L T2

12

RM L7I22

| 1z 22 o8

A/ d.cx,z.

RM No. L7I22

ENCINEERING D""" LIBRARY
CHANCE VOUGHT Al o

o T N e
-l'\v:'\/'—\_!“‘

NACA"

RESEARCH MEMORANDUM

AFRODYNAMIC CHARACTER J.bTICS @IEM
C
\5;

\
NACA FOUR-DI f Lx;tsc.; E;&I)
1%},0 & i\,\h{ anb@rn&\\ Se Cohen

M orial letical Laboratory

\
X\\ j eld, Va
‘ \»

‘I‘IONo

/ﬁf/‘

'NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON




& NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

& HACA RM Ho. L7I22
) a v

&

|

|

’ : - AERODYNH{TC CHARACTERISTICS OF A NUMBER OF MODIFIED
NACA FOUR-DIGIT-GERIES AIRFOIL CECTIONS

| ‘ . By Laurence K. Loftin, Jr. and Kenneth S. Cohen

oo R |

k Theoretical pressure distributions have beon calculated and ths
experimental aerodynesmic charactoristics determined at low speeds for
a selected group of the HACA four-digit-serises adrfoil sections. which
had previously been modified for high-specd applications. The
experimental investigation which was mede in the Langley two-dimensional

- low-turbulence pressure tummel consisgted of measurements of the lift,

drag, and pitching-moment charecteristice of each of the plain airfoils
at Reynolds mumbers of 3.0 x 10°, 6.0 x 105, and 9.0 x 10°. In
addition, the effectivenses of flaps when applied to these alrfolils and
the effect upon the eserodynamic characteristics of stendard leading-edge

% roughness were determined at a Reynolds mumber of 6.0 X 10°. Also.

tosted were three conventional NACA four-digli-series airfoll sectionsg

which bad not previocusly been investigated in the Langley two-dimensional

low-turbulence pressure tumnel. -

\
!

The results of the experimental investigmtion Indicated that

the maximum 1ift characteristice of the modifled NACA four-dlgit-series

gectiona having normal-size leading-edge radil and a maximum thickness

of 12 percent chord located et 40 percent chord very closely approximated

those of smooth HACA Gh-series low-drag sections of corresponding

thicknsss and camber. When the leading-edge redius was reduced to ons-
guarter normal size, the maximum 1ift coefficlemts of the 10-percent-thick
airfoils with maximum thickness located at 40 and 50 percent chord wore
about 35 percent lower than those of NACA 6li-series sectlons of corre-

: sponding thickmess and camber. For airfoils equipped with 20-perecent-chord

] split flaps deflected 60° the maximm 1ift of the airfoile with one~-

5 gquarter normsal-size le&dine-edge radil more noarly approached that of
NACA Sh-series airfoils. Roughmess had no appreciabls effect upon the
nmgimum 1ift of these airfcils. The minimum drag coef{icients of the

R airfoils with meximum thickness at 40 percent chord and normal-size

. leading-edge radil were higher than those of the corresponding

] FACA Gh-gerice sections. Reducing the leading-edpe redius to one-gquarter

? normal size and moving the position of maximumm thickmess to 40 and

} - 50 percent ohord caused the mimlmum drag coefficients to be reduced to
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values about the seme as those of corresponding HACA Ch- and G6-geries -
sections, respectively. Increasss in the tralling-edge angle resulting
from reerward movement of the position of maximum thicimess caused

sharp decreases in the lift-curve slope and pronounced forward move=~
ment of the asrodynsmic csnter.

INTRODUCTION 3

The increessging demand for high spseds in modexn airplanes has
focused mach attention upon alrfoil sections capable of operation at
high Mach pumbers without suffering the edverse effects of compressibility.
Cne of the first syslematic series of airfoll ssctions developed with
a view toward high-spsed applicatlion consisted of medifled NACA four-
digit-series seetions. Deseriptions and high Mach mumber data obtalned
in the NACA li-inch high-spoed tuansl were presented im 193k (reference 1)
for these alrfoll sections. Since the issuance of reference 1, the
modified NACA four-diglt-series sectioms have been employed rather
extonsively in Europe, partiocularly in Germany, and have recently
received favorabls consideration in this country.

Low-gpeed serodynamic date obtained im the NACA Variable-Demsity
Wind Tunnel are available for several of the modified NACA four-digit-
gseries alrfoll sections (weference 2). The range of airfoil types
covered by these data, howaver, is very limited. In view of the meager
amount of date available for the modified NACA four-dlgit-series
ssctions and bocause of the recent lmterest shown In them, an Investl-
gation of the low-speed aerodynamic characleristics of a selscted group
was undertalken in the Ianmglasy two-dimensional low-turbulence pressure
tunnel. The airfoils chosen for test were those which apppared from
theoretical pressure-distribution calculations to offer the best
possibilities for high-speed applications. The results of the experi-
mental Investigation, together with the theoretical pressure-distribution
date for & mumber of the modified NACA four-digit-series sectlons, are
pressnted in this paper.

The aerodynamic charecteristics of five of the modified sections
are presented; three of these are symmeirical and two are cambered
with the NACA mean line a = 0.8 (modified). (See referemcs 3.) Also
presented are characteristics of three conventional NACA four-digit-
series_sectlons, data for which are not lncluded in the systematiec
results of referencs U for this series.

i

COEFFICIENTS AND STMBOLS

es section drag coefficient

e 'minimm section drag coefflcient
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¢ saction 1ift coeffic\iont
i c  meximum section 1ift coefficilent .
C 3 lm ’
%14 desiga seection 1ift cvefficient

e, o section pitehing-moment coefficient sbout aerodynanmic center

Cmg /b gection pitching-moment cesffigient about gquarter-chord point

S, section angle of attack
oy section angle of attack corresponding to design lift
coefficlent

dcy/dm  seotlon lift-curve slope

v y freo-gtream velocity
" local veloeity
Ay increment of local velocity
vy increment of local velocity corresponding to additional type
; of loa.d distribution
PR resultant pressure coefficlent; difference betwesen local
upper-surfeacs and lower-gsurface pressure coefficients
R . Reynolds number
By boundary ~laysr Reynolds muibor based on bowndary-layer
thickness and local velocity outside the boundary layer
s airfoil chord length
X distance along chord from leading edge
y distence perpendicular to chord
| | 7,  mean-line ordimete
\ & mean=-1line designation, fraction of chord from lseding edge

: over which design load is wniform

. DESCRIPTION AND THEORLTICAT, CHARACTERISTICS OF AIRFOTLS

f Basgic thickpess forms.~ The modifications to the NACA fouwr-digit-
f‘ series basic thickmess forms, completely described in reference 1, can
| perheps be best described here by an explamation of the digits appearing
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in a typloal eirfoil designation. Consider, for example, the NACA 0012-6k
airfoil section. The firat fouwr digits have the ususl meaning attached
to the numbers appearling in the designation of & conventlonal TIACA four-
diglt-series airfoll sectlion, in this case a 12-percent-thick symmstrical
gection. The two mumbers following the dash describe the modiflcatlons.

The first rumbor following the dash is an index to the size of
the leading-edge radius. Leading-edge redii of three sizes, represenied
by the mumbers 3, 6, and 9, were investlgated in reference 1. The
number & which appears in the illustrative example indicates the normal-~
size leading-edge radius employed with conventiopal four-digit-series
sectiong;the nmumber 3 represents & omns-quarter normal-size leading-edge
raedius; and the mumber 9 indicates a leading-edge radius of three times
normal size. The second number following the dash indicates the
position of meximum thicimess in tenths of the chord. Alrfoils,
vhich were derived in reference 1, have the position of maximm thickness
located at 40, 50, and 60 percent chord.

In order tc provide scme basis upon which to choose the airfoils \
to be lested, theoretical pressure distributions were calculated by ‘
the methods of reference 5 for a group of modified NACA four-digit- :
serles basic thickness forms. The results of these ocalculations are
presented in figures 1 to O for the following ailrfoil sections:

. NACA 0010-64 HACA 0012-6k4
HACA 0010-65
NACA 0010-66

HACA 0008-3h4 NACA 0010-34 HACA 0012-34
i3 NACA 0010-35

In addition to pressure distributions &t zero 1lift, these data includs |
ineremental veloeity ratios from which the prossure distribution et any {
1ift coefficient may be calculated. The mothod of making this calculation

is describsd in veference k. '

Fronm-the data of figures 1 to 8, the effect upon the pressure
distribution of varlations in the position of maxirmum thickness and
size of the leading-edge radius are clearly evident. A dscrease in
both the peak negative pressure coefficient and in the variations of
presgure over the forward part of the alrfoil ls effected by meintalning
a2 pormel-size leading-edge radius and moving the position of maximum
thickness from 30 {original position) to 40 percemt chord (fig. 2).
Furiher rearward movement of the position of meximm thickness, however, *
appsars to cause a second peak in the pressure distribution near the

' treiling edge (figs. 3 and 4) followed by & rather sharp, undsasirable
. Dressure recovery. With one-quarter normal-size leading-edge radius,

the magnitude of the peak nmegatlve pressure coefficient is not changed
much but its position is moved to the rear. The changs in position of
ninimm pressure is particularly marked when the poaitlon 4 maximum

thickness is moved from b0 percent to 50 percent of the chord (figs. 5




" NACA BM To. L7I22 ; ' 5

and 6), This movement of the position of maximm thickness decreases
the peak negative pressure coefficilent slightly but resulis in an
mdesirably large pressurd recovery near the trailing edge. On the
baglis of these theoretical data and from & conslderation of the probable
low-speed charméteristics, the NACA 0010-3%, 0010-3%, and 0012-6h basic
thicimess forms were chosen for tests. The NACA 0010-34 and 0012-G4
weore also tested in combinmation with e cambered meen lins.

Mean lipe.- In the present investigation, the modified NACA four-
digit-series basic thickmess forms which were canbered employed the
BACA & = 0.8 (modified) mean line (reference 3). This mean line is
dosigned to have & uniform load dlstribution from the leading edge to
the 80-percent-chord station and designed to be gocmetrically straight
from about 35 percent chord to the trailing edge. The NACA & = 0.8
(modified) mean line was used because the peak induced velocitles added
by this mean line to the velocities over the basic thickness form are
‘less than those associated with the older mean lines, such as the -
NACA 230 and 24 mean line; and the cwrvature of the airfoll 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 desipgn
1ift coefficient of 1.0 are presented in figure 9 for the NACA a = 0.8
(modified) mwemn line. If the ordinates and load are desired for a
design 1ift coeffleilent other than 1.0, they may be obilalned easlly
by linearly scaling the values presented. The method for combining the
pressure~distribution data for the basic thickness forme and meah line
to give the pressure distribution sbout a cambered alrfoll at any 1lift
coeﬁ:icient is given in reference 4.

anLgaatim of -cambered airfoil sections.- The method of designating

modified HACA fowr-diglt-series alrfcil sectioms which employ the
HACA & = 0.8 (modified) mean line is illustreted by the following
example :

HAGA 0012-6k, & = 0.8 (modified), oy, =0.2

This system of numbers designstes an NACA 0012-64 basic thickmess form
laid off on an HACA a = 0.8 (modified) mean line cambdered for =
design 1ift coeffieient of 0.2. ,

Conven{ional NACA four-diglt-serles airfoll sections.- Complete
descriptions of the basic thickness forms and mean lines of the
conventional NACA four-digit-series airfoil seetiocns of which thres
wareétested in the present investigation msy be found in references 4
and O.
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APPARATUS AND TESTS

Wind twanel.- The experimentel investigation was made in the

Langley two-dimensional low-turbulance pressure tunnel. Ths test sectlon
of this tunnel measures 3 feet by 7.5 feelt with the models, when

mounted, campletely spamming the 3-foot dimension and with the Juncture }
between the model end tunnel walls sealed to prevent air leaksge. LIt |
measureuments were mads by teking the difference between the pressure
reaction upon the floor and celling of the tummel, drag measuremonts
were made by the wake-survey method, amd pitching moments were
determined with & torgue balence. A more oomplete description of

the tunnel and the methods of obtaining and reducing the data are
conteined in reference 7.

Modelg.- The elght eirfoll sections far which the expeyimontal
eorodynemic characteristics were obtalined are:

NACA 0010-35
NACA 0010-3k4
HACA 0010-3%, & = 0.8 (modified), 0y.-= 0.2

WACA O0l12
NACA 0012-Gh
NACA 0012-64, & = 0.8 (modified), ¢y, = 0.2

FACA 2408
NACA 2410

The models representing the alrfoil sections were of 24-Ilnch chord and,
with the exception of the 8-psrcent-thick section which was machined
from steel, were constructed of laminated mshogany. The models were
sprayed with lecquer and then sanded with No. 400 carborundum paper wntil
aerodynamically mmooth swrfages were obtained. The ordinates of the
models teslted are presentsd in table I.

Tests.- The tests of each amooth airfoil sectlon consisted of
measurements of the 1ift, dreg, and quarger-chord pite moment at
Reynolds nunbers of 3.0 X 109, 6.0 x 10°, and 9.0 x 10°. In eddition,
the 1ift and dreg characterigtics of each section were determined at a
Reynolds mwmber of 6.0 x 10° with standard roughness spplied bo the
leading edge of the model. The standard roughness employed on these
oli-inch-chord models consisted of 0.011-inch-dlameter carborumdum grains
spread over a zurface length of £ percent of the chowd back from the
leading edge on the upper and lowor surfaces. The grains were thinly
spread to cover from 5 to 10 percent of this area. Imn an effort te
gain some idea of the effectivensss of flaps when applied to these
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airfoile, each airfoil was fitted with a 0.20¢ simulated gplit flap
deflected 60°. 1ift measurements were made at & Reynolds number of
6.0 X 10° with the split flap, with the airfoil leading edge both
apooth and rough.

RESULTS

The results cbtained from tests of the eight airfoll sections
are presented (figs. 10 to 17) as plots of standsrd serodynamic

‘coefficients representing the 1ift, drag, and quarter-chord pltching-

moment characteristics of the airfoil sections. The position of the
asrodynamic center, as determined from the experimental resultis,

and the variation of the pitching-moment coefficient about this point
are also included. The influsnce of the tunnel boundaries has been
removed from all the aserodynemic date by means of the following
equations (developed in referencs 7):

_ cd = 0.990 Gd'
ey = 0.973 cl'
Cme/h_ = 0.951 ¢ /;4:

GO'S 1-015 Go'
vhere the primsd quantities ropregent the measured coeificients.
DISCUSSION

The discussion is primarily concerned with an aniysis of the
effects, as 'shown by tests of the five modifled HACA four-digit-series

airioil sections, of variations in the leading-edge redius and position

of meximm thickness upon the asrodynamic cheracteristics. In this
enalysis, freguent use 1s made of cross plots (figs. 18 to 21) showing
the characteristics of the modified sectlons as compered wi vh those of
the conventicnal NACA four-diglt-seriles sections and NACA S-series
low-drag sectioms. The comparative results for the NACA C—Beries and

four-dlgit-series sections are shown in the form of curves representing

faired date talken from reference U4, whoreas the results of the present
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investigation appear in the cross plots as experimental polnts.

Tittle mention is made of the results cbtalned for the three conventional
NACA four-digit-series sections tested inssmuch a&s they follow closely
the trends Indicated in reference 4 for this seriss of alrfoll sectiona.

Minimum drag.- The preoviously mentioned influence upom the pressure
gradlents over the forward part of the alrfoil of & reduction in size ¥

of the leading-edge radius and a rearward movement of the positiom of

maximm thickness has, as might be expected, & favorable effect wpon

the value of the minimm &reg coofficient. An indlcation of the

magnitude of this effect may be gained from figure 18, which shows ‘
the minimm section drag coefficient corresponding to a Reynolds -,‘
number of 6.0 x 10° &s a function of airfoil thickmess ratio for the [
five modified NACA four-digit-series airfoils, for the conventional

NACA four-diglt series, and for the NACA Ob- and 60-series low-drag

airfoils,

In the smooth comdition, the minimum drag of the 1lO-percent-thick |
sirfoils heving leading-edge redii of one-quarter normal size and !
maximum thickness at 40 and 50 percent chord wes of the same order,
respoctively, as that obtaimod for NACA Gli- and GG-series low-drag
airfolls of comparable thiclimess. This similarity In dreg indicates
the existonce of considerabls laminar fiow over the airfoll surfeces. |
The emall, though rather oxtemsive, positlve pressure gradient, which \
occurs over the surfaces of the l2-percent-thick airfoils having |
leading-edge radil of normal size and maximum thickness at 40 percent J
chord, gives rise to a minilmm drag coefflcient which lies between !
those of the WACA Gh-series low-drag section and HACA four-digit-series
section of comparable thiclmess. Tho additiim of the NACA e = 0.8
(modified) mean line to the NACA 0010-3k and 0012-64 basie thickness -
forms does not approciably effect the velus of the minimum dreg’
coefficient. The faired data of reference 4, which ere presented |
in figure 13, indicate that airfoll thickness form and mean line have
little effect upon the velue of the minimum drag cocefficient when the ‘
adrfoll leading edgos are in the yough condition; and the results of |
the present investigation (fig. 18) follow the seme trend.

The airfoil basic thicknessg distribution appears to have a
marked effect wpon the mamner in which thse minimum drag coefficlent
varies with Reynolds number (figs. 10 to 1k). The centrolling action
of the airfoll preazsure distrlbution upon the exltent to which the opposite
effects of a thinning boundary layer and & forwerd movement of the
point of transition balance each other as the Reynolds number is increased
suggests 1tself as a possible explamstion. Bome insight into the
mechanism by which the airfoil pressure distribition influences the
movement of the transition point with Reynolds number may be gained
from the theoretical work of Schlichting and Ulrich (reference 8).
The results of thie work show the exlstence of a critical boundary-
layer Reynolds numbor R50r1 K above which the laminar boundary +
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layer is no longer steble and may becoms turbulent. Furthermore, the
veldus of the critical boundary-layer Roynolds rmumber is showa to
decrease rapidly and the laminar boundary layor to bacome increasingly
mstable as the pressure gradisnt along the swrface becomes positive.
In the presence of an unfavorable pressure gradlent, the transition
point is, therefore, most likely to move rapidly forward once the
critical boundery-layer Reynolds number has been reached.

In consideration of the idsas of Schlicting and Ulrich in relation
to the incresse of minimuwm drag with Reynolds number shown by the
NACA 0012-64% section (fig. 13), the wnfavorable pressure gradient
over this airfoil (f1g..8) wonld seem to be responaible for a rapid
forward movemsnt of traneition which overbalances the normal thinning
of the boundary layer and consequent reduction in dreg thal usually
accompany an increase in Reynolds numbsr. On the other hand, the
FACA 0010-34k (fi1g. 10) and NACA 0010-35 (fig. 12) airfoils which
possess more Ifavorable pressure gradients have a negliglble geale
effect botween Reynolds mumbers of 3.0 X 10° end 9.0 x 10°. This
fact indicates that the opposite effects of a thimning boundary layer
and a forward movement of transition mearly counterbalance each other.
The wniformly favorable influence upon the minimum drag of HACA S~series
sections of inoreasing the Reynolds number from 3.0 X 10° to 9.0 x 10°
indicates that Racrit of these airfoll sections, which have nmarked

negative pressure gradlemts, is sufflclenily high so that no appreciable
forward movement of tramsitlon occurs between these Reynolds numbers;
and, thus, the favorabls effect of & thimning boundary layer predominates.

Low-drag range .- The range of 1ift coefficlents over which low
drag is obtained and the mammey in which this rangs variss with Reyoolds
number are about the same for the NACA 0010-34 and 0010-35 airfoil
gections (figs. 10 and 12) as for the NACA 6-geries sections of
comparable thickness (reference 4). The low dreg range for the
NACA 0012-6k section (fig. 13), however, is guite small at & Reynolds
number of 3.0 X 107 and is practically nomexistent at a Reynoclds
number of 9.0 X 10°. The more positive pressure gradients om the

NACA 0012-64 section are probably responsible for the bebavior of

the low drag renge on this airfoll section.

The relationship betwoen the drag and 1ift outside the low drag
range of lift coefficients is about the seme for the NACA 0010-34 and
NACA 0012-0k airfoils, both cambered and uncambered, as for the
NACA Sh-seried low-drag sections of comperable thickmoss; a somewhat
less marked correspondence exlsts batween the drag charecteristics
of the NACA 0010-35 gection and a comparsbls NACA 56-serics low-drag
sectlon. These comparisons are valid for the airfoils in both the
amooth and rough conditions.
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Lift

Lift-curve slope.- Rearward movement of the vosition of maximm
thickmsss of the HACA four-digit-series sections is accompanied by an
increase in trailing-edge angle. In accordance with vrevious experimentel
work (references 9 ani 10), the lift-curve slope decreases with increa.sing
trailing-edge angle. The results of the present investigation (fig. 19)
for the 10-percert-thick and 12-percent-thick sections having maximum
thickness at various positions indicate the same trend, with the greatest
decreage in the lift-curve slove being about 1o percent.

From theoretical considervations, the 1lift-curvs slope should
increase with increasing airfoil thiclmass ratlio; and the couparative
data from reforencs 4 (fig. 19) for HACA Gh-seriss low-drag sections,
which bhave vory small tralling-edge angles, indicate that such is the
cagse. II, however, the tralling-cdge angle ig larso and increases
rapidly with increasing alrfoil thickness ratio, the theoretical
increase in lift-curve slope with thiekness will be overbalanced by
the opposite effect of increasing treailing-edge angle. The TACA
four-digit series sections, data for which are presented in figure 19,
have this cheracteristics. Since, with increasing thiclmess, tho trailing-
edge angles of the modified NACA fo‘ur digit-series sections becoms
progressively larger than those of the conventional NACA four-digit- series
sections, a more rapid decrease in lift-curve slope with increasing -
thic}mess would be oxpected for these modified airfoils. The amount
of data available for the modified NACA four-digit-series sections does
not appear to be sufficient, however, to define adequately thie trend
or to pormit any definite statements as to the relative effects of
roughness on the lift-curve slopcs of the modified and conventional
NACA four-diglit-serles sections.

Angle of zero 1ift.- There appears to be no appreciable difference

in the section angles of zerc 1lift of the HACA OOJ.O -3% apd WACA 0Q012-6k4
airfoil sections cambered with the HACA a = 0.2 (modified) mean

line (figs. 11 ahd 14). The values are slightly more negative than
those predicted from the theoretical mesan-line date presented in

figure 9 but agres quite well with the experimental valuss obteined

for canbored NACA GA-series airfoll sections employing the HACA a = 0.8
(modified) mean line (reference 3).

Maximgm 1if4.- Sope 1dea of the effect upon the meximum 1if¢
coefflcient of variations of the position of maximum thickness and
leading-edgs radius may be ga.ineé. from 3 Lgwrs 20. This filgure shows
the maximum scction 14ft coefficients (R = 5.0 x 10°) for the
modifisd NACA foar-diglt-series airfoils as & function of airfoil
thicimees ratio, with comparhtive date from reference 4 for
NACA Gh-series low-drag airfolls. As might be expected from
previcus investigatioms, the lowest meximun 1ift cosfflelents
wore obtainsd for the airfoils having one-guarter normal-size
igading-edge radii. The maxirmum 1ift coefficlents of the




WACA RM Fo. LT7IZ2 i 11

two symmetrical sections (NACA 0010-3% and 0010-35) are about the same
and do not appear to vary as ths leadlng-edge condition is changed -
from smooth to rough. These results show that if the leading edgs

is sufficiently sharp, the usual important influence of surface condition
is negligible. The extremely low velue of the maximum 11ft obtained
undsr these conditions 1s shown by comparison with results for the

HACA 64-010 section. The maximum 1lift coefficients of the two modified
NACA four-digit-series sectlons are about 35 perceont lower than that

of the INACA 64-010 section in the smooth conditiom and sbout 15 percent
lower whon the leading edges of the airfoils mre rough. The incroment
in maximum 1ift caused by cambering the NACA 0010-34 section is sbout
the same &s that observed for the addition of approximately the same
amount of camber to the NACA O4-010 sectiom. Iven with camber, the
maximpn 117t of the NACA 0010-3% section is about 23 percent lower

than that of the NACA 64-010 mection; but with rough leading edgs, the
NACA 64-010 section has a maximuz 1ift coefficilent which is sbout the
sams as that of the cambered NACA 0010-34 section. \

The maximum 1ift of the three airfolls having one-guarter normal-
gize leading-edge radii with smooth leadling edges and equipped with
0.20c split flaps deflected 60°, more nearly approaches that of
NACA 6h-geries low-drag sections of corresponding thicknsss and camber.
The deerment in maximup 1ift coefficient caused by leading-edge
roughness is, however, so amall for these three sections that In
the rough condition thv maxingm 117t of the three modified
NACA four-digit-series sections is as good as or better than that
of corvesponding NACA Gh-saries airfolls.

Moving the position of maximum thickmess from 30 percent to 4) percent
chord while maintaining & normal-elze leading-edge radiug reduces the
maxirmum 1ift coeffiecient of the ‘plain airfoil about 15 percent, as
shown by the comparastive data for the NACA 0012 and WACA 0012-64 seetions.
Clearly illusirated here 1s the important point that a reduction in -
thickness of the alrfoll near the leading edge, such as occurred in
this case, has a definitely adverse effect upon the maximum 1ift
cosfficient although the leading-edge radiuws itself may not bo decreased-.
The meximum 1ift coefficients of the cembered and symmetrical NACA
0012-64 airfoil sections in both the smooth condition and with etandard
leading-odge roughness are nearly the samp as thoss of the correspending
cambered and symmetrical NACA O4-series low-drag sections (fig. 20).

- The value of . the maximun 11P% coefficient presented in figwe 20°
for the NACA 0012-64 section i1 about 13 percent lower than that
indicated by tests of the sams airfoil in the NACA Variable-Density
Wind Twmel (roferemce 2). The value obtained in the present investi-
gation, however, was very carefully checked and 1s belleved to be
correct. The discrepancy botween the valuss obtained in the two tunnels
may possibly have been caused by turbulence effects mot fully accounted
for on this sensitive alrfoll by the effective Reynolds mumber correction

;applied to the Variable-Density Wind=Tunnel results.

L)
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The results presented in figure 20 show that, in the smooth
condition at least, the meximum 1ift coefflcients of the cambored and
symuetrical NACA 0012-04 airfoil sections, whem eguipped with 0.20c
split flaps dsflected 60°, are somewhat higher than those of corre-
sponding NACA S4-series sections. This result mey be explained by
the fact that the tralling-edge angle of the NACA 001l2-6% airfoil is
larger than that of the NACA 64-012 airfoil since the exporimental
results prosented in reference 3 indicate a slight improvement in
the meximum 1ift of NACA G-geries sections with split flaps when the
trailing-edge cusp is removed. The results for the cambered and
symme trical NACA 0012-G4% airfoll with rough leading edges do not form
a consistent comparison with results for the NACA Oh-series sechioms.

In nelther case, however, is the modified NACA four-diglt-series gection "

worse than the corresponding NACA Gh-geries airfoil.

Botween Reyuolds mmbers of 3.0 x 10° and 9.0 x 10°, nome
of the modified NACA four-digit-series secilons show any appreciable
scale effect on maximm 1ift.

Pitching Moment

Quarter-chord point.- The two elrfolls cambered with the
NHACA a = 0.8 (modified) meam lirme have quarter-chord pitching
moments (figs. 11 and 14) which agree closely with those predicted
from the theoretical pitching-moment date (fig. §).

Aerodynamic center.- The chordwise position of the aerodynamic
center for the modifled HACA four-digit-series sectlens ls shown in
figure 21 as a {unction of alrfoil thickness ratlo, together with
gimilar data taken from reference U4 for the conventional NACA »
four-digli-gseries sections and the NACA Gh-geries low-drag sections.
The forwsrd movement of the asrodynamic centsr which is seen to
accoupany resrward movement of the positicn of maximum thickness on
the modified NACA four-digit-series sectioms 1s in agreement with
the trends of yeference 11 which show that such a forward movement
follows an increase in trailing-edge angle. Theoretiecal considsrations
Indicate a rearward movement of the serodynamic cemtor with incressing
airfoil thickness ratio, and the data for NACA Gl-series sectlons
follow this trend; but the effect of imcreasing treiling-edge angle
predominates in the ¢ase of ths conmventional NACA four-diglit-serisa -
soctions as eovidenced by the forward movement of the asrodynamic center.
(coe fig. 20.) Since the trailing-edge angles of the modified NACA
four-digit-series sectlons become progressively larger with incroasing
alrfoll thickness than those of the conventional NACA four-digii-series
sectlons, & yors proncunced forward movement of the asrodynamilc
center with increasing thiclmess would be expected for, thsse alrfoil
sections; and The comparative results for the NACA 0012-64 and
0010-34 sectigns seem to show this trond.

§
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CONCLUSIONS

Based upon a two-dimensional investigatlon of the aercdynamic
characterigtics of five modified HACA four-digit-seriaes alrfoll sections

at Reynolds aumbers from 3.0 X .‘!.06 to 9.0 X 10‘5, the following
conclusions may be drawm:

1. The maximum 11Tt chexacteristics of the airfoll secticns
having normal-size leading-edge radil and a maximmm thickness of
12 percent chord located at 4O vorcent chord very elosely approximated
those of RACA Sh-sories low-drag sections of corvespouding thickmess
end canber.

2. The maximum 1ift coefficlente of the 10-percent-thick alrfoils
with ong-guarter normel-size leading-edge radil and meximum thickness
located at 40 and 50 porcent chord were &bout 35 vercent lower than
those of amooth HACA 6h-geries sections of corresponding thicknoss
apd cambar. For airfoils equipped with 20-percent-chord aplit flaps
deflected 60°, the meximum 1ift of the &irfoils with ome-guarter normel-
size leading-edge radii more nearly approached that of NACA Gh-series
airfoila. Roughness had no apprecilable effect upon the maximum 1ift
of thess airfolls. 3

3. The minimm drag cosfiicients of the alrfoils with meximum
thickness at 40 percent chord and normel-gize leeding-edge radli were
higher than those of the corresponding NACA Sb-series sections.
Reducing the leading-edge radius to one-guariter noxrmal size and
moving the pesition of maximum thiclkness to 40 and 50 percent chord
caused the nminirwm drag coefficients to be reduced to values about
the sams as those for corresponding NACA Oh- end G66-series sections,
regpectively. :
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. Tncreases in the trailing-edge angle resulting from resrward
moverent of the position of maximum thickness caused sharp docreases

in the lift-curve slope and pronocunced forward movements of the
sgrodynsnic center.
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ORDINATES OF NACA AIRFOIL

NACA 0010-3l

TABLE 1

[Stations and ordinates given in
percent of airfoll chord]

Upper Surface Lower Surfeace
Station Ordinate |Station Ordinate
0 5 0 0 ”
-7 . - =
1.2? -7hh 1.2% -.7hh
2.5 1.Loo 2.5 -1.400
5.0 2.078 540 -2.078
TS5 2.611 7.5 -2.611
io é.gﬁﬁ 10 -5.otﬁ
5 . 15 -3.7
20 .2l 20 -i.
0 L.833 0 -h.ggg
0 E.ooo 0 -E.ooo
0 .856 | 50 -[1.856
0 Die {39 0 -3.7%%
0 5.762 8 -2'76Z
90 «55 9 -1.55
99 .356 95 -.356
100 100 |100 -.100
L.E. radius: 0.272

a = 0,8 (modified),

SECTIONS TESTED

NACA 0010-34
Oy

= 0,2

[Stations and ordinates given in
percent of airfoil chord]

| Upper Surface Lower Burface
Station ,I Ordinate | Station Ordinate
0 o { iRy 0 . 0 .

- ' .790 .81 -.632
1.176 | 1.062 1.523 -.820
2.307 ; 1.608 2,593 -1,186
L,.887 | 2.436 5.11% -1.71
T.378 | 3,090 7.622 ~2.122

1E'é75 ‘ E.637 10.12 =2.4ki5

1,876 «52% 15.1 -2.961

19.886 | 5.172 20,11 -3,512
29.917 | 5.980 30.085 -2,68l .
9.955 | 6.279 0.045 -2,721
9.99L | 6,186 50.006 -3.,526
0,031 | 3.735 59.969 ~3,131
0,06l | .915 69.936 -2.3 9
0.100 |  3.700 g9.9oo -1.830
90.076 2.0 | .9 -1.064
95.042 1.100 | 9L.s58 -.610
100 .000 100 | 100.000 ~2100

0.272

{ LeE. radius:

| Slope of radius through L.E.: 0.095

NACA 0012-6l4

[Stations and ordinates given in
percent of airfoil chord]

a = 0,8 (modified), cy

NACA 00l2-64
3

= 0,2

[Stations and ordinates given in
percent of airfoil chord]

Upper Surface Lower Surface Upper Surface Lower Surfeace
Station Ordinete | Station Ordinate Station Y Ordinate | Station | Ordinate
0 0 0 0 0 | o 0 0
1.25 1.813 1.25 -1.813 1.10 1.928 1.393 -1.686
2.5 2.453 2.5 -2.145% 2.85 2.659 2.66 =-2.237
5.0 3.267 5.0 -3.267 L .823 3.623 5.177 | =2.901.
7.5 3.813 7.5 -3.81% 7.322 «295 T.67 -3.323%
10 240 10 - .2%0 13'825 i h.ega 10.175 -E.é 0
15 Ly .867 15 -l .867 839 | 95.6L5 15.161 -[.083
20 5.293 20 -5.29% 19.858 | 6.221 20.142 “li.361
0 5.827 ae -5.827 25.900 | 6.974 0,100 | -L.678
0 6.000 | Lo -6.000 9.946 | T.279 0.054 | =h.721
50 5.827 50 -5.827 9+995 | Z-157 50.007 ! —h-h9g
60 E. 20 60 -5.320 0.038 | .622 59.962 | <L.01
0 .80 0 -E.QSO | 70.077 | 3.662 | 69.923 | -3.296
0 3.320 0 =3.320 | 0.120 | 253 | 59. 80 | =-2.383
90 1.867 90 -1.867 | 90.091 | 2.355 9.509 -1.375
95 1.027 95 -1.027 95.050 | 1.271 9L .950 =781
| 100 120 . | 200 -.120 100,000 |  .120 | 100.00 -.120
L.E. radiuss 1,582 L.E. radius; 1.582
: Slope of radius through L.E.: 0.095

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE I - Concluded

ORDINATES OF NACA AIRFOIL SECTIONS TESTED

NACA 0010-35

[Stations and ordinates given in
percent of airfoil chord]

NACA 0012

[Stations and ordinates given in
percent of airfoil chord]

[Stations and ordinates given in

percent of a

irfoil chord

(7 Upper Surface Lower Surface Upper Surface Lower Surface
Station Ordinate Station or&IAEié“_‘ pggﬁtion "LOrdinate étation Ordinate
£ 0 0 0 0 0 0
.75 .67 .75 -.67% 1.25 1.89L 1.25 -1.89L
1.25 'BZ 1.25 -.8 2.5 2.615 2.5 -2.615
2.5 1.267 2.5 -1.267 5.0 2.555 5.0 -3.555
5.0 X 5.0 -1. T-+5 .200 735 .200
75 2.289 T+5 -2.289 10 L.683 10 -l .683
10 2.667 10 -2.667 15 5.5&3 15 -5.3&2
15 3,289 15 -3.289 20 5.75 20 -5.733
20 3.78% 20 23.783 25 5.941 25 -2.9 1
0 .%7 0 .g7 0 | 6.002 0 -6.002
58 Ah.ogg 0 -4 .878 0 5.803 8 -s.go
. 50 -5.000 50 «29 5 -5.29
60 2.867 60 .867 60 E.se 60 -3.56
0 | L4.389 0 -1 .389 0 3 .66l 0 -3.66
0 | 3.500 0 -3.500 0 | 2.623 0 -2.623
90 | 2.100 90 -2.100 90 1.%h 90 -1.%&
95 1.178 95 -1.178 95 .80 95 - oz
100 l .100 | 100 -.100 100 i | 100 s =12
- i .
L.E. redius: 0.272 L.E. radius: 1.58
NacA 2,08 NACA 210

[Stations and ordinates given 1n
percent of airfoil chord

Upper Surface Lower Surface Upper Surface Lower Surface
Station | Ordinate | Station E Ordinate Station | Ordinate | Station [ Ordinate
0 0 0 | o ! 0 0 l 0
1.128 | 1.380 1.522 -1.13L | 1.098 1.69L 1.i02 | -1.48
2,337 | 1.977 2.663 -1.%95 | 2.207 2411 2,703 | =1.927
L.794 2.829 5.206 =1.891 | | L.ghe g.uzo 5.298 | -2. 82
7.223 3.&51 THET =211 | T7.217 .16 7.783 | -2.809
57 .9 Z 10.232 ~-2.23 13.710 u.zé 10.290 | =3.016
13.578 ol 15.222 -2.33 ' .722 2. 65 | 15.278 | -3.22
19.809 5.320 20.191 -2.320 i éﬁ.gél S 20.239 (o a=noT
.852 5.677 25.18 -2.239 ; 81 6.668 | 25.186 | -3.230
29.900 5.875 .100 =2.125 | 29.875 6.875 | 30.125 -3.125
| L0.000 | 5.869 0.000 | -1,869 | | L0.000 6.832 | [0.000 | -2.835
; 0'058 ; E.h75 9.961 | -1.582 @ 50.0%9 6.356 | L9.951 | -2.L6
0.068 | .820 9.932 | =1.26 | 60.085 E.s 0 | 29.213 [ =2.02}
| 70.081 3.3&2 69.519 =.0li2 | 4" 705102 551 | 69.898 | -1.551
[ 80 078 4 2.858 9.922 | -.6%6 | 30.097 3,296 | 79.903 | -1.07L
| 90.054 |  1.575 .96 -.353 | i 90.067 1.816 | 933 | -.59
| 95:083 | . ey | -1 | | gseoll 1990 | 9L.985 | =353
| 100.000 | .0 100,000 | -.084 | { 100.000 .105 ; 100.000 | -.105
| L.E. radius: 0.70 | | L.E. radius: - 1.10 71
} 0.1 | Slope of radius through LoBa st 01

Slope of radius through L.E.:

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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106

1.2

A
———"_’4'—’ \m_\‘
T T AT L
OO 02 oh 06 08 lo
X/C
(perc:nt c) (pecmnt c) (V/V)Z v/V Av /V
0 0 0 0 u 838
1.25 . 756 +917 .9508 2
2.5 T 128 1.023 | 1.011
5.0 1.662 1 092 1.0%2 .691
Tah 2.089 27 2.0 . 564
10 2.L,36 1.1 1.078 485
15 2.996 15188 1.090 .38Z
20 3.396 1,206 1.098 .32
0 E. 67 1.217 4" L.30 218
0 . 000 1,202 |#1.0 .19
0 2,838 1.185 | 1.089 .15%
0 3,547 1.16% | 1.079 o120
0 2.987 1127 | 2.062 .100
0 2,213 1.067 | 1.033 .O7L
90 l.Z%h <993 «996 04T
95 .68l 932 .965 .031
100 .080 0 o} 0
L.E., radius: 0.17L percent c

Figure l.- NACA 0008-3L basic thickness form.
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" " NloRMAL
..;. : 106 ‘ 3’/
A | NACA 0010 =-
o0 L] /
tel _r-E-]
rd "s‘r\\\
1.2 [\ = =R \
\\\~~?j§\
Sl =
2 N
it .8
¥
Pt
| SERRIER S
? PR e \
e ___qr__——"{*’—’dd“—'-‘/‘
0
0 % ot .6 8 3s0
x/c
X
ercent c) | (percent c) (V/V)2 v/v Ava/V
| 0 0 0 0 2.32
\ 1.25 1.511 1,108 .1.°3:053 |3, 285
245 2.0LL 1.2%2 gl 5 | 2
5.0 2.722 1.2 1.134 | .690
T¢5 3,178 1.277 | Awli0sPrsnEs
10 3.533 1.269 7 Fe 12T 1 LTS
15 .056 1,26 | “1ed2d 40 AT
20 h.gll To2h8: 1 -1, 3) .31
0 ;.856 T2l Tl ctd .2&1
0 5.000 1.242 0 16115 | 193
0 [1.856 1.23% 1 15130 ] &5
0 L. 23 1.2 1% A sty " %2
0 3,733 1.185 1.074, | .098
0 2.762 1,089 | 1.043 | .072
90 1.35 .980 .990 | .0L45
35 . 856 912 .955 | .030
E, 100 .100 0- 0 0
\ ‘ L.E. radius: 1.10 percent c

Figure 2.- NACA 0010-6lL basic thickness form.
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NACA RM No. L7I22

Leb

1.2 [ =l

A
R~ e L\
\—('\——n‘ /
0
0 2 .J.L x/c .6 '8 1.0
(per'c;nt c) (oercgnt c) {v/u)2 v/V  |ave/V
0 0 0 0 2.58L
1.25 1.1,67 1.1,0 | 1.068 |1.295
245 1,967 1.27% {1,428 .Zio
5.0 2.539 1.271 ) - 3.127 | nebBY
7¢5 1 2.989 1292 104 01 hingsy:
10 3,300 1.2%6 | 1,332 470
15 5.7 6 1.213 | 1,101 | .372
20 . 039 1,200 | 1.09 312
0 A.B 8 1.196 1,09 «239
0 L.889 Ie2la 4 03, 101 F i
0 E.ooo 1522 1D T ol (RS 5
0 867 1.23§ p PR G 1 W SRS o
0 li. 239 1.22 RO iy o I o ¢
0 3,500 1.173 | 1,08 .076
90Q 2.100 10090 D2 .0L6
-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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1.6

sy
T REEG
2 L el .6 .8 140
X 2
percent c) (percgnt Sy e ) v/V Ava/V
0 0 0 0
1.25 1.489 1.130 | 1,06 gh
2e5 2.011 1.2%6 g 93
5.0 2.656 1,286 | 1.13L | 687
Te5 3.089 1282 4 14132 | 554
10 2,1,00 1.258 | 1.122 271
15 E. 56 L2258 3 10T 1 A2
20 .178 1, 200: | A, 100" 18 S50
0 u.g78 1 189 1.080 236
0 L.822 g 1.0 3 .190
0 l1.956 u 1.08 «153
0 E.ooo 1 21h | 302 | .22
0 _ .889 1.26 11261 10
98 k. 300 1,29 1.120 .oﬁo
2.833 1,135 1,0 0
95 1.656 .925 .988 .038
100 .100 fies 0 0
L.E. radiys: 1.10 percent c

Figure Ly.- NACA 0010-66 basic thickness torm.
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|
3.6 e s ~o]
e
15 R O S e S AR :
o e
\' : / \\
v) o
L
B F\*—\
Fortli S e A/A}’/,A———’/
0 :
0 ol 311 .6 43808
x/c
x 2
percent ¢) Loercgnt ¢) | (v/V) v/V Sva/V
0 0 0 0 3.857 |
1.25 e .892 9Ll | 1.282
2.5 1.L.00 1.011 | 1.005 .930
5.0 2.078 1.113 | 1.055 .638
£ 15 24611 1.167 | 1.080 'P62
10 3,04l 1.200 | 1.095 118
15 E.7uu 1.238 | 1.113 .339
20 2l 1256 1 1,121 . 527
0 4.833 265 [ xidoly .29
0 5.000 1.253 | 1.119 .197
0 L .856 1.235 e T1Y .159
0 L.,3232 1,205 | 1.098 127
0 Yl 3% 1.157 | 1.076 .100
0 2.762 1.o§9 1.0 .073
90 1-35 «990 «99 oL5
95 .356 .910 .+ 95 .030
100 .100 0 0 |0
L.E. radius: 0.272 percent ¢

Figure 5.- NACA 0010-3l basic thickness fornm.
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1 R

X, 6

B crera ol ﬂ\\

i \\\
e <4
:\..‘\& /__‘_/"
i e
O . 2 Oh x/c 6 . 8

X 2 ey

(percent ¢) (oercgntggj (v/V) v/v ave/V

0 0 0 0 ;. 068
1.25 Za <954 977 | 1.309
2.5 1 e 1.082 1.01 .952
5.0 : 0 h 1.087 | 1.043 679
7.5 2.289 1.122 | 1.059 | 555
10 2.667 1.141 | 1.068 .ugé
15 2,289 1. 172 1.083 | .332
20 3.780 1.1908 1.09% | ,5&%
0, 78 | 1.21, | 10102 | L2
0 h.§78 1,229"1 15389 | ;)
0 .000 1.235 |“To1k) |- .21562
0 2.867 1.2Eo gy 121
0 L.389 1.10 . 104
0 2,500 1 17 1,084 | .07
90 2100 1,046 | 1,023 | .oL8
95 1178 .920 .959 | .030
100 .100 0 0 Q

L.E. radlusz

0.272 percent c

Figure 6.- .

NACA '0010-3%5 basic thickness form.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS -




NACA RM No.

L7122

1.6
”_"\_\.
1.2 // \\
\\
< 2
B \
A
B R “\_\“\ﬁ
___-—-—-4/%-'
\__. o
0
0 . U .6 .8 1.0
x/c
X
(percent c¢)l| (percent c) (v/V)2 v/v Ava/V
0 0 0 0 3,154
195 1,133 .865 .930 | 1.251
2.5 1.6 O .997 0999 0235
5.0 2.L49% ;8 1.889 .683
15 3,123 1.186 | 1.089 .260
10 5.655 1,229 | 1.109 L8y
15 <193 1,282 | 1.132 «339
20 5.09% 1.310 | 1.15 .229
0 2.800 1.329 | 1.15% .250
0 . 000 1,321 | Ao Lith .198
0 5¢827 le28ly |uled3 .158
0 +320 p =L R 0 e <128
0 E. 80 1.192 | 1.092 .098
0 3,320 1.112 [1.955 .071
90 1.867 - 82 .932 +0L45
95 1.627 .89 .9L6 .029
100 .120 0 0 0
L.E. radius: 0.391 percent c

Figure 7.- NACA 0012-3l basic thickness form.
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e : 1.6

— | SN E———
— el
e
=

e
o \
b
\\P—\ ///
O .
0 32 ol 25 6 1.
‘ . (ner:ent c) (percgnt c) (v/V)2 v/V AVZ{V
0 0 0 2
1.25 1 813 1.0721 2.035 | 1 252
2.5 2, u55 5,270 | 1127
\ 75 35y | 132 133 2
10 5:2%0 1.322| 1 ? E?h
15 l;.867 1.313 6 372
20 5.293 1,303 .315
0 5.827 1.297 1 k| 9 241
0 6.000 1,300 12 9
0 5.827 1.280 1 131 .15§
0 5320 1% 1:315 ol
0 ﬁ. 80 1.189 | 1.090 .096
0 3,320 12 1 050 .070
8
90 1.367 .395 J ou%
95 1.027 .889 933
100 .120 0

L.E. radius:

1.582 percent c

NACA 0012-64 basic

thickness form.
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2.0
N
0
Z
Je
: RS T
0 :
.0 i olf 6 .8 1,0
x/c
c1, = 1.0 a3 = 1.40° °m, g, = 0.219
= v dy./dx Pr |av/V = P
(percent c) (perc:nt c) Yo/ R AW/ R/
0 0 ! --ﬂ --------------
5 .281 | 0.4753
.75 .396 1,00
1.25 .603 “295351
2.5 1.055 23,0l |pl.092 | 0.273
. 5.0 1.80% 271ug
1o 2.432 2337
10 2.981 20618 -
15 3.905 .16;&6 :
20 651 .13[52
25 5.257 .10873 }1.096 Sl
30 5.74h2 .0859
Es 6.120 .0629
0 6.39L .04507 |+1.100 .275
L5 6-271 -0%259
50 6.651 . 00607
25 6.6%21 | -.01,40L }1.10h 276
0 6.508 -.03357
65 6.274 | -.05887 | 1.108 2270,
70 5.913 | -.03610 | 1.108 2l
g5 2.501 -.12058 | 1.112 27
0 .67%3 | -.1803 | 1.112 .278
85 3.607 | =.23430 .8%0 210
90 2.h52 | -.2521| .588 A7
95 1.226 | -.21521 | .%68 .092
100 0 -.24521 ] 0 0

Figure 9.- Data for NACA mean line & = 0.8 (modified).

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




- i . e %00 o o
. . o ens
. - v * . ° e .

2.8 = 03

T
I
T

S TialLl 0.20c simileted split

T e

flap deflected 60° i i gt =
R R i A R dbntant

o 3
efd ] 76 x 10°

o it b . g e T

P ! L=t 7 Standard ,roughness -,

+5
12
(=]
@
“ag
=

210 6 x 10 L

S 8T L o } i 1 R ) LS : : N

i

x 106

o3
3
S

t

dard roughness | |7}

0
0 : { |
0 i
6

|
.0 x 106 £ 1 |
|

T8y
b
g
(P l““sa:tﬁtop*hﬂg“ﬁoa}dt&lﬁn@;' "*36‘ i
=

.25 018 !
2&2 <001 it
243 .055

ELEE e ] FEEH L ks R KA, B 1111 41

e ;

e ; 0.20c simulated s 1it

i : i 16
5 ; ‘ ‘ - / .....
131 5 e | i o1zl Vi 2 | i
B | ! i ! f i 5 B 1
7 : 1 © { | ' 1
T 1 . ‘ ‘ g g .
§ b § ) S| 4 H e : S £ 30 13 R DEEH oS ML I }
Litaate P ] i l) : i ! ! i : 4 3 f :
4 i I PP | 6 1 : A7
R P 1 SR B N S, 7 e dogl bl 69.0 x 10 i e
H i i A A i 5 6.0
T T i A T
A4 155 O L0 IS FSE) A e 4] i 5.1 8
o I O T P ! ; 4 Standard rgughneuw it
- $ E p T ..-.4 P ‘. H ‘..1 . B At : et 6.0 = 10 {-- - 49
L & diE I i . 7 I ‘ i
¥ T 1 T i H T
PR I S iy pil i H i |
g R R | 4 il 7 i
G ' i ‘ VN‘M { { jy L. i $if: -
i ¥ B W
: :.3 - g ‘ PR ‘ i 1 -2 32 f
|
s -:p ! s 1 : ! ! < A R :g posic}oni :
i . : : e
§ 1 {

flap deflected 60°
R

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
s shegsl 3

s li - w6 x 106

3 T 1 | i ;
Figure 10.- Aerodynamic characteristics of the NACA 0010-3) airfoil section, 2l4-inch chord.

¢cILT 'ON IWd VOVN



B S i
| T
© 0.20c simulated split ‘ H i i e =2
f flap deflected 60° I o e e e
| L 76 x 106 | e ! " sl ——t + i
| W 1% 7 Standard  roughness | | 0 12| 4 |16 i
.0 6 x 10° Sl 102l i [ %/ [ |
: o T T ? | | |
¢ | tol ! { 1 1
‘ ‘ 2 iRalle] Ly j ;
1 % e ggs0 » 106 ;
| - | ey i L1l ©6.0 ,
+ SRR & w201 i 93.0 :
{ ot Rl . AStandard roughness i
- i & T R A 6.0 x 106
| ' ‘ 1 H 'H ' t
oo 1\ i ! ! 8l d1d l T
1 1 | O | 1
) RESESE" 4
<8 I 1 £1v014 | \ !
| Sl RERAATaRR M ERas
Q. ' 3 : g
Wbt Ly | ' ©9.0 x 10 .0 4 | ~
i 86.0 Q o]
i 0 o 1 6 110 I ©3.0 L% !
I AStandard rgughnees
T ‘; 6.0 x 10 [l
[ B ; T T
e lml] Ll | g 8! |
) o R 1 i 1
i ) 4 - . el ¢
5] { i |
P 1 ‘ } i
Rt fH | ‘ it
R 8 (i ] el : - :
B | I i
tti | ol ! - ‘a.c. position if
: P + : R x/c y/c .
e ! (. 5 i i
-3 12 | ’ | 82.8)(106 zu+ ojég
R i 0 3. -.080
! 0.20¢ simulated split K’\; 1 i ;5 o‘ i Sy
‘ flap deflected 60° | e o A 8 ]A.,I i
wlly 116 R 5 NATIONAL ADVISORY
i b T 96 x 106 BIT = COMMITTEE FOR AERONAUTICS
| 2 T 41 .
- L S | 1-g I ]k tBLk dd: S R 5 B -J]d (=Xed | -1 S S 55 T SO R o ERE O R TG OO A O . 58 ]
o Sectipn al o L 3 i RN WA el
B i o o i S0 1008 P g s e e o i i i
Fifgure 11.- Aerodynamic ohuacteristioa of the NACA OOlO—)h, a = 0.8 (modified), ciy = 0.2 airfoll section, 2li-inch chord.

g2ILT 'ON WY VOVN



L .
®000 sqve

r [
0.20c simulated split LL02 Lg*“"
flap deflected 60° 0 0t O bty ey 2 20 121 T RS L) PSS R SRR e S R R R R
i 6 i 106 T T ‘
H v { Q : { |
2.0 VStandard6roughness i He ol xya il by i i HiE
x 10 e : et
il : ! i) |
I i | | !
ik i i ] E_ | R
Ny | LR
i E’: 0 x 10°
! 0
1e2 | 016 x andard roughness
o , el : Aﬂl , 6.0 x 10
¢ t f : f ! T
OO i tholt PP B " il | E i I i ! i
| Bl : B i e 16 o
0 5 3 O, ORI T © 9.0 x 10 P :
A ¥ 8 6.0 gJ g i Wl;)a" T |
o b i O 3.0 FER B el o T2’ !
e I o S A Standard A
| i N |
: roughnesa6 ' -
v_g, i 6.0 x 10 : i

8.c. position;
h x/c y/c E

1
i

109.0 x 104 .205  .075

205  .027

(|

.205  .030

b

4.‘ : ' T L]
©0.20c simulated split ||

T

NATIONAL ADVISORY

flap deflected 60°
R
76 x 106

COMMITTEE FOR AERONAUTICS | |

o AN

ton

Pt o

Flgure 12.- Aerodynamic characteristics of the NACA 0010-35 airfoll

|

T
section,

21

nch chord.

GeIL T 'ON WY VOVN



1

O e o o i i R el
i § { i e | l | i | L l 1 | I e - § | | ! HE
L | ! ! } SRR EELR O i 1 ! | Lt i o e L B

I 17 ] 0.20c simulated 821“3- R e R e 0 11 0 L B 500 R 1 s e kLY ] e
[ l2.ul | flap deflected 60° | T g :

R
‘ i 96 x 106
il 7 Standard roughness
} 6 x 10 ’g’

i-_ -L—ﬁ-n_;“_ “' ‘ ‘ [ 5 l v | E E

e i 1
1 e Y s

y

"e

= ‘\\~ :
ficidnt,

jclent;
o

Settlon drag coel

4 3§ g
o H /- ; 0 9.0 x 106 4 Ea s A

. © 5] .0 | i .1 Jis
=) L 0 3,0 1l 008 |
s 1 A Standard i L

roughness |
g ; ‘ 6.0 x 106
St o 2, |
o !
& e 1 | i ;
I Q . b - .
. ! [ ‘ 1 o R L A
| i 8 | ! | l

a.c, position
x/c v/c
0 . «23%3 .

0 23 .059
0 o22 «115

1) 5 !

it
NATIONAL AD Y

R

=
prRe TR v
| | 1

0,20c simulated split| !l
flap deflected 60°
R

ri.iuio;;n!_-_ 3’;‘

B
A

e

96 x 106 ; : ; | AR

-1 R 1506 R S 1 A R il NG SR 3 OO ERRIC 288 0 O o HJhm.mmﬂ;v o0 it
1] b ook, | 4o, 448 ‘ sositiididnt, [ 4, [ LT[
Figure 13.-

Aerodynamic characterlistlics of the NACA 0012-6l airfoil section, 2ly-inch chord:

»
~

=

G3IlLT 'ON WY VOVN



oo e
e o °
. ® %o
. 3
° . °
®eee occce
T
« 03,
' i - i i ;
{ B ! 5 (44 A1 8
1. 0,20c simulated s lét o ! | B3 il
flap deflected 60 1 ; i [ Pt 1] i
R 6 Ang | 1 . i I e i
B v6 x 10 i ! ; [ R e
7Standard roughness J t | il i T U |
% i it ! ; SEE L ;
1 G i , ‘: 0 12! by t6 L8\ 4 h.D |
2.0 89 S 0 A P R 0 s 6 251 ot 8 il 021 | ‘ | | v} I
heoecto ?.. - ‘. - ot I R I
s ; | gl L]l 17 o9.0 x 106 |
4 e i T 1 T 6.0
! { 3 | il I | a | jo3.0
f Tl T 1 T i T | 4 Standard roughness g
{ 4 | {2 R 334 2
i o 1 | | g 014 N1 6.0 x 10

Secticn dreg doefl Midhi;uré‘ﬂ'””

i
=
§ 8 % Bl i er' : 73
Hi e : | I/ ' ;R i A }
: B ¥ dms | X 4 S
1 #{ | OZ.OX1O6 ol S
+ 1 1 w6.,0 T
i E i ! 3.0 f
igw ‘ ! { & Standard rgughness s
8 / .: Do 6.0 x 100 i Y
7 7 : Kt
 {ERmmsi e
i 14 \,’ Y ‘
1 I | i
| i J!;
ol il a.c. position
! 3 ’ S Nl : i fml H £55 HEH Y 9.0 x 106 .231 .49
3 12 : Tl L ¢ Pl, % : ﬁ S Ll b6.0 232,056
g 0 Ll i hab 198 1 1 O T i illg 03.0 .226 .03}
- £ il P ey L0 o] [E000 PO 1090811 064 Lautd beb Ha3]
I~ 0.20c simulated split | ¥ 1 i ; i A ) B L
el : : flap deflected 60° - i it it CH i 11 L S ] R e i NATIONAL ADVISORY
Jﬁ. 1.6 R 2 s L COMMITTEE FOR AERONAUTICS -
: i v6 x 106 TR
50 0 P o T S w3 O v
ckipn anqﬁlo of |atitdck, | dg |, (498 i tidn MUY doaffididnt, | o) |
fisa ] T i TETT

Figure 1.~

Aerodynamic characteristics of the NACA 0012-61;,

a = 0.8 (modified), o34 = 0.2 airfoil seotion, 2l

-inch chord.

6cILT 'ON INY VOVN



Bk

. . . v .
L e
» . ° o
L] e Oeop»
. .
L .
®%0e ovooe
T
-
5. Q
I Ll i | T H T

| | ' |

Il | | 0.20c simulated split ) e 3 ) R ]2 5l s e |
L, | flap deflected 60° S 0 A oS e i 1 | P i v fiiciie i

‘.h f ISSON e N '~ - . 1 028_ e - ! -"r‘ T i

| v 6 x 106 | | { i e T i e A é

@ Standard rogghness‘\ ] e I =11 | T . T : i f

- 6 x 10 L R e e e b 140 :

------- g0 = TR \ I . 0 m
| 1 t (W31 t | t © i t 3% ¥ o 1 { t

| A O D 4 5. o b b e i il

+

e

| | ¢ 6
RO [ f D)Z:g T
0 { R e R b ) ;

[ i i AStandard roughness |

r

1
egefficient;

| N 6.0 x 10

8

0]

ST
-
>0 @O

R i = l—1 roughness g

{ 6.0 x 10

R

| { y | . -
1
|

| Beetiion 110 eodffidien

TR R

M;.c. poaitic;n
i 1 Y I R 47 4 AR 8 /e J/®
iyl . i, 4 x 16 250 0
3 & ' - ‘ 250 0
AL 0.20c aimulltedds %%“ i ! NATIONAL ADVISORY o
flap d°§1°°t° : | COMMITTEE FOR AERONAUTICS
I T 9% x 108 i

o)

of t8adky  la f, sl e
TG 1l b R e 44001, R iy ol G VRS 0 R lf_}h

i

Figure 15.- Aerodynamic oharacteristica of the NACA 0012 airfoil seotion, 2l-in

ch chord.

et HE B 8t ! Lol 1alé

A4 . Hee A O
18+ .o \ * o
|4 t-e 4-_..... e

GoIL'T 'ON INY VOVN



Figure 16.- Aerodynamic chcracte

ristics of the NACA 2,08 airfoil section,

2lj-inch chord.

: 52,8 . T : . 0 : 32— . e .
A | 6 R 0 i 0 | ' ! 1 B R M
t 0.20¢ simulated split 15 I B e T ‘
flap deflected 60 {1 { { 1 e i e o g i f
o, 2aly R 6 : RS s S SR TS 9 O 028 } | o : ! -
H v6 x 10 IR | § i } T t— ”";’—k; 1 ,,l' { { i
VStandardéroughness;,,, oy #1558 50 i Sl e 8 o e S ALl S e
La 6 x 10 Ly 1 ‘ 0 L2, bl 4oL 16] 84 /L0 bl ‘
J2.0 | 4 | ‘ (i =B y bl oaelh i s} x/e [ %) i ;
‘ | i | ‘ { | | ‘ q i ¥ |
1 e 1 |° ; ‘ |
1.6 | | I it \ | g LS g 22 m
i | | | | ] | | Lo s
{ { } | fezal | ol |
= 1 % | 3
: ‘ i TS i & 1
e { { - \ i -y
ool L] ] | Ll 18l
5 j a1 9 |
b | [ 167l : ! Y
= " { 1 b
3 ! : - 51014
| { R i
T 1 T P& x >3
AEEE | 1% R a |
55 T i : 03.1 ; 0
| E i B 1 78 {10 0 A Standard roughness. ;
: : : - : _‘ 6.0 x 106
i | g T ] I : i
:r_; ELos & ; i
- i p
o : f : o
el T 7 ] ‘
L 4" 2% it 4 £l 82 ?, e ML L Y s ,..,A 125 L 2 F’g 22
fs { L ks . 2l e Sl (T dnik 2 i oH R ' a.c. position
f I Rt ﬁ § .,5 ] 5 ! R x/c y/c
sl |l I AT oA S {99:0 x 106 .27 9
|5 0.20¢c simulated split || | | | | iy 106.0 el
i flap deflected 60° | Hilg L 03.1 2 .01 ;
| R ! Sl : - :
iy $LE [l i1 B NATIONAL ADVISORY
{ 1 & i b I b 7 l _|' commiTTEE FOR aERONAUTICS! | || |l
| 4 | i) Al ‘ i - b L L AL
I R O ik -8 man au;t I 0 0 B R 1 R il I >
0T P ct ahgle atitack, | 4 ¢ :
It e sl of Bl | S 1o sebiton L sonciiaiges, | o,

'ON WY VOVN

GaIL"T



» 'Y - (4
L] e eo e .o
3 e e o o o .
L] e ®eo L] L]
L] . LL R ]
. . .
®0ee oo oo o0
2.8 rr A B e - . e
‘ 0.20c simulated split =~ | A
! flap deglected 0° e I [
| b, £ Y i | .‘
L lalyl v6 x 106 I " 0 5 O i ; =
[ | ’Standard roughness | f" K | ! i { { 1
e 6 x 10 1A 3 ‘T e = 1S SRS L8 o ‘ : ! !
| | ' 1 v - 1-0 ! ! 1 {
2.0 1 {1 i 1 5 ! I ! ! ! . : . ‘
| i it ll | | | |
1.6 | ‘ | i l l‘é‘ ’91 #
) T F e , 0940 x 106
| z) | | ko] 0 6.0
------- = , TIE 03.0
=l ! : i : 4 Standard rgughness
i 3 v { s 6.0 % 10°
sl | I
< B I B 51 d o I - T
I B ; R 5 i
i [ T ©9.0 x 106 g ;
3] | \ i 06.0 - b
- = | 03,0
o) ] A /1 : ‘ 4 Standard rgughness
et il LA ; ! 6.0 x 10
] | | I
it f s ]
Bl | Ll oy
g ‘ A T i
Bl o ! =
it
1 J |
1 & i i
2 8 ! : 7 i s
] Ek et a.c, position |
| - Al
‘_ ; = - ; x/c y/c
: DIl i ¢ 9.0 x 10 «252
% A4 2 141 i o 6.0 .
i 1 5 FF21 el FEEA P I 0 3.0 .256 -.040
f 0.20¢c simulated spl%t oot oo B08 I L
: i i flap deﬁlacbed 60 e s
R b v 6 x 106 OMMTTEE FOR AERONAUTIC
: | i | ;i Y
s, 2 =16 | - S5 -0
A s 3 !
; wlit | L EF i e i

ecee
.

G¢3ILT 'ON INYd VOVN




cdm_’r;n

Minimum section drag coefficient,

Modified NACA l-digit series

| NACA lj-digit series
888}.8:% (present investigation)
©0010-34, a = 0.8 (modified), c1y < 0.2

A0012-6l
v0012-6l, a

> 00-series
42]j-series

I

0.8 (modified), ey = 0.2

.012 =4
=t
-OlO ; e e ’,:’:’ e R
e T e T
- = - t_’ : ’/ /d:‘ —
.008
/ i
- /J’VJ
NACA 4-digit series ( AR S i -~
(reference 4) N . ‘49"/ ]
.006 T ——t
[ <L>’V/’ /
1 Sl # B sl
NACA 64-geries ////*”"
(reference 4) L —+—
.00l T T T = / [ =t
NACA 66-geries -y o L B i
(reference 4) ===
s ————Smooth
L B iah NATIONAL ADVISORY
i COMMITTEE FOR AERONAUTICS |
0 2 N 6 8 10 12 1y 16 18 20 22

Airfoil thickness ratio, percent chord

Figure 18.- Minimum section drag coefficients of several modified NACA four-digit-series
airfoil sections, both with and without standard roughness, as compared with those of

a number of NACA 6-series and NACA four-digit-series airfoil sections, R = 6,0 x 106.

GgILT "ON WY VOVN



Modified NACA L-digit series

gggig_g ( NACA l-digit series

; = present investigation)
©0010-34, a = 0.8 (modified), ¢y, = 0.2 &
£0012-6l > 00-series
70012-6l, & = 0.8 (modified), c3; = 0.2 4 2lj-series

T T l T I [ T T
Flagged symbols indicate results with
standard leading-edge roughness

-~

dey,
CLCLO

1

T

: .
; t
Smooth | NACA 64-geries (reference 4)

~===Rotigh

S

— = ——fF - ——fF — == —=—=

1N

ft-curve slope,

s

e

-

| S I B0 o
[ o o
f 3 g =107 S eeat)
o
a0
=
NACA 4-digit series (reference 4) TR

ection

NATIONAL ADVISORY

(o)

COMMITTEE FOR AERONAUTICS

8 10 12 1y 16 13 20 22 2
Airfoll thickness ratio, percent chord
Figure 19.- Section lift-curve slopes of several modffied NACA four-digit-series airfoil

gsections, both with and without standard roughness, as compared with those of a number
of NACA b4-series and NACA four-digit-series airfoil sections. R = 6.0 x 106,

¢k T "ON INd VOVN



.
e o
e ©®oo
L]

NACA RM No. L7I22

ax

&

c
Lm

Maximum section 1lift coefficlent,

Modified NACA l-digit series

© 0010-3
© 0010-3
& 0010-3L, a = 0.8 (modified), cyy = 0.2
A 0012-6l
v 0012-6L, & = 0.8 (modified), ez, = 0.2

B 00-series
g 2j-series

NACA lL-cigit series
(present investigation)

NACA 6li-series
(reference L)

2.8
Sriooth
B C1y
5 )
= \\\_-—— r
e 2l
2. éé
3 Rough
Ll e
= 8 E 0
j:: =
2.0 et
(S
=t
2
o
L
: o~
: 5, L NACA 6li-series
3L (reference L)
. Smooth
= ///\1 CLi
< N P A
1,2 k) _ 2
) ( a
5 SN o
l
3 ::::;\‘ i
2 ‘ — 0
.8 : 2
——— 8Smooth
- - —-Rough
-b, T
Flagged symbols indicate results with
standara leadlng-edge roughness
NATIONAL ADVISORY
‘ " COMMITTEE FOR AERONAUTICS
0 o : : :
0 12 16 20 2l

Filgure 20.-
mocified
with and
coripared

NACA four-digit-series girfoil sections.

Airfoil thiclkmess ratio, percent chord

Maximum section 1lift coefficients of several
NACA four-digit-series airfoll sections, both
without standard roughness and split flaps, as
with those of & number of NACA 6L-series and
R = 6.0 x 106,



Modified NACA L-digit series

o ‘ NACA lj~-diglt series
© 0010~ =
rwogio-g (present investigation)
S 0C - = . I = .

oglo 34, a = 0.8 (modified), cyy = 0.2 B (R

2 £ 0012-6l . 2lj-series

] v0012-6l;, a = 0.8 (modified), ¢y, = 0.2

- '28

“ [ | [ l | T |

2 NACA 6i4-series (reference &)\ S o

g ;

(4] =T

S} = /“’4)

o

2 .26

A 7L

o <

5 T \\4

o \

o .2l -

| J' \

4+

‘g Vi \

It | J

.§ NACA 4-digit series (reference &4)—

Py s 22 1 f

o ~l |

: |

2, NATIONAL ADVISORY

: COMMITTEE FOR AERONAUTICS

o

é .20 - .

S 0 L 8 12 16 20 2l

,
I

Airfoil thickness ratio,; percent chord

=
v

Figure 21,- Chordwise position of the aerodynamic center of
several modified NACA four-digit-series airfoil sections as
compared with those of a number of NACA 64-series_ and NACA
four-digit-series airfoil sections, R = 6,0 x 10°,

-

GcdILT "ON WY VOVN



NACA RM No. LTI22

INDEX

Subject Number

Wing Sections - Profille Variables

Thickness - Wing Sections 13
Thicknsss Distribution - Wing Sections 1.
Surfece Conditions - Wing Sections 1.
Profiles, Designated - Wing Sections

Flaps, Split - Wing Sections 1.
Reynolds Numbsr Effects - Wing Sections

ABSTRACT

Theoretical pressure distributions and measured 1lift, drag, and
pitching moment characteristics at three values of Reynolds number are
presented for a group of NACA four-digit-series airfoil sections
modified for high-speed applications. The effectiveness of flaps
applied to these airfoils and the effect of standard leading-edge
roughness were also investigated at one value of Reynolds number.

Results are also presented of tests of three conventional NACA
four-digit-series alrfoil sections.



