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SUMMARY 

Theoretical ~ressure distributions have been calculated and the 
experimental aerodynamic characteristics determined at low speeds for 
a selected group of the NACA four-digit-eeries airfoil sections which 
had previously been modified for high-speed applications. The 
experimental i nvestigation which was made in the Langley two-dimensional 
low-turbulence pressure tunnel consisted of measurements of the lift, 
drag, and pitching-moment characteristics of each of the plain airfoils 
at Reynolds numbers of 3.0 x 106, 6 .0 x 106, and 9.0 X 106 In 
addition, the effectiveness of flaps when applied to these airfoils and 
the effect upon the aerodynamic characteristics of standard leading-edge 
roughness were determined at a Reynolds number of 6 .0 x 106 • Also 
tested were three conventional NACA four-digit-series airfoil sections 
which had not previously been investigated in the Langley two-dimensional 
low-turbulence pressure tunnel. 

The results of the experimental investigation indicated that 
the maximum lift characteris tics of the modified NACA four-digi t -series 
sections having normal-size leading-edge radii and a maximum thickness 
of 12 percent chord located at 40 percent chord very closely approximated 
those of smooth NACA 64-Geries low-drag sections of corresponding 
thickness and camber. When the leading-edge radius was reduced to on&­
Quarter normal size, the maximum lift coefficients of the 10-percent-thick 
airfoils with maximum thj.ckness located at 40 and 50 percent chord were 
about 35 percent lower than those of NACA 64-series sections of COrre­
sponding thickness and camber. For airfoils eQuipped wi t h 20-percent-chord 
split flaps deflected 600 , the maximum lift of the airfoils with one­
quarter normal-size leading-edge radii more nearly approached that of 
NACA 64-series airfoils . Roughness had no appreciable effect upon the 
maximum lift of these airfoils. The minimum drag coefficients of the 
airfoils with maximum thickness at 40 percent chord and normal-size 
leading-edge radii were higher than those of the corresponding 
NACA 64-series sections . Reducing the leading-edge radius to one-quarter 
normal size and moving the position of maximum thickness to 40 and 
50 percent chord caused the minimum drag coefficients to be reduced to 
values about the same as those of corresponding NACA 64- ~~d 66-series 
sections, respectively. Increases in the trailing-edge angle resulting 
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from rearward movement of the position of maximum thickness caused 
sharp decreases in the lift-curve slope and pronounced forward move­
ment of the aerodynamic center. 

INTRODUCTION 

The increasing demand for high speeds in modern airplanes has 
focused much attention upon airfoil sections capaole of operation at 
high Mach numoers without suffering the adverse effects of compressibility. 
One of the first systematic series of airfoil sections developed with 
a view toward high-speed application consisted of modified NACA four­
digit-series sections. Descriptions and high Mach numoer data ootained 
in the NACA ll-inch high-speed tunnel were presented in 1934 (reference 1) 
for these airfoil sections. Since the issuance of reference 1, the 
modified NACA four-digit-series sections have oeen employed rather 
extensively in Europe, particularly in Germany, and have recently 
received favoraole consideration in this country. 

Low-speed aerodynamic data obtained in the NACA Variable-Ilensity 
Wind Tunnel are availaole for several of the modified NACA four-digit­
series airfoil sections (reff3rence 2). The range of airfoil types 
covered oy these data, however, is very limited. In view of the meager 
amount of data availaole for the modified NACA four-digit-series 
sections and because of the recent interest shown in them, an investi­
gation of the low-speed aerodynamic characteristics of a selected group 
was undertaken in the Langley two-dimensional low-turoulence pressure 
tunnel. The airfoils chosen for test were those which appeared from 
theoretical pressure-distriblltion calculations to offer the best 
possioilities for high- speed applications . The results of the experi­
mental investigation, together with the theoretical pressure-distrioution 
data for a numoer of the mod:Lfied NACA four-digi t-series sections, are 
presented in this paper. 

The aerodynamic charactoristics of five of the modified sections 
are presentedj three of these are symmetrical and two are camoered 
with the NACA mean line a = 0.8 (modified). (See reference 3.) Also 
presented are characteristicB of three conventional NACA four-digit­
series sections, data for whi ch are not included in the systematic 
results of reference 4 for this series. 

COEFF--CIENTS AND SYMBOLS 

section drag coefficient 

minimum section cLrag coefficient 

_~J 
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section lift coefficient 

maximum section lift coeffici ent 

design section lift coefficient 

section pitching~oment coefficient about aerodynamic center 

section pitchin~oment coefficient about ~uarter-chord point 

section angle of atta ck 

section angle of attack corr esponding to design lift 
coefficient 

section lift-curve slope 

free-stream vel ocity 

local velocity 

increment of local vel ocity 

increment of l ocal velocity cor r esponding to additional type 
of load dis t r ibuti on 

r esultant pres s ure coeffic ient j difference between local 
upper-eurface and l ower-eurface pressure coefficients 

Reynol ds number 

boundary- layer Reynolds number based on boundary-layer 
thickne s s and local velocity outside the boundary layer 

airfoil chor d length 

distance along chord from leadi ng edge 

distance perpendicular to cnor d 

mean- line ordinate 

mean-line designation~ fraction of chor d from leading edge 
over which design load is uniform 
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DESCRIPl'ION AND TIDWRETICAL CHARACTERISTICS OF AIRFOIlS 

Basic thickness fOTIru3.- The modifications to the NACA four-digit­
series basic thickness forms., completeJ.,y described in reference 1., can 
perhaps be best described here by an explanation of the digits appearing 
in a typical airfoil designation. Consider., for example., the NACA 0012-64 
airfoil section. The firBt four digits have the usual meaning attached 
to the numbers appearing i n the designation of a conventional NACA four­
digit-series airfoil secti on., in this case a 12-percent-thick symmetrical 
section. The two numbers following the dash describe the modifications. 

The first number fol __ owing the dash is an index to the size of 
the leading-edge radius. Leading-edge radii of three sizes., represented 
by the numbers 3., 6., and 9., were investigated in reference 1. The 
number 6 which appears in the illustrative example indicates the no~mal­
size leading-edge radius employed with conventional four-digit-series 
sectionsj the number 3 re})resents a one-quarter normal-size leading-edge 
radiusj and the number 9 ~ndicates a leading-edge radius of three times 
normal size. The second number following the dash indicates the 
position of maximum thickrless in tenths of the chord. Airfoils., which 
were derived in reference 1., have the position of maximum thickness 
located at 40., 50., and 60 percent chord. 

In order to provide Bome basis upon which to choose the airfoils 
to be tested., theoretical pressure distributions were calculated by 
the methods of reference :j for a group of modified NACA four-digi t­
series basic thickness fOl~. The results of these calculations are 
presented in figures 1 to 8 for the following airfoil sections: 

NACA 0002r-34. 

NACA 0010-64 
NACA 0010-65 
NACA 0010-66 

NACA 0010-34 
NACA 0010-35 

NACA 0012-64 

NACA 0012-34 

In addition to pressure d1stributions at zero lift ., these data include 
incremental velocity ratios from which the pressure distribution at any 
lift coefficient may be calculated. The method of making this calculation 
is described in reference 4. 

From the data of figures 1 to 8., the effect upon the pressure 
distribution of variatiollEl in the position of maximum thickness and 
size of the leading-edge radius are clearly evident. A decrease in 
both the peak negative pressure coefficient and in the variations of 
pressure over the forward part of the airfoil is effected by maintaining 
a normal-size leading-edge radius and moving the position of maximum 
thickness from 30 (origin8.1 position) to 40 percent chord (fig. 2). 

l 
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Further rearward movement of the position of maximum thickness, however, 
appears to cause a second peak in the pressure distribution near the 
trailing edge (figs . 3 and 4) followed by a rather sharp, undesirable 
pressure recovery . With one-quarter normal-size leading-edge radius, 
the magnitude of the peak negative pressure coefficient is not changed 
much but its position is moved to the rear. The change in position of 
minimum pressure is particularly marked when the position of maximum 
thickness is moved from 40 percent to 50 percent of the chord (figs. 5 
and 6). This movement of the position of maximum thickness decreases 
the peak negative pressure coefficient slightly but results in an 
undesirably large pressure recovery near the t railing edge. On the 
basis of these theoretical data and from a consideration of the probable 
low-speed characteristics, the NACA 0010-34, 0010-35, and 0012-64 basic 
thickness forma were chosen for tests. The NACA 0010-34 and 0012-64 
were also tested ~.n combination with a cambered mean line. 

Mean line.- In the present investigation, the modified NACA four­
digit-series basic thickness forms which were cambered employed the 
NACA a = 0.8 (modified) mean line (reference 3). This mean line is 
designed to have a uniform load distribution from the leading edge to 
the 80-percent-chord station and designed to be geometrically straight 
from about 85 percent chord to the trailing edge. The NACA a = 0.8 
(modified) mean line was used because the peak induced velocities added 
by this mean line to the velocities over the basic thickness form are 
less than those associated with ~he older mean lines, such as the 
NACA 230 and 24 mean line; and the curvature of the airfoil surfaces 
near the trailing edge which results from the use of an NACA a = 1.0 
mean line is eliminated. 

Ordinates and load-distribution data corresponding to a design 
lift coefficient of 1 .0 are present ed in figure 9 for the NACA a = 0.8 
(modified) mean line. If the ordinates and load are deoired for a 
design lift coefficient other than 1.0, they may be obtained easily 
by linearly scaling the values presented. The method for combining the 
pressure-distribution data for the basic thickness forms and mean line 
to give the pressure distribution about a cambered airfoil at any lift 
coefficient is given in reference 4. 

5 

Designation of cambered airfoil sections.- The method of deSignating 
modified NACA four-digit-series airfoil sections which employ the 
NACA a = 0.8 (modified) mean line is illustrated by the following 
example: 

NACA 0012-64, a 0.8 (modified), cz. = 0.2 
1. 

This system of numbers designates an NACA 0012-64 basic thickness form 
laid off on an NACA a = 0.8 (moQified) mean line cambered for a 
design lift coefficient of 0.2. 
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Conventional NACA four-digit-series airfoil sections.- Complete 
descriptions of the basic thickness forms and mean lines of the 
conventional NACA four-digit-series airfoil sections of which three 
were tested in the present investigation may be found in references 4 
and 6. 

APPARATUS AND TESTS 

Wind tunnel.- The experimental investigation was made in the 
Langley two-dimensional low-turbulence pressure tunnel. The test section 
of this tunnel measures 3 feet by 7.5 feet with the models, when mounted, 
completely spanning the 3-foot dimension and with the juncture between 
the model and tunnel walls sealed to prevent air leakage. Lift measure­
ments were made by taking tbe difference between the pressure reaction 
upon the floor and ceiling of the tunnel, drag measurements were made by 
the wake-survey method, and pitching moments were determined with a 
torque balance. A more complete description of tbe tunnel and the 
methods of obtaining and reducing the data are contained in reference 7. 

Models.- The eight airfoil sections for which the experimental 
aerodynamic characteristics were obtained are: 

NACA 001~35 
NACA 0010-34 

NACA 0010-34, a = 0.8 (modified), c2. 0.2 
l 

NACA 0012 
NACA 0012-64 

NACA 0012-64, a = 0.8 (modified), c2 i 
0.2 

NACA 2408 
NACA 2410 

The models representing the airfoil sections were of 24-inch chord and, 
with the exception of the 8-~ercent-thick section which was machined 
from steel, were constructed of laminated mahogany. The models were 
sprayed with lacquer and then sanded with No. 400 carborundum paper until 
aerodynamically smooth surfa.ces were obt ained. The ordinates of the 
models t ested are presented in table I. 

Tests.- The tests of ea.ch amooth airfoil section consisted of 
measurements of the lift, drag, and quarter-chord pitching moment at 
Reynolds numbers of 3 . 0 X 106, 6.0 X 106, and 9.0 X 106 . In addition, 
the lift and drag characteristics of each section were determined at a 

Reynolds number of 6 . 0 X 106 with standard roughness applied to the 
leading edge of the model. The standard roughness employed on these 



NACA TN No. 1591 

24-inch-chord models consisted of O.Oll-inch-diameter ca~borundum grains 
spread over a surface length of 8 percent of the chord back from the 
leading edge on the upper and lower surfaces. The grains were thinly 
spread to cover from 5 to 10 ]ercent of this area. In an effort to 
gain some idea of the effectiveness of flaps when applied to these 
airfoils, each airfoil was fitted with a 0.20c simulated split flap 
deflected 600 • Lift measurements were made at a Reynolds number of 
6.0 X 106 ¥ith the split flap, with the airfoil leading edge both 
smooth and rough. 

RESULTS 

The results obtained from tests of the eight · airfoil sections 
are presented (figs. 10 to 17) ~s plots of standard aero~ynamic 
coefficients representing the lift, drag, and quarter-chord pitching­
moment characteristics of the airfoil sections, The position of the 
aerodynamic center, as det~rmined from the experimental results, 
and the variation of the pitchin~oment coefficient about this point 
are also included. The influence of the tunnel boundaries has been 
removed from all the aerodynamic data by means of the following 
equations (developed in reference 7): 

Cd 0.990 Cd' 

c7, 0.973 C7, , 

Cmc /4 0.951 Cmc /4' 

a.o 1.015 a.' 0 

where the primed quantities represent the measured coefficients. 

DISCUSSION 

The discussion is primarily concerned with an analysis of the 
effects, as shaml by tests of the five modified NACA four-digit-series 
airfoil sections, of variations in the leading-edge r adius and position 
of maximum thickness upon the aerodynamic characteristics. In this 
analysis, frequent use is ' made of cross plots (figs. 18 to 21) showing 
the characteristics of the modified sections as compared with those of 
the conventional NACA f our-digit -eeries sec tions and NACA 6-series 
low-drag sections. The comparative results for the NACA 6-eeries and 
four-digit-eeries sections are shown in the form of curves representing 
fa ired data taken from reference 4, whereas the results of the present 

7 
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investigation appear in tho cross plots as experimental points. 
Little mention is made of the results obtained for the three conventional 
NACA four-digit-series sections tested inasmuch as they follow closely 
the trends indicated in reference 4 for this series of airfoil sections. 

Drag 

Minimum drag.- The previously mentioned influence upon the pressure 
gradients over the forward part of the airfoil of a reduction in size 
of the leading-edge radius and a rearward movement of the position of 
maximum thiclmess has" as Ilight be expected" a favorable effect upon 
the value of the minimum drag coefficient. An indication of the 
magnitude of this effect rru~ be gained from figure 18" which shows 
the minimum section drag coefficient corresponding to a Reynolds 
number of 6.0 X 106 as a function of airfoil thickness ratio for the 
five modified NACA four-digit series airfoils" for the conventional 
NACA four-digit series, and for the NACA 64- and 66-series low-drag 
airfoils. 

In the smooth condition, the minimum drag of the 10-percent-thick 
airfoils having leading-edge radii of one-quarter normal size and 
maximum thickness at 40 ancL 50 percent chord was of the same order, 
respectively, as that obta:".ned for NACA 64- and 66-series low-drag 
airfoils of comparable thic:kness. This similarity in drag indicates 
the exis t ence of consideraclle laminar flow over the airfoil surfaces. 
The small" though rather extensive, positive pressure gradient, which 
occurs over the surfaces of the 12-percent-thick airfoils having 
leading-edge radii of normal size and maximum thickness at 40 percent 
chord, gives rise to a minimum "drag coefficient which lies between 
those of the NACA 64-seriefl low-drag section and NACA four-digit-series 
section of comparable thickness. The addition of the NACA a = 0.8 
(modified) mean line to the NACA 0010-34 and 0012-64 basic thickness 
forms does not appreciably affect the value of the minimum drag 
coefficient. The faired data of reference 4, which are presented 
in figure 18" indicate that airfoil thickness form and mean line have 
li t tle effect upon the value of the minimum drag coefficient when the 
airfoil leading edges are 1n the rough condition; and the results of 
the present investigation (fig. 18) follow the same trend. 

The airfoil basic thiekness distribution appears to have a 
marked effect upon the ID8Irrler in which the minimum drag coefficient 
varies with Reynolds number (figs. 10 to 14). The controlling action 
of the airfoil pressure difltribution upon the extent to which the opposite 
effects of a thinning bouncLary layer and a forward movement of the 
point of transition balance each other as the Reynolds number is increased 
suggests itself as a possi1)le explanation. Some insight into the 
mechanism by which the airfoil pressure distribution influences the 
movement of the transition point with Reynolds number may be gained 
from the theoretical work of Schlichting and Ulrich (reference 8) . 
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The results of this work show the exis t ence of a critical boundary-
layer Reynolds number Ro above which the laminar boundary 

crit 
layer is no longer stable and may become turbulent . Furthermore, the 
value of the critical boundary-layer Reynolds number is shown to 
decrease rapidly and the laminar boundary layer to become increasingly 
unstable as the pressure gradient along the surface becomes positive. 
In the presence of an unfavorable pressure gradient, the transition 
point is, therefore, most likely to move rapidly forward once the 
critical boundary-layer Reynolds number has been reached. 

In consideration of the ideas of Schlicting and Ulrich in relation 
'to the increase of minimum drag with Reynolds number shown by the 
NACA 0012-64 section (fig. 13), the unfavorable pressure gradient 
over this airfoil (fig. 8) would seem to be responsible for a rapid 
forward movement of transition which overbalances the normal thinning 
of the boundary layer and conse~uent reduction in drag that usually 
accompany an increase in Reynolds number . On ~he other hand, the 
NACA 0010-34 (fig. 10) and NACA 0010- 35 (fig. 12) airfoils which 
possess more favorable pressure gradients have a negligible scale 

9 

effect between Reynolds numbers of 3 .0 X 106 and 9 . 0 X 106 . This 
fact indicates that tho opposite effects of a thinning boundary layer 
and a forward movement of tranai tion nearly counterbalF.Ulce each other. 
The uniformly favorable influence upon the minimum drag of NACA 6-series 
sections of increasing the Reynolds number from 3.0 X 106 to 9.0 X 106 
indicates that R~ 't of these airfoil sections. which have marked Ucrl . 
negative pressure gradients, is suffiCiently high so that no appreciable 
forward movement of transition occurs between the se Reynolds numbers; 
and, thus, the favorable effect of a thinning boundary layer predominates. 

Low-drag range.- The range of lift coefficients over which low 
drag is obtained and the manner in which this range varies with Reynolds 
number are about the same for the NACA 0010-34 and 0010-35 airfoil 
sections (figs. 10 and 12) as for the NACA 6-series sections of 
comparable thickness (reference 4). The low-drag range for the 
NACA 0012-64 section (fig. 13), however, is ~uite small at a Reynolds 
number of 3.0 X 106 and is practically nonexistent at a Reynolds 
number of 9 .0 X 106. The more positive pressure gradients on tho 
NACA 0012-64 section are probably responsible for the behavior of 
the low-drag range on this airfoil section. 

The relationship between the drag and lift outside the low-drag 
range of lift coefficients is about the same for the NACA 0010-34 and 
NACA 0012-64 airfOils , both cambered and uncambered, as for the 
NACA 64-eeries low-drag sections of comparable thickness; a somewhat 
less marked correspondence exist s between the drag characteristics 
of the NACA 0010-35 section and a comparable NACA 66-eeries low-drag 
section. These comparisons are valid for the airfoils in both the 
smooth and rough conditions . 
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Lift 

Lift-curve slope .- Rearward movement of the position of maximum 
thickness of the NACA four-digit~eries sections is accompanied by an 
increase in trailing-edge rulgle. In accordance with previous experimental 
work (references 9 and 10), the lift-curve slope decreases with increasing 
trailing-edge angle. The r~lsults of the present investigation (fig. 19) 
for the 10-percent-thick and l2-percent-thick sections having maximum 
thiclmess at various positions indicate the same trend, with the greatest 
decrease in the lift-curve fllope being about 16 percent. 

From theoretical considerations, the lift-curve slope should 
increase with increasing airfoil thiclmess ratioj and the comparative 
data from reference 4 (fig. 19) for NACA 64-8eries low-drag sections, 
which have very small traillng-edge angles, indicate that such is the 
case. If, however, the trailing-edge angle is large and increases 
rapidly with increasing airfoil thickness ratio, the theoretical 
increase in lift-curve slope with thiclmeas will be overbalanced by 
the opposite effect of increasing trailing-edge angle. The NACA 
four-digit series sections, data for which are presented in figure 19, 
have this characteristic. Since, with increasing thickness, the trailing­
edge angles of the modified NACA four-digit-eeries sec tions become 
progressively larger than those of the conventional NACA four-digit-eeries 
sec tions, a more rapid decr~lase in lift-curve slope with increasing 
thickness would be expected for these modified airfoils. ~e amount 
of data available for the modified NACA four-digit-eeries sections does 
not appear to be sufficient, however, to define adequately this treni 
or to permit any definite statements as to the relative effects of 
roughness on the lift-curve slopes of the modified and conventional 
NACA four-digit-series sectlons. 

Angle of zero lift.- TIlere appears to be no appreciable difference 
in the section angles of zero lift of the NACA 0010-34 and NACA 0012-64 
airfoil sections cambered wHh the NACA a = 0.8 (modified) mean 
line (figs. 11 and 14). The values are slightly more negative than 
those predicted from the theoretical mean-line data presented in 
figure 9 but agree quite weJ_l with the experimental values obtained 
for cambered NACA 6A-eeries airfoil sections employing the NACA a = 0.8 
(modified) mean line (refer~lnce 3). 

Maximum lift.- Some id~la of the effect upon the maximum lift 
coefficient of variations of the position of maximum thickness and 
leading-edge radius may be gained from figure 20. This figure shows 
the maximum section lift coefficients (R = 6.0 x 106) for the 
modified NACA four-digit-eeries airfoils as a function of airfoil 
thickness ratiO, with comparative data from Teference 4 for 
NACA 64-series low-drag airfoils. As might be expected from 
previous in'restigations, tho lowest maximum lift coefficients 
were obtained for the airfoi ls having one-quarter n8rmal-size 
leading-edge radii. ~~e ~cimum lift coefficients of the two 
symmetrical sections (NACA 0010-34 and 0010-35) are about the same 
and do not appear to vary as the leariing-edge condition is changed _J 
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from smooth to rough. These results show that if the leading edge is 
sufficiently sharp~ the usual important influence of surface condition 
is negligible. The extremely low value of the maximum lift obtained 
under these conditions is shown by comparison with results for the 
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NACA 64-010 section. The maximum lift coefficients of the two modified 
NACA four-digi t---13eries sections are about 35 percent low"er than that 
of the NACA 64-010 section in the smooth condition and about 15 percent 
lower when the leading edges of the airfoils are rough. The increment 
in maximum lift caused by cambering the NACA 0010-34 section is about 
the same as that observed for the addition of approximately the same 
amount of camber to the NACA 64-010 section. Even with camber~ the 
maximum lift of the NACA 0010-34 section is about 23 percent lower 
than that of the NACA 64-010 sectionj but with rough leading edge~ the 
NACA 64-010 section ~as a maximum lift coefficient which is about the 
same as that of the cambered NACA 0010-34 section. 

The maximum lift of the three airfoils having one-quarter normal­
size leading-edge radii with smooth leading edges and equipped with 
0.20c split flaps deflected 600~ more nearly approaches that of 
NACA 64---13eries low-drag sections of corresponding thickness and camber. 
The decremen~ in maximum lift coefficient caused by leading-edge 
roughness is~ however, so small for these three sections that in 
the rough condition the maximum lift of the three modified 
NACA four-digit-series sections is as good as or better than that 
of corresponding NACA 64---13eries airfoils. 

Moving the position of maximum thickness from 30 percent to 40 percent 
chord while maintaining a normal-aize leading-edge radius reduces the 
maximum lift coefficient of tha plain airfoil about 15 percent, as 
shown by the comparative data for the NACA 0012 and NACA 0012-64 sections. 
Clearly illustrated here is the important point that a reduction in 
thickness of the airfoil near the leading edge, such as occurred in 
this case~ has a definitely adverse effect upon the maximum lift 
coefficient although the leading-edge radius itself may not be decreased. 
The maximum lift coefficients of the cambered and symmetrical NACA 
0012-64 airfoil sections in both the smooth condition and with standard 
leading-edge roughness are nearly the same as those of the corresponding 
cambered and symmetrical NACA 64-series low-drag sections (fig. 20). 

The value of the maximum lift coefficient presented in figure 20 
for the NACA 0012-64 section is about 13 percent lower than that 
indicated by tests of the same airfoil in the NACA Variable-Density 
Wind Tunnel (reference 2). The value obtained in the present investi­
gation~ however, was very carefully checked and is believed to be 
correct. The discrepancy between the values obtained in the two tunnels 
may possibly have been caused by turbulence effects not fully accounted 
for on this sensitive airfoil by the effective Reynolds number correction 
applied to the Variable-Density Wind-Tunnel results. 
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The results presented in figure 20 show that, in the smooth 
condition at least, the mELximum li~t coefficients of the cambered and 
symmetrical NACA 0012-64 airfoil sections, when equipped with 0.20c 
split flaps deflected 600 , are somewhat higher than those of corre­
sponding NACA 64-series seetions. This result may be explained by 
the fact that the trailing-~dge angle of the NACA 0012-64 airfoil is 
larger than that of the NACA 64-012 airfoil since the experimental 
results presented in reference 3 indicate a slight improvement in 
the maximum lift of NACA 6-~eries sections with split flaps when the 
trailing-edge cusp is removed. The results for the cambered and 
symmetrical NACA 0012-64 a:lrfoil with rough leading edges do not form 
a consistent comparison wi -ch results for the NACA 64-series sections. 
In neither case, however, :ls the modified NACA four-digi t-series section 
worse than the corresponding NACA 64-series airfoil. 

Between Reynolds numbors of 3.0 X 106 and 9.0 X 106, none 
of the modified NACA fo~Ligit-series sections show any appreciable 
scale effect on maximum lift. 

Pitching Moment 

Quarter-chord point.- The two airfoils cambered with the 
NACA a = 0.8 (modified) ]~an line have quarter-chord pitching 
moments (figs. 11 and 14) .rhich agree closely with those predicted 
from the theoretical pitchlng-moment data (fig. 9). 

Aerodynamic center.- ~~e chordwise position of the aerodynamic 
center for the modified NACA four-digit-series sections is shown in 
figure 21 as a function of airfoil thickness ratio, together with 
similar data taken from reference 4 for the conventional NACA 
four--digit-series sections and the NACA 64-series low-drag sect ions. 
The forward movement of the aerodynamic center which is seen to 
accompany rearward movement of the position of maximum. thickness on 
the modified NACA four-dig~t-eeries sections is in agreement with 
the trends of reference 11 which show that such a forward movement 
follows an increase in traUing-edge angle. Theoretical considerations 
indicate a rearward movement of the aerodynamic center with increasing 
airfoil thickness ratio, arld the data for NACA 64-series sections 
follow this trendj but the effect of increasing trailing-edge angle 
predominates in the case of the conventional NACA four-digit-eeries 
sections as evidenced by the forward movement of the aerodynamic center. 
(See fig. 20.) Since the trailing-edge angles of the modified NACA 
four-digit-series sections become progressively larger with increasing 
airfoil thickness than thoBe of the conventional NACA four-digit-eeries 
sections, a more pronounced forward movement of the aerodynamic 
center with increasing thickness would be expected for these airfoil 
sectionsj and the comparattve results for the NACA 0012-64 and 
0010-34 sections seem to show this trend. 
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CONCLUSIONS 

Based upon a two-dimensional investigation of the aerodynamic 
characteristics of five modified NACA four-digit-series airfoil sections 

at Reynolds numbers from 3.0 x 106 to 9.0 x 106, the following 
conclusions may be dra'im: 

1. The maximum lift characteristics of the airfoil sections 
having normal-size leading-edge radii and a maxim~ thickness of 
12 percent chord located at 40 percent chord very closely approximated 
those of NACA 64-series low-drag sections of corresponding thickness 
and camber. 

2. The maxim~ lift coefficients of the ID-percent-thick airfoils 
wi th one-quarter normal-size leading-edge radii and maximum thickness 
located at 40 and 50 percent chord were about 35 percent lower than 
those of smooth NACA 64-eeries sections of corresponding thickness 
and camber. For airfoils e~uipped wit~ 20-percent-chord split flaps 
deflected 600 , the maximum lift of the airfoils with one-quarter normal­
s ize leading-edge radii more nearly approached that of NACA 64-series 
airfoils. Roughness had no appreciable effect upon the maxDrr~ lift 
of these airfoils. 

3. The IDlnlmUill drag coefficients of the airfoils with maximum 
thicknes s at 40 percent chord and normal-s1ze leading-edge radii were 
higher than those of the corresponding NACA 64-series sections. 
RedUCing the leading-edge radius to one-quarter normal size and 
moving the position of maximum thickness to 40 and 50 percent chord 
caused the minimum drag coefficients to be reduced to values about 
the same as those for corresponding NACA 64- and 66-series sections, 
respectively. 

4. Increases in the trailing-edge angle resulting from rearward 
movemen~ of the position of maximum thickness caused s~arp decreases 
in the lift-curve slope and pronounced forward movements of the 
aerodynamic center. 

Langley Memorial Aeronautical Laboratory 
NatIonal Advisory Committee for Aeronautics 

Langley Field, Va., October 1, 1947 
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TABLE I 

ORDINATES OF NACA AIRFOIL SECTIONS TESTED 

NAGA 0010-.34 

@tations and ordinates given in 
percent of airfoil chord] 

Upper Surface Lower Surface 

Station Ordinate Station Ordinate 

0 0 0 0 
·75 .714 ·75 -.714 

1.25 '444 1. 25 -'444 
2·5 1. 00 2.5 -1. 00 
5·0 2.078 5·0 -2.078 
7.5 2.611 7·5 -2.611 

10 3.044 10 -3.044-
15 4.744 15 -t·744 
20 .244 20 - .~ 
tg 4.833 tg -4.8.33 

~.OOO -~.ooo 

~g .856 50 - .856 
4.433 bO -4.433 

~g 3.7p ~g -3.733 
2.7 b -2.767 

90 1.~5 90 -1.~56 
95 • 56 95 -. 56 

100 .100 100 -.100 

L.E. radius: 0.272 

NAGA 0012-64 

~tations and ordinates given in 
percent of airfoil chord] 

Upper Surface Lower Surface 

Station Ordinate Station Ordinate 

0 0 0 0 
1.25 1.813 1.25 -1.81.3 
2·5 2.4~3 2·5 -2.453 
5·0 3.2 7 5·0 -3.2b7 
7. 5 t· 8l ) 7·5 -t .813 

10 ·~t 10 - ·fftO 
15 4.8 7 15 -4.8 7 
20 5.293 20 

I 
-5.293 

tg 5.827 tg -5.827 
b.OOO -6.000 

50 5.827 50 -5.827 
bO 4·t2O 60 -4·t2O 

~g • 80 ~g - . 80 
3.§20 -3·320 

90 1. 67 90 -1. 867 
95 1. 027 95 -1.027 

100 .120 100 -.120 
f-- - -

L.E. radi=: 1.582 

• 
NACA 0010-34 

a s O.S (modified), 0LI s 0.2 

~tations and ordinates given in 
percent of airfoil chord] 

Upper Surface Lower Surface 

Station Ordinate Station Ordinate 

0 0 0 0 
.68b .790 .8~ -.632 

1.17 1.0b2 1.3 -. 820 
2.~07 1.608 2·593 -1.186 
4. 8~ 2.436 5.113 -1.714 
7.~7 3.094 7·622 -2.122 

~:87~ t· 637 10.1~ -2.~5 

19.8~6 .523 15·1 -2.9 1 
5.1~2 20.114 -3.312 

29·917 5.9 0 to•083 -3.684 
~9.95~ b.2~9 0.04~ -.3·721 

9.99 6.1 b 50.00 -3.526 
0.031 E·7.35 ~9.969 -3. 1l 1 

~0.064 ·915 9.9.3b -2.~ 9 
0.100 3.700 ~9.900 -1 • .30 

90 •076 2.044 94:~~ -1.064 
95.042 1.100 -.610 

100.000 .100 100.000 -.100 

L.E. radius: 0.272 
Slope of radius through L.E.: 0.095 

--
NACA 0012-64 

a = O.g (modified), 0Li 2 0.2 

[Stations and ordinates given in 
percent of airfoil chordJ 

Upper Surface Lower Surface 
I 

I 
, 

Station I Ordinate I Station 

0 0 0 

1.
1°l 1.928 1.394 I 2.§3 2.659 2.66 

4. 23 t· 623 5.17~ I , 
7.§22 .295 7.67 

, 

J-' 25 4. 8t2 10.1p 
.83§ 5.6 5 15.1 1 

19. 85 6.221 20.142 
29.900 6.974 to•1OO r· 946 7.279 0.054 
9.99~ l·157 50.007 
0.03 .622 59.962 

~0.077 ~.662 b9.~23 
0.120 .253 ~9. 80 

90. 091 2. 355 ~.909 
95. 050 1.271 9 ·950 

100.000 .120 100.000 

L.E. radius: 1.582 
Slope of radi= through L.E.: 

NATIONAL ADVISORY 
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Ordinate 

0 
-1.686 
-2.237 
-2·901 
-3·.323 -t .6~0 
- .0 3 
-4.361 
-4.678 
-4.721 
-4.49~ 
-4.01 
-.3.296 
-2.383 
-1.3~5 
-.7 1 
-.120 

0·095 

15 
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TABLE I - Concluded 

ORDINATES OF NACA AIRFOIL SECTIONS TESTED 

NACA 0010-35 

[§>tations and ordinates glven in 
percent or airfoil chor41 

Upper Surface Lower Surrace 

Station Ordinate Station Ordinate 

0 0 0 0 
·75 .67~ ·75 -.67~ 

1.25 .8~ 1.25 -.8~ 
2.5 1.27 2·5 -1.2 7 
5.0 1.~ 5·0 -1.~ 
7.5 2.2 9 7·5 -2.2 9 

10 2.667 10 -2.667 
15 3.289 15 -3.289 
20 ~:7~~ 20 -G·78~ ,g 4.~78 ,g - .~7 

-4. 78 
50 a· OOO 50 :a'000 
60 .867 60 .867 

~g 4.389 ~g -4.389 
3.500 -3·500 

90 2.100 90 -2.100 
95 1.178 95 -1.178 

100 .100 100 -.100 

L.E. radius: 0.272 

NACA 2408 

@tations and ordinates given in 
percent of airfoil chor41 

Upper Surrace Lower Surface 

Station Ordinate Station Ordinate 

0 0 0 0 
1.128 1.380 1.3r2 -1.134 
2.337 1.~77 2.6 3 -1.~93 
4.794 2. 29 5.206 -1. 91 

7:~H 3.4~1 7 .7~7 -2.111 
10.2;2 -2.23~ ~'~78 t~7~ 15 .2~~2 -2.33 

~. 09 5·320 20'iG1 -2.320 
.852 5.677 25 • . 8 -2.239 

29.900 5.8I 5 ro· 1OO -2.125 
40.000 5.8 9 0.000 -1.869 
~0.03S 4 ·~73 ~9 .961 -1. 58

4 0.06 • 20 9·9,2 -1.26 
~0.081 3.~42 b9.919 -.942 

0 . 078 2. 58 ~9 .9<~2 -.636 
90.054 1.~75 4·9~.6 -·353 
95·033 

:0A4 
9 ·9 ·7 -.217 

100.000 100.000 -.084 

L.E. radius: 0·70 
Slppe of radius through L.E.: 0.1 

NACA 0012 

[StaU.ons and ordinates given in 
percent of airroi1 chor41 

Upper Surrace Lower Surface 

Station Ordinate Station Ordinate 

0 0 0 0 
1.25 1.894 1.25 -1.894 
2.5 2.615 2.5 -2.615 
5·0 a· 555 5.0 -a· 555 
7.5 .200 7·5 - .200 

10 4.683 10 -4.683 
15 5.34~ 15 -5. 34~ 
20 5.7, 20 -5.7e 
25 5.9 1 25 -5. 9 1 

eg b.002 eg -b. 002 
5. 80e -5. 80e 

50 4.29 50 -4.29 
bO •5be bO - •5ba 
~g 3.b6 ~g -3.b6 

2.62§ -2.62§ 
90 1.~ 90 -::~I 95 . °I 95 

100 .12 100 -.12 

L.E. radius: 1.58 

NACA 2410 

[Stations and ordinates given in 
percent of airfoil chor41 

Upper Surface Lower Surface 

Station Ordinate Station 

0 0 0 
1.098 1.694 1.)~02 
2.247 2.411 2.7 O§ 
4.7 2 e·42O 5.2~ 
7.217 •16l 7.7 3 
~.710 4.~6 10.290 

.722 ~:2l~ 15. 278 

~:~U 20.2§9 
6.6 8 25.1 6 

29 .875 6.875 aO•125 
40.000 6.83~ 0.000 
~0.0~9 6.3~ 49.951 
0.0 5 4. 5 0 ~~:~~~ ~0.102 .551 
0.0517 3. 296 ~9.903 

90. 067 1.816 4. 933 
95.041 .990 9 .959 

100.000 .105 100.000 

L.E. radius: 1.10 
Slope of radius through L.E.: 

NATIONAL ADVISORY 
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Ordinate 

0 
-1.)148 
-1.~27 
-2. 82 
-2. 09 
-3.01b 
-3.22~ 
-3.27 
-3.230 
-3.125 
-2.83~ 
-2.46 
-2.024 
-1.551 
-1.074 
-.594 
-·352 
-.105 

0.1 
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1.6 

/ 
v 1.2 

I 

.4 

--------
o 

o 

x 
(percent 

0 
1.25 
2·5 
5.0 
7.5 

10 
15 
20 

Eg 
2g 
~g 
90 
95 

100 

.2 .4 

c) 
y 

(percent 
0 
.7~6 

1.1 0 
1.662 
2.089 
2.43b 
2.996 
;.~9.6 E. "67 
.000 

;.884 
;.~7 
2.9 7 
2.21; 
1.~ 

.6 4 

.080 

- t---I-----
~ 

1\ 
'\ 

.6 .8 1.0 
x c 

c) (v/V)2 v/v A va/V 

0 0 4. 83S .917 • 958 1.3t 1.023 1.011 .9 6 
1.092 i.Ot2 ."691 
1.lt7 1.0 .~64 
1.1 2 1.078 • 85 
1.188 1.090 · ;8l 1.206 1.098 .32 
1.217 1.10~ .2J~8 
1.202 1.0~ .19~ . 1.185 1.0 9 .15 
1.16; l.°l9 .12 
1.127 1.0 2 .100 
1.067 1.0;3 .074 

.993 .9~6 .047 

.932 .9 5 .0;1 
0 0 0 

L.E. radius: 0.174 percent c 

Figure 1.- NAOA 0008-34 basic thickness form~ 
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NACA 0010 

r _ _ 

- -- ---~ - - ~ 

~ 

-~ 

r--

• ).j. .6 .8 1.0 
x/c 

y 
(percent cl ioercent c) (v/V)2 v/V AVa/V 

0 0 0 0 2.32~ 
1.25 1.511 1.108 1.05g 1.28 
2.5 2.044 1.2~2 1.11 'l66 5.0 2.722 1.2 1.134 • 90 
7.5 3.178 1.2~7 1.130 · a56 

10 E· 53g 1.2 9 1.127 • 75 15 .05 1.261 1.123 • 37l 20 4.~11 1.248 1.11~ .31 

eg 4. 56 1.244 1.11 .241 
5.000 1.242 1.115 .193 

~g 4.856 1.231 1.110 •152 4.L~33 1.211 1.101 .12 

~g 3.7t3 1.1~5 1.014 .098 
2.7 ~ 1.09 1.043 .072 

90 1. ~5 .980 .990 .045 
95 • 56 .912 .955 .030 

100 .100 0 0 0 
L.E. radius: 1.10 percent c 

Figure 2.- NACA 0010-64 basic thickness form. 
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1.6 

1.2 

(~) 2 .8 

.4 

o 

r---- r---
I -~ 

I'\. 

\ 
\ 

V- - I-- _ 

r---... 
I'--- L--I--

o .2 .1-1- x/c .6 .8 1.0 

x 
c) (perc~nt c) (v/V)2 v/v AvalV (percent 

0 0 0 0 2.584 
1. 25 1.467 1.140 1.068 1.2~5 2.5 1.967 1.273 1.128 't 0 5·0 2.589 1.271 1.127 . 4 
7·5 2.989 1.252 1.119 .~51 

10 3.300 1.236 1.112 • -1-70 
15 E·7~6 1.213 1.101 .372 
20 .0 9 1.200 1.09~ .312 

eg 4. ~~8 1.196 1.09 .239 
4. 9 1.212 1.101 .19~ 

~g e· OOO 1.22~ 1.109 .15 
.867 1.23 1.111 .128 

~g 4.389 1.22 1.107 .103 
3.500 1.173 1.08E .Ol6 

90 2.100 1.049 1.02 .0 6 
95 1.178 .915 • 957 .029 

100 .100 0 0 0 

L.E. radius: 1.10 percent c 

Figure 3.- NACA 0010-65 basic thickness form. 
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~ 

"" 1\ 
\ 
\ 

r--~ --~ 
.8 1.0 

(percent c· ) (percent c) (v/V)2 v/v ~valv 

0 0 0 0 2.4~4 
1. 2 5 1.489 1.~0 1.06~ 1.2 9 
2.5 2.011 1. 6 loll .9~9 
5·0 2.6~6 1.2 6 1.134 .6 7 
7.5 3.0 9 1.282 1.132 . a54 

10 3.~00 1.258 1.122 • 71 
15 4' 56 1.225 1.107 .372 
20 .178 1.209 1.100 .310 

4g 4.~78 1.189 1.0EO .236 
4. 22 1.1~8 1.0~ .190 

~g 4.956 1.14 1.08 .153 
4. 000 1.214 1.102 .124 ~g .889 1.26~ 1.125 .10 
4.§00 1.27 1.130 .080 

90 2. 33 1.1~5 1.06 5 .049 
95 1.656 .9 0 .980 .030 

100 .100 0 0 0 

L.E. radius: 1.10 percent c 

Figure 4.- NACA 0010-66 basic thiclrness form. 
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1.6 

1.2 

/ 
(vt .8 

I( 

.4 

~ 
'---

o 
o 

---

r--

.2 

x 

- ----~ 
~ 

~ 
\ 

-r--~ 

.4 . 6 .8 1.0 
x/c 

y 
(oercent c) (oercem _c) (v/V)2 v/v 6Va/V 

0 0 0 0 ;.857 
1. 25 .444 .892 .944 1.282 
2.5 1. ·00 1.011 1.005 .9~0 
5.0 2.078 1.11; 1.0~5 .b 8 
7.5 2.611 1.167 1.00 :a~t 10 ;.044 1.200 1.095 

15 ~:£tt 1.2;8 1.11; .;89 
20 1.2t6 1.121 .;27 
eg 4.833 1.2 5 1.124 .249 

5.000 1.253 1.119 .197 
tg 4. 856 1.235 1.111 .159 

4.433 1.205 1.098 .127 
~g 3.7g3 1.1~7 1.076 .100 

2.7 ~ 1.0 9 1.044 .07; 
90 1. ~5 .990 .9~ .045 
95 • 56 .910 .9 .0;0 

100 .100 0 0 0 
L.E. radius: 0.272 percent c 

-
Figure 5.- NACA 0010-;4 basic thickness form. 
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-V- """ 

~~ / 
I \ 

\ 

--- ----r-''------. r- - ~ 
o .2 .4 x/c .6 .8 1.0 

x y 
(oercent c) (oercent c) (v/V)2 v/V l:J.va/V 

0 0 0 0 4.068 
1.25 .8~8 .954- .97~ 1.309 
2·5 1. 2 7 1.062 1.01 ·952 
5.0 1.~4 1.07 1.0h3 .679 
7·5 2.2 9 1.122 1.059 ·E55 10 2.667 1.141 1.068 • ~6 

15 3. 289 1.172 1.083 .3 2 
20 E:7~~ 1.191~ 1.093 .323 

eg 4.~78 1.21h 1.102 .24~ 
1. 229 1.109 .1~ 

tg ~.ooo 1.
2E5 1.111 ·.1 2 

.867 1.2 0 1.1~ .131 

~g 4.389 1.22Z 1.10 · lOt 3.500 1.17 1.084 .07 
90 2.100 1.046 1.023 .048 
95 1.178 .920 .959 .030 

100 .100 0 0 0 
L.E. radius: 0.272 percent c 

Figure 6.- . NACA 0010-35 basic thickness form. 
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1.6 

1.2 

( 
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.4 

V--
1'----

o 
o 

v 

!---

r---

.2 .4 
x y 

- r--~ 
~ 
~ 

~ 
\ 

- r--l--
~ ~ 

• 6 .8 1.0 
x/c 

(oercent c) In.ftrc P. n t ~) 
(V/V)2 v/V ava/V 

0 0 0 0 3.154 
1.25 1.1~3 .865 .930 1.251 
2.5 1.6 0 .997 .999 :~~5 5.0 2.493 1.122 1.0~9 
7.5 3.133 1.186 1. 0 9 • h60 

10 E· 653 1.229 1.109 .484 
15 .493 1.282 1.122 .389 
20 5.093 1.310 1.1 ~5 .329 
gg t· 8OO 1.329 1.1~3 .250 

.000 1.311 1.1~5 .198 
tg 5.827 1.284 1.13~ .158 

~'G20 1.249 1.11 .128 

~g • 80 1.192 1.092 .098 
3.320 1.112 1.055 .071 

90 1.867 J~~ .9~2 .045 
95 1.027 .9 6 .029 

100 .120 0 0 0 
L.E. radius: 0.391 percent c 

Figure 7.- NACA 0012-34 basic thickness form. 
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t---t----. 

~ 
~ 

1\ 
\ 

~ t--

~ 
I.------

x/c .6 .8 1.0 

(v/V)2 v/v f:1v'a./V 
0 0 2.012 
1.072 1.035 1.23b 
1.270 1.127 .2~2 
1.330 1.153 .b a 
1.325 1.151 . ·E5 
1.322 1.1?t0 • 74 
1.313 1.1~6 .372 
1.303 1.141 .315 
1.297 1·iE9 .241 
1.300 1. 0 .19~ 1.280 1.131 .15 
1.~ 1.115 .12 
1.1 9 1.090 .096 
1.102 1.050 .070 

.993 .946 .o~ 

.889 ·9 3 .02 
0 0 0 

L.E. radi u.s: 1.582 percent c 

Figure 8.- NACA 0012-64 basic thickness form. 
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Yc -c 

2.0 

~ 

o '\ 

III I I I I IIEI 
. 0 .2 .4 .6 .8 1.0 

x/c 

C7. 1 = 1.0 0.1 = 1.40° clIlc/4 = 0.219 

x Yc dyc/dx PR b.v/v = FR/4 
(percent c) (percent c 

0 0 ------- ----- -----
.5 .281 0.4753~ 
·75 .396 .4400 

1.25 .603 ·39531 
2·5 1.055 ·33404 1.092 0.273 
5·0 1.803 .2714§ 
7·5 2.4§2 .2337 

10 2.9 1 .20618 
15 l·203 .16~46 20 .651 .13 52 
25 5. 2R7 .10 73 1.096 .274 
30 5.7 2 .08R9~ 

~1.100 ~3 6.120 .06 9 
6.394 .04507 .275 

45 6·t71 .0~59 
50 6. 51 .0 07 }1.104 .276 23 6.631 -.01404 

6.508 -.03A~7 65 6.274 -.o~ 7 1.108 .277 
70 5.~13 -.0 610 1.108 .27~ 

~3 C. 01 -.12.058 1.112 .27 
• 73 -.18034 1.112 .278 

85 3.607 -.~430 .~o .210 
90 2.452 -. 521 .5 8 .147 
95 1.226 -.24521 .368 .092 

100 0 -.24521 0 0 

Figure 9.- Data for NACA mean line a = 0.8 (modified). 
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Figure 13.- Aerodynamio oharaoteristios of the NACA 0012-64 airfoil •• otion, 24-inoh chord. 
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Figure 14.- Aerodynamic oharacteristics of the NACA 0012-64. a = 0.8 (modi f ied). Oti 0.2 airfoil seotion. 24-inch chord. 
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Figure 16.- Aerodynamio oh~aoteri8tio8 or the BAC~ 2408 airtoi1 seotion, 24-inoh ohord. 
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Figure 21.- Chordwise position of the aerodynamic center of 
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compared with those of a number of NACA 64-serles
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