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By John H. Quinn, Jr.
SUMMARY

An investigation has been conducted in the Langley two—
dimensional low—turbulence tunnel to find the effects of boundary—
layer control on the aercdynamic characteristics of the NACA ©€5),~421
airfoil section with a boundary-layer—control suction slot at 0.45 air—
foil chord and a 0.32-airfoil-chord double slotted flap. This airfoil
is designed primarily to obtain a high maximum 1ift coefficient. The
tests consisted of 1ift measurements with the flap deflected and 1lift
and drag measurements with the flap retracted over a range of flow
coefficient fram O to 0.03 for the model smooth and rough at Reynolds
numbers of 1.0 x 10° and 2.2 x 10”. The flow coefficient is defined
as the ratio of the quantity rate of air flow removed through the
suction slot to the product of the wing area and the free-—stream
velocity.

Greater increases in the maximum 1lift coeificient through
boundary-layer contrel were obtained with the flap retracted than
with the flap deflected and with the smcoth model than with the model
with leading-edge roughness. In the smcooth condition at a Reynolds
number of 2.2 x 10Y, increasing the flow coefficient from O to 0,015
increased the maximum 1lift coefficient from 1.22 tc 2.43 with the
flap retracted and from 3.07 to 3.81 with the flap deflected. Little
increase in maximum 1lift was obtained with the flap deflected between
flow coefficients of 0.01% and 0.Q30. In gensral, between Reynolds
numbers of 1.0 X 10° and 2.2 x 12°, for the range of flow coefficient
investigated, increasing the Reynolds number tended to increase the
maximum 1ift coefficient below a flow coefficient of 0.015 and to
decrease the maximum 1ift coefficient between flow coefficients of
0.015 and 0.030. With the flap retracted, increasing the flow
coefficient decreased the minimum section dragz coefficient and main-
tained low drag coefficients to high 1ift coefficients. The drag
coefficients equivalent to the boundary-layer—control power were
greater, however, than the reduction obtained, at least over the
range of 1ift coefficient for which the drag was measured without
boundary-layer control.
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INTRODUCTION

It has been established that by sucking low—energy air from
the thick turbulent boundary layer or by blowing high-energy air
into it, separation of the flow from an airfoil uuxface may be
delayed and the maximum 11 i may be increased. 8 part of a
research program to investigate sirfoil LOHL]TuPQtiOHS that would
utilize boundary-layer suction to produce high maximum lift coef-
ficients, investigations have been reported in references 1 and 2
for NACA 6—series airfoils having thickness~chord ratios of 0.12
and 0.18, respectively, with boundary--layer suction in conjunction
with other high-lift devices. The present investigation is an
extension of this work and was made with the NACA 05)~h>l airfoil
section incorporating a bowmdary-layer suctlon slot &t 0.45 airfoil
chord and a 0,32-ailrfoil-chord double slotted flap. This suction-slot
location was selected as likely to be meost effective in increasing
the maximum 1ift coefficient.

The tests were conducted in the Langley twa~d3mpnsLona1 low--
turbulence tunnel at Reynolds numbers-of 1.0 X 160 and 2.2 x 10°.
Lift meagurements were made for various suction guanti tlSS both
with and without leading—edge roughness with the double slotted flap
at its optimum position and deflection. The lift and drag character—
istics of the airfoil were similarly determined for the flap-retracted
position. Measurements of the total pressure loss in the suction
system were made in order to estimate the power required for boundary-
layer control.

SYMBOLS
¢y sect*on It caellt ieiont
cq ‘section drag coefficient
%y, section angle of attack,'degrees
c éirfoil chord, feet
Vo . free—stream velocity, feet per second
b model span, feet
Q quantity of air removed through suction slot, cubié feet

per second.
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CQ flow coefficient 4
- \Vgeb

v kinematic viscosity, square feet per second

V¢
R Reynolds number | -—

8y
H, free—stream total pressure, pounds per sguare foot
Hy total pressure inside wing duct, pounds per square foot
Ao free-stream dynamic pressure, pounds per square foot

: Hy - B
Cp pressure coefficient R
4o
Of flap deflection, deprees
lpayx Teximum section 1ift coefflclgnt
AcZ increase in maximum section 1ift coefficient
max

MODEL AND TEST METHODS

The model used in the present tests was a 2-foot—chord laminated--
mahogany model of the NACA 65&“491 airfoil section built to conform
to the ordinates presented in table 1. The double slotted flap was
comprised of an aluminum-alloy vane and a steel flap for which
crdinates are presented in tables 2 and 3, respectively. A diagram—
matic sketch that illustrates the general arrangement of the model
and shows the double slotted flap in its optimum position is presented
as figure 1(a). Photographs of the model with the flap deflected
are presented as figures 1(b) and 1(c). For the flap-retracted
condition, the vane was retracted into the wing and the flap formed
the rear part of the airfoil.

The tests were conducted in the Langley two-dimensional low-
_turbulence tunnel (reference 3) with the model completely spanning
the 3—foot Jjet. Lift measurements were obtained by integrating the
pressures along the floor and ceiling of the tunnel test section and
drag was obtained by the wake—survey method. .The quentity of air
removed through the suction slot was determined by measuring the
total and static pressures in the throat of a venturi located in
the pipe line between the model and the inlet of the blower used
to force air flow through the system. The total pressure ingide the
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wing duct was measured by a flush pressure orifice in the duct at the
end opposite to that at which air was removed from the model. TFor a
flow coefficient of zero the plain airfoil was simulated by filling
and fairing the suction slot with plasteline.’

For teste of the model with the roughéned leading edge,
carborundum grains were applied with shellac to both surfaces of the
ajrfoil from the leading edge to 0.078c. The carborundum particles
had average diameters of 0.011 inch and were spread sparsely to
cover 5 to 10 percent of the roughened area.

At the outset of the investigation, various positions and
deflections of the vane and flap with respect to one another and to
the airfoil were surveyed in crder to cbtain the configuration
producing the greatest maximum 1ift coefficient. These surveys
were made at a flow coefficient of 0.02 end at a Reynolds number
of 2.2 x 100, Once the optimum position had been found, the Lift
characteristics of the model were determined over a range of flow
coefficient from O to 0.03 and at Reynolds numbers of 1.0 X 106 and
2.2 X 109, The lift and drag characteristics were determined for
the same range of Reynolds number and flow coefficient with the
flap retracted.

RESULTS AND ‘DISCUSSION

Lift Characteristics

The variations of lift coefficient with angle of attack for
the.modei'smopth'and with leading-edge Youghnesg and with the flap
deflected and retracted are presented in figure 2 for a Reynolds
number of 1.0 X 10° and in figure 3 for a Reynolds number of 2.2 X 106,
These figures illustrate the following general effects of boundary-
layer control upon the lift characteristics: Increasing the flow
coefficient increased the maximum 1ift coefficient and the lift-—
curve slope and decreased the angle of attack for zerc 1ift. The
increase in lift—curve slope and decrease in angle of zero 1lift are
attributed to a thinner boundary layer over the rear part of the
airfoil which produced an effect similar to that of increased camber.
For the range of flow coefficlent investigated, the angle of attack
for maximum 1ift with boundary-layer control and flap deflected and
retracted did not exceed by more than 9° — and in most cases was
equal to orless than — that of the plain airfoil without boundary—
layer control. The increases in maximum 1ift coefficient resulted
for the most part from an extension of the straight part of the
1ift cueve to higher angles of attack with boundary-layer control
than those without boundary-layer ccntrol. ’
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The effects of Reynolds number and leading-edge rouchness on
the variation of the maximum section 1ift coefficient with the flow
coefficient are summarized in figure 4. With the flap retracted the
maximum 1lift coefficient continued to show an appreciable increase as
the flow coefficlent increased throughout the range of flow coeffi-
clent investigated; whereas with the flap deflected little increase
in the maximum 1ift coefficient was obtained between flow coefficients
of 0.02 gnd 0.03., In the smooth condition at a Reynolds number of
2.2 X 10° the maximum 1ift coefficient increased only 0.02 between
flow coefficients of 0.015 and 0.030 when the flap was deflected.
In general, for the range of flow coefficient investigated, increasing
the Reynolds number tended to increase the maximum 1ift coefficient
between flow coefficients of 0 and 0.015 and to decrease the meximum
1ift coefficient between flow coefficients of 0.015 and 0.030.
Leading-edge roughness resulted in large decreases in the maximum
11ft coefficient throughout the range of flow coefficient investigated.

The increases in the maximum 1ift coefficient obtained with
boundary-layer control at a Reynolds number of 2.2 x 100 are summarized
in the following table for the model smooth and with leading-edae
roughness:

Model in smooth condition Model in rough condition
(ggg) . Ac o Ac
: b i - Unax L2 Lnax
CQ = 0 Cq = 0,015 CQ =0 Cq = 0.015
% 1.22 2.43 1.21 1.09 1.92 0.83
50.9 3.07 3.81 JTh 2.67 3.21 S5l

Considerably larger increases in the maximum 1ift coefficient were
obtained with boundary-layer control for the flap-retracted condition
than for the flap-deflected condition, and the increases in maximum
11ft coefficlent were less for the rough condition than for the
smooth condition. In the smooth condition, increasing the flow
coefficlent from 0 to 0.015 increased the maximum 1ift coefficient
from 1.22 %o 2.43 with the flap retracted and from 3.07 to 3.8l with
the flap deflected,

Drag Characteristics

External drag characteristics.- The variations of the section
drag coefficient with the section 1ift coefficient for the model
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both smooth and rough with the flap retracted are presentod for
Reynolds numbers of 1.0 x 10° and 2.2 X, 10° in figures 5 and 6,
respectively. For all COﬁfi”urﬂthHS; lﬂcreaawng the flow ﬂcpf—
ficient brought about large reductions in the finimum drag coef—
ficient and maintained low drag coeff;cwentﬁ to very high lift -
coefficients. The lift coefficient at which the minimum drag
‘coefficient occurred increased as the flow coeffwc;ont increased.
Leading~edge roughness without boandarye}ayer control. caused the
drag coefficients to increase very rapidly at lift coefficients
above 0.4. (See figs. 5(b) and &(b)) These rapid increases are
probably caused by separation from the airfoil upper surface.

The variations of minimum section drag coefficient with flow,
coefficient are presented in figure 7 _for the model smooth and
rough at Reynolds numbers of 1.0 X 100 and 2.2 x 10° for the
flap-retracted condition. The effect of Reynolds number on the
minimum drag coefficient was small as compared with the effect

of boundary-layer control. At a flow coefficient of zero, roughness
brought about large increases in minimum drag coefficient, but the
difference between the minimum drag coefficients for the rough and
smooth conditions decreased rapidly as the flow cosefficient increased
until at a flow coefficient of 0.03 the minimum drag coefficients
were almost identical for both surface conditions and for both
Reynolds numbers.

Internal drag characteristics.— The variations of pressure
coefficient Cp with angle of attack are presented in figures 3
and 9. The pressure coefficient is a measure of the loss in total
pressure in the boundary layeér up to the slot and the losses incurred
in passing through the slot and .in expanding into the duct and is
necessary to estimate the power required for boundary--layer control
.at any lift coefficient and flow coefficient. If the air removed
from the boundary layer is assumed to be sxhausted at free—stream
total pressure, the equivalent drag chargeable to the boundary-—
layer installation may be expressed in the form

(,Ho - Hy)a

Vo

Drag =
and the equivalent drag coefficient, therefore, is

(B, ~ Hy)
V’%F e CaCp
(6} 46

The power required can then be estimated by multiplying the product
CPCQ by the applicable values of free-—stream velocity, dynamic &
pressure, and wing area.
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Although marked reductions in the sxtsrnal drag coefficients
measured by the wake surveys were produced by boundary—layer control,
computations indicated that the drag coefficients equivalent to the
boundary-layer—-control power were considerably greater than the
reductions obtained, at least over the range of lift coefficient
for which the drag was measured without boundary-layer control.

The configuration tested therefore does not appear suitable for
increasing the effective lift—drag ratio of the airfoil section
tested.

CONCLUSIONS

An investigation has been conducted in the Langley two-
dimensional low-~turbulence tunnel of the NACA 65),~-421 airfoil
section with a boundary-layer—control suction slot at 0.45 airfoil
chord and a 0.32-airfoil-chord double slotted flap. This investi-—
gation has led to the following conclusions:

1. In general, between Reynolds numbers of 1.0 X 10% and
2.2 X 10° and over a range of flow coefficient from O to 0.03,
increasing the Reynolds number tended to incrsase the maximum 1ift
coefficient below a flow coefficient of 0.015 and to decrease the
maximum 1ift coefficient between flow coefficients of 0.01% and 0.030.

2. Greater increases in the maximum 1lift coefficient were
obtained through boundary-layer control with the flap retracted than
with the flap deflected and with the airfoil in the smooth condition
than with the airfoil in the rough condition.

3. In the smooth condition at a Reynolds number of 2.2 X 106,
increasing the flow coefficient from O to 0.015 increased the
maximum 1ift coefficient from 1.22 to 2.43 with the flap retracted
and from 3.07 to 3.81 with the flap deflected. Little increase in
maximum 1lift coefficient for the airfoil with flap deflected was
found between flow coefficients of 0.01% and 0.030.

L. With the flap retracted, increasing the flow coefficient
decreased the minimum section drag coefficient and maintained low
drag coefficients to high lift coefficients. The drag coefficients
equivalent to the boundary-layer-control power were greater, however,




8 HACA 4T Noe 1355

than the reduction obtained, at least over the range of 1lift coef-
ficient for which the drag was measured without boundary-layer
control .

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., June 5, 1947
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TARLE 1

NACA 65)~421 ATRFOIL SECTION

{Stations and ordinates in percent chord}

Upper surface Lower surface
Station | Ordinate | Station | Ordinate
0 0 0 0
b7 1.601 1953 ~1,401
468 1.956 1.3 —~1,676
.933 2.493 1.567 -2.065
2335 3.50% 2,865 ~2.761
4.583 5.085 o S -3.821
7.062 6.329 7.938 -4.633
9.557 97 10.443 | -5.303
.575 9.034 15,425 -5.342
19.616 10.30L 20.384 -7:120
24,668 11.271 25,332 ~7.691
29.729 11.976 30.271 -8.086
34,796 12.433 35,20k ~3.,313
39.865 12.640 40.135 =8.356
L o34 12.556 5,065 ~8.176
50,000 12.158 50,000 ~7.746
5%5.059 11.467 5,941 o o
60.108 10.531 59,892 ~6.247
65.145 9.419 6k . 855 ~5.299
70.168 8.166 65.632 ~4.278
75 176 6.811 7h . 824 ~3.231
80.167 5.388 79.833 —2.204
85,143 3.940 84.857 —-1.248
90.10k - 2.51k4 89.896 - 446
95.051 1.176 9k.okg |- .088
100.000 0 ! 100.000 0
L.B, radiugy 2.50
Slope of radius through L.E.: 0.168

NATTIONAL ADVISORY

COMMITTEE YOR AERONAUTICS
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TABLE 2
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VANE FOR NACA 65u—h21 ATRFOIL SECTION

Stations and ordinates in percent alrfoil chordl

Upper surface Lower surface
Station | Ordinate tation | Ordinate
0 -0.958 0 ~0.,958
625 .708 525 -2.208
2.000 o105 1.33k = ey
2.7992 2.625 2.000 ~2.250
1417 3.000 2.729 ~1.542
h.792 3.583 3.417 —-.042
6.167 3.958 L.792 1.958
7.584 4,167 b.167 3.208
8.959 5 167 7.5%0 3.092

8.959 4,167 i

FLAP FOR NACA 654—a21 AIRFOIL SE

TABLE 3

Stations and ordinates in percent

COMMITTEE

57 R IR
Upper surface Lower surface
Station Ordinate Station Ordinate
0 0 ¢} 0
.636 1.625 .636 =L.875
1.375 2.208 +.3710 ~1.708
2.750 g0kl 2.0 -1.958
h.125 3.542 4.12 ~1.958
6.916 3.958 8.440 ~1.248
8.291 3.875 | 13.479 —~. 46
13.687 2.5tk | 18.532 088
18.63h 1076 128,538 0
23.583 0
NATTONAL, ADVISORY

FOR AERONAUTICS
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() Model dimensions and arrangement showing optimum flap position.

Figure l.- NACA 651+-1¢21 airfoil section with double slotted flap and boundary-layer suction slot.
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Figure 2.- Variation of 1ift coefficient with angle of attack for NACA 65)4—1421
airfoil section with boundary-layer control. R = 1.0 X 106.
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Figure 7.- Variation of minimum sectlon drag coefficient with
flow coefficient for NACA 65)4_-)421 airfoll section smooth

and rough. Flap retracted.
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(a) Smooth condition.

Figure 8.~ Variation of pressure coefficient with angle of attack for NACA 65h-h21 airfoil
section with boundary-layer control. R =110 % 106.
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Figure 8.- Concluded.
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with boundary-layer control. R = 2.2 x 10°.

> Figure 9.~ Variation of pressure coefficient with angle of attack for NACA 65|+-th airfoll section
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Figure 9.- Concluded.




