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SUMMARY

An investigation has been conducted at Reynolds numbers renging

from 1.0 X 106 to 6.0 X 106 in the Langley two-dimensional low-
turbulence tunnels to determine the effectiveness of boundary-layer
control by suctlon and of suction-slot location in increasing the
maximum 1i1ft and decreasing the drag of the NACA 655-h2h airfoil section

equipped with a double slotted flap. Tests were made of the model with

a suction slot at 0.45 chord and with a suction slot at 0.65 chord.
Measurements were made to determine the section 1ift, drag, and internal
pressure-loss characteristics for flow coefficlents ranging from O to 0.03
for the airfoil with the flap extended and retracted, with and without
leading-edge roughness. )

At a Reynolds number of 6.0 X 106, deflecting the flap increased
the maximum section 1lift coefficient of the smooth airfoil from 1.lL
to 3.&, and boundary-layer control at 0.65 chord with the flap deflected
further increased the value to 4.2. For the model with the flap de-
flected, the maximum section 1ift coefficients obtained with the
boundary-layer control slot at 0.65 chord were generally higher than
those obtained with the slot at 0.5 chord.

Boundary-layer control by means of a single suction slot at
0.65 chord resulted, for an extensive range of sectlon 1ift coefficlent,
in a section total-drag coefficient, which included a drag-coefficient,
allowance for the boundary-layer control power, lower than that of the
plain alrfoll. The meximm section lift-drag ratio of the airfoil with
flap retracted and leading-edge roughness was more than doubled at a

Reynolds number of 5.0 X 106 by the use of boundary-layer control and
that for the smooth airfoll was increased by approximately 38 percent.

INTRODUCTION

The use of alrfoil sections having thicknesses greater than about.
21 percent of the alrfoil chord has generally been avoided because of
the low maximum 11ft and high drag usually associated with such sectlons.
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In addition, roughening the leading edge of thick alrfolls generally
resulte In unreasonably large Increases of the drag coefficlient even at
very moderate 1ift coefficients. These undesirable characteristics of
thick airfoils are caused by premature separation of the turbulent
boundary layer. In view of the structural desirability of thick airfoil
sections, the need of a satisfactory method of retarding separatidfi of
the turbulent boumdary layer 1s apparent.

The results of previous investigations reported in references 1 to 4
indicate that control of the boundary layer by suction may be an
effective method of increasing the maximum 1ift =and decressing the drag
of NACA 6-series alrfolls having maximum thicknesses ranging from 12
to 21 percent. The purpose of the present investigation 1s to extend
the range of thicknesses covered in previous investlgations to include
an alrfoil of 2hk-percent thickness. Tests were made in the Langley two-
dimensional low-turbulence tumnels of the NACA 655-h2h alrfoll section

equipped with a double slotted flap and three arrangements of single
boundary-layer cantrol slots. The model was tested with a 0.015-chord
slot at 0.45 chord, and with a 0.018-chord and a 0.008-chord slot at

2.65 chord, various amounts of suction being utilized. Both the flap-~
retracted and flap-deflected configurations were tested with the surfaces
aerodynamically smooth and with roughmess applied to the airfoil leading

edge for Reynolds numbers ranging from 1.0 X 108 4o 6.0 x 10°.

SYMBOLS AND COEFFICIENTS

cq section 11ft coefficient [-L_
9,

cy maximum sectlon 1ift coefficient

max
Q volume rate of air flow through suction slot, cubic feet per

second

Vo free-stream velocity, feet per second
c airfoll chord, feet
b span over which boundary-layer control is applied, feet
C flow coefficient (—9_

Q Vocht
Ho free-stream total pressure, pounds per square foot

Hy, total pressure in wing duct, pognds per square foot
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free-stream dynamic pressure, pounds per square foot

BE .
pressure-loss coefficient <:ﬁ9——j§{>

%

gection profile-drag coefficient <ﬁ%§>

blower drag coefficient; that is, profile-drag coefficient associ-
ated with power required to discharge at free-stream total

c.C
pressure the air removed from the boundary layer <;c;%>

[y

section total-drag coefficient (fd + cd€>

section drag, pounds
section 1ift, pounds

local static pressure, pounds per square footb

pressure coefficlent <:é° - %i)
9

V.c
Reynolds number (?Elil;>
m

Yree-stream mass density, slugs per cubic foot

coefficient of viscosity, pounds per foot-second

efficiency of boundary-leyer suction system (assumed equal to 1.0
for calculating ch in the present paper)

ssction angle of attack, degregs

distance from airfoll leading edge measured parallel to chord
line, feet

MODEL

3

The model of the NACA 655-h2h airfoil section with a double slotted

flap tested was constructed of metal and had a chord of two feet and a
span of three feet. The model completely spamned the test section of
the Langley two-dimensional low-turbulence tunnel and of the Langley
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two-dimenslional low-turbulence pressure tunnel. Sketches of the model
showing the three suction slots and the flap configuration tested are
presented as figure 1. The forward part of the double slotted flap is
referred to herein as the vane. Ordinates for the plain airfoll section,
vane, and flap are presented In tables 1, 2, and 3, respectively. For
each test of the model without boundery-layer control, the suction slois
wore gsealed and faired to conform to the plain alrfoll contour. For '
tests of the model with leading-edge roughness, the surfaces were the
same as thogse for the smooth condition except that cartnrundum grains had
~been applied to the leading edge. The carborundum grains had average

diameters of 0.011 inch and were sparsely spread to cover frum 5 to 10 per:
cent of the surface. The roughness strip extended over a surface length
of 0.08c from the leading edge on each surface.

TEST METHODS

Preliminary tests of the model wlth the suction slot at 0.4t5c were
made in the Langley two-dimensional low~turbulence tumnel at a Reynolds

number of 2.2 x 108 and a flow coefficient Cq of 0.02 to determine the

flap configuration for highest maximum 1ift. These tests consisted of
surveys of the flap position with respect to the vane for ssveral flap
and vane deflections and surveys of the flap and vane as a unit with
respect to the alrfoil. The flap configuration that had the highest,
maximum 1ift is shown In figure 1 and was the configuration used for all
subsequent tests of the model with the flap deflected.

The section 1ift characteristics of the model with each suction-slot

configuration were determined at a Reynolds number of 6.0 X 106 in the
Langley two-dimensional low-turbulence pressure tumel at flow coef-
Ticients ranging from O to 0.03. In all cases the values given for the
condition of CQ = 0 were obtained with the suction slots sealed and

faired. In order to obtaln an indication of the effects of Reynolds
number on the section 1ift characteristics, the model with the suction

glot at 0.45¢c was also tested at Reynolds numbers of 1.0 X lO6

and 2.2 X 106 in the Langley two-dimensional low-turbulence tummel. In
each case, the model was tested with the surfaces aerodynamically smooth
anl wlth leading-edge roughness for the configuration with the flap
retracted and for the configuration with the flap deflected.

The section profile-drag and total-drag characteristics for the
model with each of the three slot configurations were determined with

the flap retracted at a Reynolds number of 6.0 x 10°.

The section 1ift and profile-drag characteristics were determined
by the methods described in reference 5, which also includes a discussion
of the methods used in correcting the test data to free-air coniitions.
The flow coefficient was determined from measurements of the pressures
within the pipe line connecting the duct in. the model to a blower Inlet.
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The pressure-loss coefficients were determined from meesurements with a
flush surface orifice located in the end of the duct and opposite 1o the
end from which the alr was removed. The section total-drag coefficlent
was determined by adding the section profile-drag coefficient determined
from weke-survey measurements to the blower-drag cosfficlent determined
from the internal pressure mesasurements. Pressure distributions for the
upper surface of the airfoll with and without bouniary-layer control were
determined from measurements with a small static-pressure tube placed

approximately g% inch above the alrfoll surface. At each measuring

station, the tube was curved to approximete the airfoil contour.

RESULTS AND DISCUSSION

Determination of Slot Configurations

The low maximum 1ift and high drag of thick ailrfoil ssctions are
caused primarily by separation of the turbulent boundary layer. The =zpa-
ration of the turbulent boundary layer, which occurs even at low angles
of attack, 1s Induced by the adverse pressure gradient over the rear
part of the airfoll. A secondary contribution to the high drag is the
skin friction, which 1is increased for thick airfoils because of the
relatively higher induced velocities. The effectiveness of a bomdary-
layer control slot in preventing separation for an extensive range of
angle of attack will depend to a large extent upon the change in the
chordwise position of separation with section angle of attack and, there-
fore, a slot that is effective at low angles of attack may be consider-
ably less effective at high angles of attack.

The O0.45c station was chosen for one slot location because previous
tests (reference 4) have shown that the maximm 1ift may be considerably
Increased by loceting the slot at that position and because at low angles
of attack the slot itself should not cause transition from laminar to
turbulent flow with a resultant increase in profile drag. The 0.65¢ sta-
tion was selected for the other slot location because the pressure-
distribution diagram presented in figure 2 indicates that at a section
1ift coefficient of approximately 0.5, which was considered a representa-
tive crulsing 11ft coefficient, separation began at approximately 0.65c.
The slots at 0.45c and 0.65c, as shown 4n figure 1, had widths of approxi-
mately 0.02c in order to obtain the high flow coefficients required for
highest maximum 1ift. The smaller slot at 0.65¢ shown in figure 1 was
deslgned for use at low flow coefficients.

Lift

The section 1ift characteristics of the model with the various slot
configurations tested are presented in figures 3 and 4. The main effect
of boundary-layer control by an individual suction slot was to maintain
a linear variation of section 1ift coefficient with section angie of
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attack for a more extensive angle-of-attack range, with a resultant
increase in the maximum section 1ift coefficlent. Boumdary-layer control
generally Increased the section angle of attack for maximumm lift and also
caused the angle of attack for zero lift to become more negative for the
model in the smooth and rough condlitions. Boundary-layer comntrol gener-
ally increased the slope of the 1ift curve for the model in the rough

condition. .

The variation of maximmm section 1lift coefficient with flow coef-

ficlent at a Reynolds number of 6.0 X 106 is pregsented in figure 5. These
date indicate that the increment of maximm section 1ift coefficient per
incremént of flow coefficient became appreciably less as the flow coef-
ficlent was increased beyond a valus between 0.0l and 0.02. The gain in
maximm section 11ft coefficient with flow coefficient was about twice as
much for the flap-retracted configuretion as for the flap-deflected con-~
figuration. With the flap deflected, higher maximm 1ift coefficients
were obtained with suction applied at 0.65c as compared with those coef-
ficients obtained with suction applied at O.45c; whereas the opposite
was true for the flap-retracted configuration. The maximm section 1ift
coefficient of the airfoll in the emooth condition at a Reynolds number

of 6.0 X 106 wag 1.t with the flap retracted; deflecting the flap
increased the 1ift coefficient to 3.4k, and boundary-layer control further
increased the value to 4.2. Reducing the width of the suction slot

at 0.65c had little effect on the velue of the meximum section 1ift coef-
ficlent as can be seen from the date obtained at a flow coefficlent

of 0.01 and presented in figure 5. The high flow coefficients reguired
for high maximum 1ift, however, were obtainable only wlth the widsr slot
because of the excessive power required at high flow coefficlents with
the narrow slot.

The variation of maximm section 1ift coefficient with flow coef-

ficient for Reynolds numbers renging from 1.0 X 106 to 6.0 X 106 for the
model with the slot at 0.45c is presented in figure 6. For the model in
the smooth condition with the flap deflected, the maximum section 1ift
coefficlent generally increased as the Reynolds number was increased

from 1.0 X 106 to 2.2 X 10~ and decreased as the Reynolds number was

increased further to 6.0 X‘106, whereas with the flap retracted, the maxi-
mm section 1ift coefficlent increased as the Reynolds number was

increased from 1.0 X 106 to 6.0 x'106. Varying the Reynolds number gener-
ally caused no significant or consistent change in the maximum section
1ift coefficient. The highest value of the maximum section 1lift coef-

ficlent at a Reynolds nmumber of 2.2 X 106 was h.2, or 0.4 higher then
that obtalned for the NACA.65h-h21 airfoll sectlon with a double slotted

flap and boundary-layer control by msans of a suction slot at 0.45c
(reference L4).
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Drag and Lift-Drag Ratio

The section profile-drag characteristics of the model with the flap

retracted are presented for a Reynolds number of 6.0 X 106 in figure 7.
In all cases boundary-layer control reduced the sectlon proflle-drag
coefficlent for an extensive range of sectlon 1ift coefficient, but the
reduction was larger for the configuration with the slot at 0.65c.
(Compare fig. 7(a) with fig. 7(b).)

The pressure-loss characteristics for the model with the 0.016¢c slot
at 0.45c, with the 0.018¢ slot at 0.65c, and with the 0.008c slot at 0.65¢
are presented in figures 8, 9, and 10, respectively. The power P
required for the boundary-layer control may be estimated from the

Cc.C
pressure-loss cheracteristics by the equation P = —952 gV b  where the

0 0cC
efficiency factor 17 includes both the mechanicel and ducting losses.

The sectlon total-drag polars presented in figure 11 indicate that
the meximum section lift-drag ratio ce/de was obtained by using the

slot at 0.65¢c and flow coefficients of 0.002 or 0.003. Uniform suction
across the span was obtalned at these low flow coefficlents only with
the 0.008¢ suction slot. The data presented in figure 11 indicate that,
in general, the sectlon total-drag coefficlents were lower for the model
with the slot at 0.65¢c than those obtained with the slot at 0.45¢c. The
section total-drag coefficient for the canfiguration with the 0.008¢c suc-
tion slot at 0.65c and with leading-edge roughness, moreover, was
generally lower than that of the model with the slot sealed for an
extensive range of 1lift coefficlent.

The data presented in figure 11(c) indicate that at a Reynolds number
of 6.0 X 106 the maximum section lift-drag ratio cy/ch with flap

retracted was increased from 116 to 160 for the smooth condition and from
30 to T4 for the rough condition by the use of boundary-layer control.
It has been shown in reference 7 that, for a plain wing having a fixed
ratio of span to root thickness, increesing the aspect ratio beyond a
certain 1imit tends to result in no Increase in the maximum lift-drag
ratio, particularly for the rough condition, because of the high profile
drag resulting from the thick root and inboard sections. The fact that
svubstantial decreases in the drag at crulsing lift coefficients and
corresponding increases in the section lift-drag ratio were reelized in
the present investigation by the use of boundary-layer control for a
section of 2h-percent thickness means that the aspect ratio for meximm
lift-drag ratio has been increased. Research on thicker sections is
required in order to determine the limit to which 1t is possible to
increase the aspect ratio and still obtain increases in the wing 1ift-
drag ratio. The optimum aspect ratio will be dependent to some extent
upan the efficiency of the becumdary-layer suction system because of 1ts
effect on the section total~drag coefficient.
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CONCLUSIORNS

An Investigation has been conducted in the Langley two—dimensional
low—turbulence tumnels to determine the effects of boundary—layer control
by suction and of suction—slot location on the section 1ift and drag
characteristics of the WACA 655-L2L airfoil section with a double slotted

flap. The model was tested with a suction slot at 0.45 chord and with a
suction slot at 0.65 chord. The results of the investigation indicated
the following conclusions:

1. The maximm gection 1ift coefficlent of the aiffoil in the smooth

condition at a Reynolds number of 6.0 X 106 was 1.4 with the flap
retracted; deflecting the flap increased the 1lift coefficient to 3.4, and
boundary—layer control at 0.65 chord further increased the valus to 4.2.
At the same flow coefficlent, the Increase 1h the maximum section 1lift
coefficlent was about twice as much for the flap-retracted configuration
as that for the flap-deflected configuration.

2. The maximm section 1ift coefficlents obtained by the use of

boundary—layer control at a Reynolds number of 6.0 X lO6 with the flap
deflected were generally higher for the configuration with the suction
slot at 0.65 chord than those for the configuration with the suction slot
at 0.45 chord.

3. Increasing the Reynolds number from 1.0 X 106 to 6.0 x 106
generally caused no slgnificant or consistent change in maximum section
1ift coefficlent.

4, For the configuration with the suction slot at 0.65 chord and
leading—edge roughness, the sectlon total—drag coefficlent Cams which

included the drag coefficient assocliated with the power required to
discharge the air removed from the boundary layer, was lower than that
of the plain airfoil for an extensive range of 1lift coefficient.

5. The maximm section lift~drag ratio cz/ch of the airfoll with

flap retracted and leading-edge roughness was increased from 30 to Tk at
a Reynolds number of 6.0 X 100 and that for the smooth model was
increased fram 116 to 160 by use of the boundary—layer control slot at
0.65 chord.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., February 6, 1948.
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[Btations end ordinates in percent chord|

TABLE I
NACA 655-442)y AIRFOIL SECTION

TABIE 2
VANE FOR NACA 655-1121; AIRFOIL SECTION
[stations and ordinetes in percent airfoil chord]

Upper surface Lowelr gurface
vane o | Ordinate | Station |Orainate
0 -0. 0 ~0.958
.625 0-3% -62 -2-%38
2.000 2.%25 1.3 -2.417
E.Ha 2.625 2.000 -2.250
» Z .000 2.72 -1.
%o?’z 0583 #l% -cd;g
167 o9 é 2 1.9
3;5;% i& %BJI 3:202
' | 8355 | 018
TABLE 3 ~NACA

FLAP FOR NAGA 65542l ATRFOIL SECTION
@tations and ofdinatea in percent airfoll ohord]

Upper surfaoce Lower surface
8tation | Ordinate Station | Ordinate
0 0 0 0
-218 1.77]~ '782 -l’ 71'
.%55 2.156 1.065 | -1, 16
oo | 2B | LS| 2l
l‘--528 -6& 31%2 -EQLI.OO
7.002 2-070 .998 -2.551;
13.]-[. 5 .2).[. 10- 05 - ul 1
.515 | 10. 15.185 -g.hzg
%ﬁc 61 11.2 200)—[. 9 - -5 .
doia | w2 Et
kAN E
£h.922 | U0t Lo.o72 | Z3ien]
50.000 | 13.537 50.000 -3.12
o | 2 | S| B
65.165 1o:§gh 231837 :Z:a
700189 .Bn 3 63.811 -go %
gt | ri | e | e
85.159 Elazz gﬁ:g%l 1. 53
90,11 2.6 83. -.60
95.05 1,229 g 913[2 035
100.000 0 100.0 o)
L.E. radiuvas: 3.05
Slope of radius through L.E.: 0.168

Upper surface Lower surface
siets  |Ordinate | Station |Ordinate
0 a1 g ) " 0 &7
il I
l- . 1] —_—rbe
20&%—'- - 58 ?_.ggj.l. "2-1
)‘}'913 ﬁ 3.875 | -2.292
'8&4. lal-ogog 3.9; "i.OBB
Soons | 2.8 %glg 1258
17.823 1.229 061 «035

23.667 | © 23.667 | O

ot
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A
Airfoil chord

D.0S0f=—0.09c~ 8
[+
o

y.

<~_

- 0,2080 - 0.3750

0.82Lo

(a) Blot at 0.450.

Figure 1,- Profile of the NACA 655-]4.2’4 airfoil sectlon with boundary-layer control alota. Vane position
given with respeot to point corrsasponding to interseotion of vane chord line with upper surface of vane.
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(2) Plain airfoil; oy = 0.49.

6

ol .
Chordwise position, x/c

.B

(b) 0.008c boundary-layer ooutrol slob}
0g = 0.0025)5 oy = 0.7k

Figuro 2.~ Thoorstical and expsrimental preasurs dlstribubtions for the upper surface of tha KAOA 655-11.2&. airfoll saction.

Theoroticel preasure distributions obtalned by mothods discussed in refersnce 6, o5 = [.1°; R = 2.2 x 1
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Figure 3.- Sectlon 1ift characteristics of the NACA 655-42l, airfoil section with a 0.0l6c

boundary-layer control slot at 0.;5c.
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