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TECHNICAL NOTE 2177

LOW-—SPEED CHARACTERTSTICS OF FOUR CAMBERED,
10-PERCENT-THICK NACA AIRFOIL SECTIONS

By George B. McCullough and William M. Haire
SUMMARY

A two—dimensional low—speed Investigation was made of four thin,
cambered airfoil sections. The airfoil sections were the NACA 644310,
a = 1.0; the 64A810, a = 0.8 (modified); and the NACA 0010 cambered to
the same two mean lines. The data, obtained for Reynolds numbers of
3.7 X 10%® and 5.2 X 108, include measurements of lift, drag, pitching
moment, and chordwise distribution of pressure. The effect of surface
zggghness was investigated as well as the effect of a split flap deflected

It was found that the NACA four-digit-series sections developed
greater maximum 1ift than the corresponding NACA 6lA-series sections
for all test conditions. The maximum 1ifts of both series without
flaps were reduced by surface roughness; the effect was greater for
the sections with the smaller amount of camber. The increment of maxi-—
mm 1ift produced by the split flap deflected 60° was greater for the
NACA four-digit-series sectlons.

Visual observation of tufts attached to the upper surfaces of the
models indicated that the stall of the sectioris cambered for an ideal
1ift coefficient of 0.3 was the result of separation of flow from the
leading edge almost immediately after the appearance of turbulent separa—
tion at the trailing edge; whereas, for the sections cambered for an ideal
1ift coefficient of 0.8, turbulent separation from the trailing edge pro—
gressed as far forward as the TO—percent—chord station before laminar
separation appeared near the leading edge.

INTRODUCTION

Ag part of a general study of the stalling characteristics of thin
wings, a two-dimensional investigation was made of the effect of a large
change of airfoll thickness distribution on the low-speed stalling char-—
acteristics of cambered airfoil sections. Specifically, the basic thicx—
ness distributions compared were 10-percent—thick NACA four-digit and
64A~series sections. Calculations based on the method described in refer—
ence 1 indicate that differences in the high—speed characteristics of sym—
metrical conventional and low—drag airfoil sectlons tend to disappear when
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these sectlions are cambered by combining them with the same NACA a—type
mean line, IFf there is little or no difference between the two types of
cambered airfoil sections from the stendpoint of high-speed drag, the
choice of section for esircraft employing cambered wings probebly will
depend on the low—speed stalling characteristics. For this reason, it
seemed desirable to compare the characteristics of typical sections at

low speed. '

The models employed for the investigations were cambered for ideal
1ift coefficients of 0.3 and 0.8, thereby enabling comparisons of the two
sections to be made for two fairly wldely separated amounts of camber.
The mean lines were the same for each pair of models with the same amount
of camber, but differed for the two amounts of camber.

The data obtained include measurements of 1ift, drag, pitching moment,
the chordwise distribution of pressure, and visual studies of the character
of the stall as indicated by tufts of thread attached to the upper surfaces
of the models. Data were obtained for the models in the smooth condition

and with roughness aspplied to the forward 8 percent of the chord, both with
and without a simulated split flap deflected 60°.

The investigation was conducted in the Ames T— by 10—foot wind tunnel
No. 1.
NOTATION
The data are presented in the form of standard NACA coefficients
defined as follows:

. D
Cdq section profile-drag coefficient ( Eg—)
cy section 1lift coefficient< g;—)

C14 design section 1lift coefficilent

°7'max meximm section lift coefficient

Cm section pitching-—moment coefficlent, r'eférred to the quarter—chord

point 'lz >
[

a mean—line designation,- fraction of chord over which design load
is wmiform

c alrfoll chord, feet
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Do profile drag per unit span, pounds per foot

Ho free—stream total pressure, pounds per square foot

L 1ift per unit span, pounds per foot

M pltching moment relative to the quarter—chord. point per unit span,

pound—feet per foot

P local static pressure, pounds per square foot
q free—stream dynamic pressure, pounds per square foot
R Reynolds number, based on airfoll chord
i Ho — P
S pressure coefficient 3
X chordwise station, feet
2 section angle of attack, degrees
g section angle of attack corresponding to design 1ift coefficient,

degrees

Bf deflection of trailling-edge split flap from lower surface, degrees

MODELS

Four models, each of U—foot chord, were constructed of wood and
differed from one another only in airfoil section. When mounted in the
wind tumnel, each model spanned the T—foot dimension. Attached to the ends
of the models were circuler plates, 6 feet in diameter, which formed part
of the tunnel floor and ceiling. To permit the-measurement of pressure
distributions, flush—~type pressure orifices were provided along the midspan
sections of the models. The airfoil—-section designations were as follows:

NACA 644310, a=1.0*

NACA 0010, a=1.0, c3y = 0.3

WACA 644810, a=0.8 (modified)*

NACA 0010, a=0.8 (modified), c21=o.8

lCharacteristics of the a=1.0 mean line are glven in reference 2 and of the
a=0.8 (modified) mean line in reference 3.
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Coordinates of the four sections are glven in table I and sketches of the
proi‘iles in figure 1.

The effect of a 20—percent—chord split flap, hinged on the lower sur—
face, was similated by attaching a flat steel plate to the lower surface
of the model with 60° wooden brackets.' The same brackets were used with
all four models so that the 60° flap deflection was maintained with respect
to the lower surface in all cases.

Roughness consisting of carborundum grains of epproximately 0.0ll—inch
diameter was applied to the upper and lower surfaces for a distance of
8 percent of the chord rearward from the leading edge of the model. The
grains were distributed so as to cover approximately 15 to 20 percent of
this area.

TESTS

The test data were obtained for two values of Reynolds number:
3.7 X 10® and 5.2 x 10°, which corresponded to Mach numbers of 0,131 and
0.187, respectively. Tests were made for both values of Reynolds number
for the mondels in the smooth condition, and for the higher value
(R = 5.2 x 108) with roughmess applied to the leading-edge regions.

Force measurements of 1ift and pitching moment were made with the
wind—bunnel balance system. Except where noted otherwise, the data were
corrected for the effects of tunnel-wall constraint and compressibility
by the methods outlined in reference 4.

RESULTS AND DISCUSSION

Lift

The 1ift and momsnt characteristics of the four models as measured
by the wind-tunnel balance system are shown in figures 2 and 3. For all
test conditions > both without and with the simulated split flap, greater
maximum section 1ift coefficients were obtained for the WACA four-digit—
series airfoils than for the corresponding NACA 6if-series airfoils. For
the airfoils cambered for a design 11ft coefficient of 0.3, Clpax for
the four—digit airfoil was greater by ebout 0.2. The superiority of the
four—digit series diminished when the camber was increased to that for a
design 1ift coefficient of 0.8. For this amount of camber the increment
of maximm 1ift coefficient was less than 0.1.

The 1ift characteristics of the four airfoils are summarized 1in the
following table:
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Surface Smooth Smooth Rough
condition R = 3.7 x 10° R = 5.2 x 10° R = 5.2 x 108-
Airfoil 644310 01:23‘.’3 64310 | 01:2(1)?3 644310 0123?3
. 1.32 1.53 [ 1.33 | 1.53 1.12 1.36
dey/dag .108 .108| .109 .109 .110 .109
Clyay With | 1.85 2.37 | 1.92 2.36 | 1.98 2,20
8p = 60°
Airfoil 644810 0222(1)?8 644810 01:2(1)?8 64810 012%?8
C) o 1.68 1.76 | 1.70 1. 7% 1.62 1.69
dey/dog <10k J10hk|  L107 107 | .10k .103
®} g with 2.39 2,62 | 2.43 2.66 2.41 2.53
8p = 60° '

The values given for the lift—curve slope were measured at the design 1ift
coefficient.

In order to provide a check on the wind-tunnel balance measurements,
the section 1lift coefficlents in the vicinity of the maximm 1ift of the
smooth models were computed by integratlion of the pressure distributions.
The values so determined were about 0.02 greater than those determined
from the balance system except for the four—digit—series section cambered
for cy i=0.8. For this section, c¢; _ Was 0.1 gréeter than the balance—

system value.

The increment of maximum 1ift produced by the simulated split flap was
greater for the four-digit—series airfoils than for the 64A series, and for
both geries the increment of maximum 1ift produced by the flap was greater
for the more highly cambered sectioms.

The addition of roughness to the unflapped alrfoils reduced the maxi—
mum lift coefficient about 0.2 for the alrfoils cambersd for cy i=0.3 » and

less than 0.l for the airfoils cambered for cy i=0'8' For the airfoils with
the simulated split flap, the application of leading-edge roughness produced
a different effect on each series of airfoils. For the 644310 airfoil the
meximm 1ift was increased, and for the 64AS10 airfoil the maximum 1ift was
decreased; whereas,. for the four-digit series with either amount of camber,
the maximum 1ift coefficient was decreased more than 0.1, .

o T e
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Visual studies of the stall patterns, as indicated by tufts, showed
that the flow over the models was unsteady near maximum lift. In general,
both the models cambered for cg i=0°3 stalled from flow separation at the

leading edge almost immediately after the appearance of turbulent separa—
tion at the trailing edge. The models cambered for °Zi=°-8 stalled

primarily from turbulent separation. The area of separated flow progressed
forward to about the TO—percent—chord station before the stall pattern
became confused by small areas of laminar separation neer the leeding edge.
These stalling characteristics were also indicated by the pressure distri-—
butions (not presented) obtained for angles of attack greater than those
corresponding to maximm 1ift. For the sections cambered for c3 1=O.3,.

the peak negative pressures collapsed abruptly at maximm 1ift; whereas,
for the sections cambered for cy i=0.8, the collapse of the peak negative

pressure was gradual. The pressure distribution near the tralling edges

of the letter sections were relatively flat, indicative of turbulent sepa—
ration. Within the range of the investigation (R = 3.7 X 10° to 5.2 x 108),
the stalling characteristics of all the four alrfoil sectiomns were rela—
tively unaffected by Reynolds number.

The reason for the more deleterious effects of roughness on the mexl—
mm lift of the sections of lower camber may be explained as follows: An
vnpublished result of an investigation of the stalling characteristics of
the NACA 63~009 airfoil section was that roughness on the upper surface
reduced maximum 1ift, but roughness on the lower surface increased maximum
1ift. Hence, it may be inferred that, for a region where the flow is
laminar and where there is a severe adverse pressure gradient, surface
roughness tends to promote early separation of the boundary layer. BSince
the sections cambered for c; i=0'3 stalled primarily from leminar separa—

tion, 1t would be expected from the foregoing reasoning that roughness
would have a more adverse effect on these sections than on the sections
cambered for °Zi=°‘8’ which stalled primerily from turbulent separation.

As can be seen in figures 3(a) and 3(b), the 1lift curve of the
NACA 64A810 section departs from that of the four—-digit—series section as
the negative—lift range is approached from the positive side. Coincident
with the shift in the 1ift curve is a strong positive trend of the pitching
moment. The shift of the 1lift curve is thought to be produced by a local—
ized region of laminar—separated flow on the lower surface followed by
reattachment. . Lower—surface pressure distribu'bions shown in figure 4 support
this belief. For an angle of attack of -5. 2° s immediately prior to the
force break, there is a strong negative pressure peak near che leading edge
followed by a severe pressure gradient. For an angle of attack of -5.7°,
the negative pressure peak has collapsed and there is a considersble chord—
wise extent of sutstantlially constant pressure. A similar ebrupt redis—
tribution of pressure occurred for the NACA 64A006 airfoil section for an
engle of attack between 4.5° and 5° (reference 5). It was shown that the
collapse of the peek pressures was accompanied by the appearance near the
leading edge of a region of separated flow which subsequently reattached to
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the surface and progressed downstream as a thick, turbulent boundary layer.
The collapse of the pressure peak on the NACA 644006 airfoil also was
accompanied by discontinuities in the force and moment characteristics.

With roughness on the surface (fig. 3(c)), the 1ift and moment char—
acteristics of the two sections cambered for c; =0.8 are in good agreement

throughout the entire lift range. The pitching %xoments of both sections
show a positive trend in the negative—lift range similar to that of the
smooth NACA 6U4AB10 section (fig. 3(b)). By analogy, it is evident that a
localized region of laminar separated flow formed on the lower surface of
the roughened four-digit—series section prior to the attaimment of the
maximm negative—lift coefficlent. However, for the two roughened sectionms,
the extent of the region of separated flow increased more gradually with
increasingly negative angle of attack than for the smooth NACA 64A810
section. These characteristics were borme out by inspection of the pressure
distributions and the balance~system measurements of drag.

The slopes of the 1lift curves at the design 1ift coefficient for the
models cambered for c; 1=O.,3 were not appreciably affected by Reynolds

nunber or by the addition of roughness. However, for the models canbered
for cy =0.8, the slopes of the 1ift curves were reduced from 0.107 per

degree to 0.104 per degree by a reduction of the Reynolds number from
5.2 X 10% to0 3.7 x 10°. A similaer decrease in lift—curve slope was pro—
duced by the addition of surface roughness.

The greater sensitivity of the more highly cambered sections to
Reynolds number and surface roughness may be explained by consideration of
the factors which influence boundary-layer growth. For conditions corre—
sponding to design 1ift, the adverse pressure gradients over the rear por—
tions of the models cambered for ¢;.=0.3 were relatively mild, and as a
result the boundary layers were thin and had no tendency to separate. For
the models cambered for c; i=O.8, because of their greater design 1lift

coefficient, the sdverse pressure gradients were more severe and caused a
more rapld boundary-layer growth. These boundary layers had developed to
a stage where they were about to thicken rapidly as is shown by the non—
linesrity of the 1lift curves above the design 1ift coefficient, and as a
consequence were more sensitive to any circumstance adverse to boundery—
layer flow. ZFor this reason, reduction of Reynolds number or the addition
of surface roughness reduced the lift—curve slope of the models cambered
for CZ i=0.80

Plitching Moment

The magnitudes of the pitching-moment coefficients are about what
would be expected from examination of data for airfoil sections having
camber lines similar to those tested. However, the variation of the
pltching-moment coefficient with 1ift coefficient (figs. 2 and 3) shows a

S e e - ——
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positive trend beyond the stall; data for similar airfoil sections from
other sources show the opposite trend. The reason for this is not under—
stood. Integration of the pressure distributions also showed positive
trends which were less pronounced than those shown by the force measure—
ments.

Drag

The drag coefficients computed from wake surveys behind the four models
are shown in figure 5. The minimum section profile—drag coefficients and '
the corresponding values of the section 1ift coefficient for a Reynolds
nunber of 5.2 X 10 are 'babulated as follows:

Surface condition
Airfoil
section Smooth Rough
3 ) 3 )

644310 0.0042 0.3 - | 0.0082 0.2 ‘
0010 .0051 .2 .0084 -]

CI 1=0 . 3 L ‘.
64A810 .0048 .8 .0087 L
0010 .0055 A4 .0088 oA

The minimm drags of the 6iA-series airfoils, as would be expected,
were less than those of the corresponding four—-digit-—series airfoils for
all test conditions. The minimum drags and the centers of the low—drag
ranges of the smooth 6lA—series airfoils occurred for 1lift coefficients
close to the design velues. The minimm drags of the four-digit—series
airfoils occurrsd for 1lift coefficlients considerably lower than the design
values.

The effect of increased camber was to increase the drag corresponding
to the design 1ift of both the 64A— and the four—digit—series airfoils.
The low-drag range of the 6liA—series airfoil became less well defined and.
of smeller extent with increased camber.

The effect of Reynolds number on minlimm drag was inappreciable for
all the airfolls, but increasing the Reynolds nunmber reduced the drag out—
side the low-drag range.
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The addition of surface roughness, of course, increased the drag in
all cases and completely removed the low—drag "bucket" of the 6lhA-series.
The minimm drag of the rough 64A-series sections occurred for the same
values of 1ift coefficlent as for the four-digit series.

Pressure Distribution

Experimsntal pressure distributions corresponding to three conditioms,
one near zero lift, one near design 1lift, and one near maximm 1ift, are
shown for the four airfoils in figure 6. These data have not been corrected
for the effects of tunmel—wall constraint or compressibility. The pressure
distributions of the two airfoils cambered for c;,=0.3 (fig. 6(a)) do not

indicate any flow separation near maximum lift; whereas those of the airfoils
cambered for c, =0.8 indicate turbulent separation over the rear 20 percent

of the chord (fig. 6(b)). In all respects the pressure distributions are
typical of the two types of alrfoil sections and no unexpected abnormalities
are revealed.

Comparisons of the theoretical and experimental pressure distributions
corresponding to the design values of 1lift are shown in figure 7. The theo—
retical pressure distributions were derived by the method of velocity super—
position described in reference 2, and the experimental pressure distributions
were obtained from data measured on either side of the design 1ift coeffi-
cient. The experimental data are for a Reynolds number of 5.2 X 10° and
are corrected for the effects of tunnel-wall constraint and compressibility
by the method of reference k.

As 1s pointed out in reference 2, the method of velocity superposition
glves pressure distributions which correspond to lift coefficients greater
than the design values by an emount dependent on the thickness ratio of the
basic thickness form. (In the present case the amount was sbout 10 percent.)
Both the theoretical and experimental pressure distributions were adjJusted
by interpolation until the values of 1lift coefficient obtained by integration
of the pressure dlagrams agreed closely with the design values. The section
angles of attack a3 shown in figure T are those corresponding to the
adjusted pressure diagrams. (As is also mentioned in reference 2, the theo—
retical angles of attack are only approximately correct amnd should not be
used where great accuracy is required without experimental verification.)

In general, the agreement between the experimental and computed pres—
sure distributions is good. Such discrepancies as do exist can be charged
to the limitations of the method of computation (which, for one thing,
ignores any viscous effects) and possibly to small construction errors in
the profiles of the experimsntal models.

e —————— e m e e s s = v = e i e — e e e e e —————— _—
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CONCLUSIONS

The stalling characteristics of cambered alirfoil sections as affected
by the NACA 0010 and 64A010 basic thickness distribution were investigated
at low speeds. The amounts of camber were those for design 1ift coeffi—
clents of 0.3 and 0.8. From data obtained at Reynolds numbers of 3.7 X 10°
and 5.2 X 10° the following conclusions can be drawn:

1l. The maximum section 1lift coefficlents of the four-digit sections
were greater than those of the 64A—series sections for all test conditions.
The superiority of the four—digit sections diminished with increased amount
of camber,

2. The stall of the sections was little affected by the change of
thickness distribution, but was significently affected by camber. Visual
observation of tufts attached to the upper surfaces of the models indicated
that the stall of the sections cambered for an ideal 1ift coefficient of
0.3 was the result of separation of flow from the leading edge almost lmme—
diately after the appearance of turbulent separation at the tralling edge;
whereas, for the sections cambered for an ideal 1lift coefficient of 0.8,
turbulent separation from the trailing edge progressed as fer forward es
the TO-percent-chord station before laminar seperation appeared near the

leading edge.

3. The effect of Reynolds mmber on maximum 1ift was small for the
range investigated.

k., Surface roughness decreased the maximum 1ift of all the
unflepped airfoil sections. This reduction was greater for the sectlons
cambered for a design 1ift coefficient of 0.3 than for those cambered
for a design 1ift coefficient of 0.8. Roughness reduced the maximum
1ift of the flapped four—digit-series sectlons, but showed no consistent
effect on the flapped 6hA-series sections.

5. The increment of maximum 1ift produced by a simulated split
flap deflected 60° was greater for the four-digit-series airfoils than
for the 644 series. For elther series, the increment of maximum 1ift
produced by the flsp was greater for the greater amount of camber.-

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Cslif., May 12, 1950. .
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TABLE I.— COORDINATES OF CAMBERED ATRFOIT, SECTIONS

HACA 0010
cu-0.3, a=1.0

[Stations end ordinates given in percent of
chora)

airfoil
Upper surface Lover surface
Station Ordinate Station Ordinate
[+] [} 4} [+]
1.086 1. 1.k1% -1.409
2.310 2.3; 2,690 -1.891
5.792 3.529 5.208 -2.581
T.290 4,130 7.710 -2.858
13.796 672 10.20% —3.122
816 5.460 15.184 -3.k42
12.8';2 5.973 20,158 -3.565
24,870 6.293 25,130 =3.607
29.899 6.4159 30,101 =3.543
o 6.443 ho,057 -3.231
000 6.066 50,000 —2.758
60,037 5.409 59.963 -2,197
. 052 h.512 69. -1,59%
80.072 3.380 79.928 —-gSE
90,063 1.980 937 —.h30
95,047 1.04% 94.953 ~.196
100,000 «105 100,000 -.105
L. E. radius: 1,100, 8lope of radius through
L. E.: 0.125,

NACA 6hA310
e=1.0
[Stations ard crdinates given in percent.of
airfofl chord)
Upper surface Lower surface
Station Ordinate Station Ordinate
o 0 [s] [s]
«399 873 - 601 -
.638 1,068 862 -.858
1.123 1.379 137 | -t |-
2.353 1,961 2.647 -1,%03
4.837 2.739 5.163 —1.847
T.332 3.436 7.668 -2.164
.832 3.970 10.168 -2.420
1,842 h-%z 15.158 —2.809
19.859 LR 20,151 -3.076
24,879 5.9%6 25.121 -3.262
29.902 6.29% 30.098 -3.378
2o o | Bn | 38
OTT 6.536 .023 =3.252
50,000 6.33% 50,000 -3.030
5.021 | 6.0 | Shory | -2.TH6
60.039 5.62T 59.961 -2,515
65.? 5.142 6h.947 -2.002
T0.063 k.584 6%.937 -1.668
T5.069 3.96% T4.931 -1,280
80.070 3.296 3-930 -.508
ss.g 2'332 89. —.322
90, L. . -
95.038 1.010% ok, 962 —.065
100,000 .021 o -.021
L. E. radius: 0.687. T. B. radius: 0.023.
Slope of radius throngh L. E.: 0.126,

HACA 0010
©7,°0.8, 8=0.8 (modified)
[Stations and ordinates given in percent of
airfolil chord]
Station Ordinate Station Ordinate
0 . 0 567 o 0
T 1. -1.023
1..938 :.9&8 '629 —1.360
«371 -337 J. =1.45
6.857 5.386 8.143 —1.&93
1§~3$ 602§ o —1-555
413 T.541 . -1.23
12.1488 8.476 20,512 -1,
28,571 9-5132 25.5k29 =727
.29.657 9. 30-3’1'2 -39
39.826 9.9%9 50,17 281
.T86 9.733 50.21% .
60,108 9.007 59.892 1,
70.210 T.T76 69,790 1.684
80,312 5.881 .688 1.595
90.233 3.146 . T67 -TT
95,129 1. o 322
.000 103 100,000 -103
L. B, radius: 1.100. Slope of radius through
L. E.: 0,380,

NACA 64a810
ax0.8 (modified)
[Btations and ordinates given in percent of
airfoil chord]

Upper surface Lower surface
Station Ordinats Station Ordinate
] o] [+] (4]
’f.;.f .976 78 —.597
R 1.231 1,072 -
.881 1.650 1.619 -,686
2.064 2.575 2.g36 -
h.506 3.716 5.hg% -.83
6.984 4,703 8.016 -.811
9.k79 5.541 10.521 )
.500 6.902 15.500 —.658
19.543 7.568 20,457 —-.526
24,601 8.795 25,399 -.383
29,668 9.520 30.332 -
3"'-7"2 9-857 35-258 b’
22.820 10,107 50,180 o
.900 10,150 55,100 o
20w | okn | wem | on
.g;g 9.225 59.886 1,187
65,169 8.612 64,831 1,426
T70.215 7.850 . TS 1,610
T5.252 6.932 Th. 748 1.720
80.300 5.819 T9.T00 1.657 .
85.292 4 k1 .708 1.331
90,20% 3,004 .796 geo
95.104% 1.512 .896 450
100,000 .021 100,000 -,021
L. E. radius: 0.687. 7. E. radiuss 0,023.
Slope of radius through L. E.: 0.380.
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Figure 2— Section liff and pifching-moment characteristics of the fwo
models cambered for a design liff coefficient of 0.3.
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Figure 2.— Continued.
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(c) Airfoils with leading-edge roughness; Reynolds number, 5.2 x 10°.

Figure 3— Concluded.
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Figure 6— Represenla}ive pressure distributions of the four
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Figure 7.— Gomparison of the theoretical and experimental pressure
distribution corresponding fo the design lift coefficient.
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