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" TESTS OF THE NACA 653-018 AIRFOII, SECTION
WITH BOUNDARY-LAYER CONTROL BY SUCTION

By John H. Quinn, Jr.
SUMMARY

_Tests of the NACA 655-018 ‘airfoll section with

.boundary-layer control by suctlion have been made in the
Langley two-dimensional low-turbulence and Langley two-
dimenslonal low-turbulance pressure tunnels. Slots were
tested at 30 and 75 percent and at L5 and 75 percent of 6
the airfoll chord at Reynolds numbers of 1.9 and 6.0 x 10°,
An attempt waz made to removs only a moderate amount of
alr through the slots and to locate the slots so that the
low-drag rronerties of the airfoll could be realized. The
results of these tests were compared with results for a
plain NACA 653-013 airfoll section.

A meximum section 1lift coefflclent of 1.85 at a

Reynolds number of 6.0 x 10% was obtalned on the NACA
655-018 airfoll section with boundary-layer control

when the total amount of alr removed corresponded to a
flow having free-stream veloclty.through an area squal
to approxlimately 1.2 percent of the wing area. This
1ift coefflicient was found at approximately the same
angle of maximum 1lift as for the plain airfoll and wilth
suction slots at 45 and 75 percent of the airfoil chord.
The surface discontinulty, which would be found with a
flush-type sliding door placed at ;5 percent of the air=
foll chord, would not impailr the low=-drag properties of
‘this alrfoll section.

INTRODUCTION

Extensive 1nvestigationa have been made to develop
various types of devlice to increase the maximum 1ift of
alrfolls., The most common high-11ft devlices are the
tralling-edge flap and the leading-edge slat. Both
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these devices have dlsadvantagzea; the flap producss

hizh pitching momsnts, whereas a slat definltely limits
the reglon of lamlnar flow and thus results in high drag
even when retracted.

The purpose of the present investigatiocn was to
determine the increase in maximum 1ift coefflicient that
could be cbtalned with the arrangement of the NACA
653-018 airfoll ssctlon pressnted herein by using

boundary-laysr control and removing only a moderate

amount of alr, Locating the slots so that the low-drag
properties of tbhe airfoll could be reallzed was glven
primary consideration in the desizn. By sucking low=-
energy alr off the upper surface of the alrfoil, separation
of the flow at high 11ft cosfficlonts may be greatly
delaved and the stralght vortion of the 1lift curve may

be extended to highcr angles of attack,

The arplicatlon of boundary-la:-er control to increase
maximun 1ift asems aCvantageous for uss with tallless
airvlanes, The bhlsh pliching moments assoclated with
flaps, which would be prrohibitive on such a deslign, and
the high draz of leading-edze slata are avolded,

In the presens investigation, an NACA 653-018 sym-
metrical low-drag afrfoil secticn was tzsted in the
Lanrley two-dimenslonal low-turbulence and the Langley
two-dimenslonal low-turhulence prassure tunnels (desig-
nated LT and TDP, respectively) at Revnolds numbers

of approximately 1.9 x 106 and €.0 x 106.

SYMBOLS
c airfoll chord '
cy, section 11ft coefliclent
a, section anzles of attack
°d, saction profile-drag coefficient
b atrfoll! span
Uo free-stream vélocity
dq fres-stream dynaﬁic pressure
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free-stgeam total pressure
quantity rate of flow through slot
total vressure inside duct

blower drag coefficlent; that is, profile-drag
coeffliclent equivalent to power requlred to
discharge at free-stream total pressure alr
wilthdrawn from turbulent  boundary

"Hy - H
layer (GQ“_.O - b
‘4o

total section drag coefficient (cdo + chb)

flow coefflclent (Lilj)
Uo cb

statlc pressure on alrfoll surface
velocity inside boundaryr layer

local veloclty outside boundary laysr

pressure coefficlent —3a
o]

total thickness of. toundary layer
perpendicular distence above airfoll surface
momentum thickness of boundary layer

T nd
[ se-9e

e

displacement boundary-layer thlckness

[e-9a

5%
shape parameter 'S

Reynolds number
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Subscripts:

30 at 30 percent of the alrfoll chord
L5 at 15 percent of the alrfoll chord
D) at 75 percent of the alrfoll chord

MODEL AND THESTS

The alrfoll used 1n the present investigation was
a 36-inch~chord woodern model of tha NACA 655-018 alrfoll

section, which was nainted and prevared for testing by
tha methods described in reference 1, The slots and
ducting arrangement are shown in figure 1. The slots
woere used 1n nairs; elther the slots at 0.30c and 0.75¢c
or the slots at 0.!;5¢c and 0.75c were used togsather.

Alr was sucked off the unper surface through the
slots Into the dvects in the mouel and out through the
slde of the tunnel. Cutsicde the tunnel, the alr from
each slot was plped through an indlvidual Venturl to
the inlet cf a tlower, The quantlity of alr flow was
datorrlinod by measuring total and static pressures in
the Venturl throat. Total-pressure tubes werc placed
insice the wlap ducts to determine tre loss in total
pressurs incurred 1in suckirg the alr through tlie slots.
In order to measure thils loss for the slots at 0.30c
and 0.}5¢c, on? total-pressure tube was fastenad to the
downstream wall of the forward duect; for tke slot at
0.75c, one total-pressure tube was fastened to the
upstream wall ol the rear duct.

Approximately twlice as much air was sucked from
the wing through the rear slot as through the front
slot, reliminsry tcsts were made with tufts to
determins the correct proportlon of the total flew to
be removed through sach slct for effective operation.

Presaure-distribution measurements were made by
rlacing a small static-pressure tube et a series of
chordwiss stations about 3/32 inch above the ailrfoil
surface., At each statlon, the tube was bent to approxi-
mate the contour of the airfoll, Lifts obtained from
integration of pressure-distribution dlagrams obtained
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by thls method have been found to be 1n good agreement
with the 1lifis obtained-from force- tests..- Lift was
determinsd by integrating ths pressures along the floor
and celling of the tunnel teat ssction, External drag
was measured by the weka-survey method,- Both 1lift and
drag coefficients have been corrected for tunnel-wall
interference. Boundary-layer méasurements werse made by
the method described 1n reference 2,

The values of Cdgy - were calpulated on the assumption

that the air removed from the boundary layer was exhausted
at free-stream total pressure. When the power required
for boundary-layer control is calculated on this basis,
there are no addlitional power effects due to an excess

or defect of total pressure at the polnt where the
boundary=layer alr 1s exhausted. The required power was
furnished by a machine that was assumed to be 100 percent
efficlent,

RESULTS AND DISCUSSION

The 11ft characteristics of the NACA 653-018 airfoll

sectlon with and without boundary-layer control are
presented in flgure 2. The characteristics for the plain

airfoll at a Reynolds number of 6,0 X 106 were taken from
Erevious tests of a 2lj-inch~chord model of the NACA
53 -018 airfoll section in the TDT (unpyblished). A

maximum sectlon 1lift coefficlent of 1.85 was obtalned 1n

the TDT at a Reynolds number of 6,0 X 106 for a flow
coefficlent of 0.0120. For this flow coefficient, the
total amount of alr removed from the boundary layar
corresponded to a flow with free-stream veloclty through
an area equal to approximately 1.2 percent of the’ wing
area,

Figure 3 shows that, at an angle of attack near
maximum 11ft and for a gilven 1ift coefflclent below a
flow coefflcient of 0.0120, more alr was requlred for
the slote at 0.}5c and O.75¢ than for the slots at
0.30c and 0.75¢. This phenomenon may be explained by
the fact that the boundary layer was thinner at 0.30c
than at 0.l}5c.and, consequently, less alr was required
to control the boundary layer with the slot at 0.30c
than wilth the slot farther downatream. Flgure 3 also

k]
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Indicates that, at an angle of attack near maximum 1ift
and for a glven 1li1ft coefficlent, a,lower flow coeffi-
clent was required at R = 6.0 x 10 than at

R=1,9 X 106. Since the boundary layer was thinner at
the higher Reynolds number, relatively less alr was
required to control the boundary layer at a Reynolds

number of 6,0 x 105 than was required at a Reynolds

number of 1,9 X 106. No improvement could be obtalned
other than a stralghtening of the 11ft curve; therefore,
greater lncrements were posslble at the lower Reynolds
number. At an ehgle of attack of 12.4°, the favorable
effect of Reynolds number 18 clearly shown and the
difference bétween the curves for the slots at 0.3%0c
and 0,75c end at 0.5c and 0.75c has dlsappeared.

Little scale effect on maximum 1ift is evident in
figure 2 at the maximum flow rate for the test Eeynolds
number range. At a Reynoldg number of 1.9 X 100, the

engle of maximum 11ft was 3 hilgher for the alrfoll with

slots than for the plain airfoll, At a Reynolds number

of 6.0 x 106, the angle of maximum 11ft was approxi-
mately 3° lower for the airfoll with slots than for
the plain ajrfoil. 1In the LTT, at a Reynolds number

of 1.9 x 10%, the maximum 1ift coefficlent at the highest
flow rate was found to be limlted by stalling at the
leading edge; the poslitlon of the stall was determined
from tuft studles. J}rom the simllarity of the break at
maxinum 1ift for the condlitlons tested, maximum 1ift at
the highest flow rate for a Reynolds number of 6.0 x 106
seened also to be limited by stalling at the leading
edge. A few explogatory measurements at a Reynolds
number of 6,0 x 105 indicated that little further gain
in meximum 1ift could be obtalned by increasing the flow
rate above C.0120.

. The increases in maximum 11ft coefflcilent, which

are made posslble by boundary-layer control, are due to
the lncreased slope of the 1lift curve in the range of
high 1ift ccefficlent - that 1s, to the extension of

the stralght vortlon of the 1ift curve to higher angles
of attack. As long as separation moves fbrward from

the tralling edge without moving forward of the suction
slots, boundarv-layer control 1s effectlve. When
stalling at the leading edge limlts the maximum 11f¢
coefflclent, as was the case In ths present Iinvestligatlon,
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a slot has to be placed extremely close to the leading
"-edge - of the alrfoll to be effective. .. Since -lamlnar flow
would be malntalned with difficulty in the high-speed
cohdition over a slot so placed, no attempt was made in
the present Investigation to place a slot near the
leading edge. ’ :

~ The amount of alr iemoved with boundary-layer

control may be presented in terms of the displacement
boundary-laeyer thickness lmmedlately upstream of the
slot., A convenlent nondimensional form.may be glven

by the expression Q/U8%b. When Q/U6# reached a
value of 1, the Blots were operating near maximum )
effectiveness. Increasing the flow above this value
had no noticeable effect on further delaying separation.

Drag characteristics of the NACA 653-018 airfoil

sectlon wlth and without boundary-layer control are
presented in figure li. The model with the slot at
0.450 sealed with "Scotch" cellulose tape (fig. L(b))
aoproximates the plaln airfoll, because transition on
the NACA 65z-018 airfoll section normally occurs at

approximately 0.45¢c. At a Reynolds number of 1.9 x 108,
the drag of the alrfoil wlth the slot at 0.30c sealed
(fig. h%a)) is practically the same as that of the
airfoll with the slot at ‘O:lj5c sealed; therefore, the
alrfoll characteristics with the slot at 0.30c sealed
are also thought to approximate those of the plain.
airfoll, The measured values of external-drag coeffi=-
clent may be. obtalned by deducting the blower drag
coefficlent given In flgure 5 from the corresponding
value of total drag coefficlent given in figure .

An envelope curve, 1f drawn outside the polars for
different flow rates in figure l, would indicate that at
the higher 1ift coefflcients boundary-layer comtrol
resulta in a net reduction of drag. In figures L(b)
and L (e), at 1ift coefficlents below appraximately 0.L,
higher drags are found with than without -boundary-layer
control because.of pressure ‘losses in the internal system,.
Since no separated flow occurs in this- range of 1lift
- coefficlent, boundary-layer control 1s not required and
some means of sealing the slot « for -example, a sliding
door - should be provided. Figure-li(c) indicates that,
if the flow aystem 13 not sealed when no alr 1s being
removed, serious drag increases may he expected,
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Total drag coefficlents depend to a great extent on

.;-'the way air 1is .ducted into and through ths modeX.:.- No

attempt was made In the present investigation, howaver,
to deslign more .efflcient ducts -and slots because high
11fts depend more on the quantity of ailr takén -in than
on the slot design. Further tests might be devoted to
the development of slots and wing ducts that minimize
the -power required for boundary-layer control.

A comparison of the values of °d0b in figure 5

indlcates that much higher drag -logses were encountered
with slots at 0.30c and 0.75¢-than at .0.45c¢ and 0.75c.
This condition is dus primarily to the 1arger pressure

_differenoe egainst which the slot must opsrate at.0.30c.

* "Bacause of these hizher drag losses and bacause of the

‘at a ‘Reynolds number. of 1.9 X 10

larger amount of laninar flow thet can be obtalned with
the slot at 0.45¢ than with the slot at . 0.30c, 1t appears
more sultable from drag consideratlons to keep the slot
as far:downstream as possible wlthout losing effective
lift control. .

Velues of the ratlo of the smount of alr £léw through
the rear 3lot to that. through the front slot are presented
in figure 6, Tuft studles,wsere.made Buring the tests
for which data are.shown in figure 6(a). The tufts °
indicated that, at the higher angles of attack and higher
flow coefficlents, a Flow ratio of 2 appeared to yielad
the optimum 1ift effects. - In the reat of the tests,

- therefore, an attempt was made to maintaln a flow ratio

of approximately 2 (figs. 6(b) and 6(c)). The curves of
figure -6 do not represent a conslstent variation of the
air=flow-ratio but merely nresent the ratio at Several
angles of attack for a range of flow coefficlent.

Pressure-distribution diagrgms at maximum 11ft and
for both slot configu-
ratlons are presented in figure /e« There appears to be

...11ttle 1f uny separated flow.even at maximum 1ift,
. Considerable pressure 13 recovered in passing over the

slots. This recovery 1s due . primerily to the So-called
glnk effect caused by sucking alr from the boundary layer.

- .Integratlon of, these dldgrams.comblned with the Integratlon

of ‘dlagrems of nonmal pressurés plotted on a base line

.. perpendicular, to ‘the. cho?d lins ylelded a value of -0.058
- for--the sectjion. pitching-moment coefficlent.  This value

‘of the pitohing-moment coefficlent 1ndicatas that the

center of pressure is approximately 3 percent nearer the
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trailing edge of the airfoll for a 1lift coefficlent of
1.85 than for the zero-lift condition.

In the reglon 1n which 11ft coefflclents are lower
than meximun and correspondingly less alr flow 1ls required,
1t 1s thought that pltching moments approximating those
of the plain alrfoll may be reallzed. A pressure
dlatributlion on the plain airfoll at a Reynolds number

of 6.0 x 10° and at maximum 11ft is presented in figure 7
for comparison, |

The variation of the boundary-layer shape parameter H
and the momentum thlclmess 6/c over the upper surface
of the airfoll at maximum 11ft 1s shown in figure 8. The
shape parameter hes an average value of 1.5 and at no
polnt approaches the value of 2.6, at which separation
was found to be lmminent in the analysls of reference 3.
A dlscontinuity in H 1s found just downstream of the
s8lot at 0.75c. The boundary-layer orofile at this point
indlcated that some 1lnterference effects from the slot
were present.

CONCLUSTIONS

An NACA 653-C18 airfoil section equioped with
slots for boundary-layver control was tested in the
Langley two-dimenslonal low-turbulence ard Langley two-
dimenslional low-turbulence gressure tunnels at Reynolds
numte 2s of 1.9 and 6.0 x 1CP, 3Slots were tested at 30
g1 75 percent and at L5 and 75 percent of the airfoll
chhord. Approximately twice as much alr wss remcved
through the rear slot as through the forward slot. A
comparison of the results of theose tests with the results
for a plain NACA 653-018 airfoll sectlon indicated the
following concluslions:

l. A maximum section 1ift coefficlenk cf 1.85 was
obtained at a Reynolds number of 6.0 x 1C> uiia the
NACA 653-018 airfoll section by using boundury-layer
control, This 1lift coefficlent was obtalned with suction
slots at 45 and 75 percent of the airfoll chord. The
low=drag characteristics of this alrfoll sectlon could
be reallzed with thla arrangement when the cliotz weTe
nct operating by covering them with flush-type doorsa.
The total amount of alr removed at thls 1lift coefficient
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