—-layer control may tend toc reduce or
at least postpone to higher Mach numbers the large erratic changes In
1ift and pltching moment makes further Investlgations of boundery—layer
control at high Mach numbers seem very important. These investigabtlions
should include not only the effects of individual suctiom and blowing
slots but alsoc the effects of suction through & porous surface. The
purposge of the porous surface In thls case would not be so much to
maintain exbensive laminsr flow as to insure that suctlon would always
be applied in the vicinlty of the shock.

The applicetion of boundary—layer control at supersonic speeds 1s
not very cleaer. On the one hand, anelysis indicates that for bodies of
optimim fineness ratlo the skin friction accounts for one—-half to two—
thirds of the total drag. The data of reference 46 indicate that the
laws for turbulent—boundary—layer skin frictlon are not greatly different
at supersonic speeds then at subsonic speeds. Reductions of the skin—
friction drag must, therefore, as at subsonic speeds, come about through
en increese in the relative extent of lam'nar flow. On the other hand,
the detalls of the shock formation at the tralling edge of a supersonic
alrfoll section appear to have a large effect on the drag. In general,
thickening of the boundary layer near the trailing edge appears to
Increase the trailing-edge pressure and thereby results in & decrease of
the pressure drag (reference 47). Boundary—layer control or sny other
effect that would tend to Increase the extent of laminar flow and decrease
the .gkin friction drag would appesr therefore to have a tendency to

&
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increase the pressure drag. Hencs, boundary—layer control at supersonic
gpeeds presents a much more complex problem than at subsonic speeds and
is badly in need of thorough Ilnvestigatlon.

SUCTION-SLOT DESIGN

The requirements for a good suctlon slot depend upon whether the
glot is to be used for removing a portion of the laminar or turbulent
boundary layer. The primary requirement for slots designed to extend
laminar flow is that the slots themselves shall not Introduce any
disturbance which will cause traensition. Slots have been designed that
satisfy this condition in the investigations of references 7, 8, 9, and
13. Further work on the deslgn of suctlon slots for laminar layers 1s
discussed in references 48 and k9, Tosses in slots designed to control
the laminar boundary layer are usually not of critical Importance
because the amount of ailr withdrawn at a single slot 1s small in a
correctly designed installation. Furthermore, the veloclty with which
the alr is withdrawn cannot be very large without disturbing the laminar
layer and causing transition. It is necessary of course that the flow
into the slot be stable end thils question has been investigated in
reference 1.

The conditions affecting the design of slots to operate In a
turbulent boundary layer are quite different. In this case the externsal
flow ie relatively insensitive to detalled chenges 1n the slot deslign
end ies affected primerily only by the quantity of air withdrawn. Changes
in the degign of the suction slot do however have a marked effect on
the Intermal logses. These lossges are more lmportaent than for laminar
layers because of the reletlively large quantities of alr withdrawn in
each slot. Investigations to develop efficient slot confligurations for
turbulent boundery layers are given in references 50 and 51. The problem
of reducing the loases followlng entry of the alr intc the slot 1s
primerily that of designing efficlent diffusers and bends. This problem
1s consldered in same detall in reference 52.

JET ENGINES AS PUMPS

The suggestion has been made repeatedly that Jet—type power plants
be used as a pump for boundary-leyer control. An Investigation carried
out by Wilsted and Stemples (reference 53) indicates that the loss of
conslderable ram such as is assoclated with any means of boundery—layer
control by suctlion causes serious losses In the performance of Jet
engines. PFlnel conclusions regardling the use of Jet englnes as a pump
cannot be drawn, however, because of the lack of detalled Information
regarding the quantity and pressure requirements for boundsry—layer

"



»

NACA RM No. I8J29 S 21

control. The questlion must £inally be decided by comparing the decrease
in performence of the Jet engine with the aerodynamic gains. TUp Lo the
present time, no marked gains in the aerodynsmic performance of typical
high—speed conflgurations that would require Jet engines have been
demonstrated to result from the use of boundary—layer control. More
detailed research on the use of a Jet englne as a pump would therefore
geen to be premsture. '

CONCILUSIONS

Consglderation of the present status of the application of various
methods of boundary—layer control indicates the following conclusions:

1. For relatively low—speed, long—range aircraft, boundary—layer
control may be effectlively employed to eliminate turbulent separetlon cn
thick root—section sirfolls such that wings of higher aspect ratio may
be employed to glve improved values of the lift—to—drag ratlo. The data
on which the enalysis was based werse obtalned for airfoils having com—
pletely turbulent boundery layers extending back from the leading edgs.

2. In order to obtain extenslve regions of laminsr flow and corre—
spondingly low proflle—drag coeffliclents such as might be obtalnable with
NACA 6—series airfoils or airfoils of the Griffith type, scme means
mist be found for decreasing the sensitivity of the laminar boundary.
layer to surface imperfections that are espt to occur under practical
operating conditlons. The use of multiple slotes does not appear to .
decrease the sensitivity of the laminar boundsry layer. Although
information regerding the effects of area suction 1is not sufficiently
complete to be conclusive, such daba as are avallsble indicate that
area suctlon does have some stabilizing action and that the suction
power requirements are smsll. Further research should be carrled ocut
ocn boundary-layer conbrol by ares suction.

3. By the appropriate use of boundary—layer control maximum 1ift
coefficlents of the order of 4.0 can be obbtained for airfoil sections
of 12-percent thickness and above without the expenditure of excesslve
amounts of power. Maximum 1ift coefficients of the order of 3.0 or 4.0
are effectlive in decreasing the teke—off dlstence only for alrplanes
having wings of extremely high aspect ratioc. The use of boundary-layer
control on thin sweptback wings has to date resulted only in relatively
smell increments of the maximm 1ift coefficient although eomslderable
Inprovement in the longitudlinal stability cheracteristics at the stall
has been obtained. Because of the relatlively low aspect ratlo and take—
off thrust whlch usually characterize high—spesed configurations, an
analyticel investigation should be maede of the effectlveness of lncreasing
the meximum 11ft, above the velues now obtainable, as a means of
improving the teke—off and lending characteristics of typical configura—
tions of high-speed alrcraft.
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L. The use of boundary—layer control as a mesns of increasing or
decreasing the 1ift of an alrfoll independently of the angle of atbtack
has been the subJect of several investigations. These methods proved
to be quite effective. Tt 1s not clear, however, that they would be
any slmpler or more effective than conventlonal control surfeces.

5. The use of suctlon to control separation appeers to be a
particulerly convenlent method of Increasing the efflclency of short
diffusers because the pressure at the suction slot usually is sufficlently
high to eliminate the need for suxlliary pumplng equipment. Because of
the varied nature of Indlvidual applicaticns, however, future research
on this problem would probably most profitably deal with proposed
gpeclfic installations.

6. Several short investligations have been made of the effect of
boundary—layer control on the drag at supercriticel Mach numbers. These
tests showed little net decrease In the drag. The method employed for
epplying the boundery-layer control, however, did not appear to be the
opbimmm. PFurther research on boundery—leyer control at supsrcritical
speeds is necessary in order to explore more completely the possibilities
of the application of boundary—leyer control not only for reducing the
drag but also for improving the 1ift and moment cheracterlstics. In
particular, 1t is felt that the use of contlinuous or area suctlon should
be investigeted at high Mach numbers.

Langley Aeroneuticel Ieboratory
Netional Advisory Commlttee for Aeromautics

Iasngley Field, Va.
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Figure 3.- Model of the NACA 64A010 airfoll section equipped with 41 suction slots on upper
_ lower surfaces.
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