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AERONAUTIC SYMBOLS

1. FUNDAMENTAL AND DERIVED UNITS q,

[.(.e'.gth .....
Time ........
_',_r_ .......

_owel' .......

Sveed .......

Symbol

1
!
F

P

Metric

Unit

meter ..................
second .................
weight of t kilogram ......

Abbrevia-
tion

m

$

kg

horsepower (metrie_ ...... |t..........
'kilometers per hour'_ ..... ( kph

meters per second ........ ) ml_ )

EngUsh

Unit

foot (or mile) ..........
second (or hour} .......
weight of ) pound ......

horsepower ...........
miles per hour .........
feet per second ..... -.- -i

- ,i

Abbrevia-
tion

ft (or mi)
nee (or hr)
lb

hp "" %

mph
fps

. 2. GENERAL SYMBOLS -- -"

Weight= mg Kinematic viscbsity
Standard acceleration of gravity=9.80665 m/s i l,a Density (mass per unit volume)

or 32.1740 ft/sec" . Standard density of dry air, 0.1_'2497 kg-m-% t at 15 ° (3
. .- and 760 mm; _ir 0.002378 lb-ft -_ sec _

Mass=$_" .... : - Specific weight of "standard" air, 1.2255 kg/m _ or
g

Moment of inertia .---=mkL (Indicate axis of 0.07651 )b/cult
radius of _yration k by proper subscript..) - - .......... -- -

Coefficient of viscosity _ . " _. _ -* ....... _--, :

,, _1.AERODYNAMIC SYMBOLS --

x

' Q

. .° :

f[

t

aa

n I

_a

,A.rPa -• :" - "

Area of wing

Gap. . . -.

Span
Ch.rd ,- ;- .

b_
Aspect ratio,

True air ._pee(I

Dynamic pressure, ;aV I

Lift, ab_lute coefficient C_=bL-.q
1

-, D

D-,._', .t,_ ,l.te c()etIicient 6o=b_._,

.) Do
Proiile drag, absolute coefficient cD0=a--_

Jr-

D/
lndure,! drag, absolute coefficient Cm-----o-_

i'are.._ite drag, absolute coefficient Cz_==a_

Cr,_-..-_'ind force, absolute eoetlieient Cc-_#P_
.:, 2,, _

;, 4 _
An'_ _- ..f.et.t; ........,¢_._;x,.r,v_,.-,'¢_ive to thrust line)

.Angl.: .._,_:,_,.,._-,_'_et_in_'(_ative to thrust

Resultant moment ,- ._,-

Resultant angular velocity

,-'" ,_VlReynolds number, where_/_s a linear dimen-

sion (e.g., for an airfoil of 1.0 ft chord, I00 mph,

.-standard pressure.at 15 ° C, the corre._ponding

Reynolds number is 935ct0ffr. or for an airfoil

of 1.0 m chord, I00 mp_,-th'e corresponding
Reynolds number is 6,865,000)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-

lift po._ition)
• "orI; hoht-path angle

.a
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REPORT No. 460

THE CHARACTERISTICS OF 78 RELATED AIRFOIL SECTIONS FROM TESTS-IN THE
VARIABLE-DENSITY WIND TUNNEL

"Q

By EASTMAN N. JACOBS, KEN.':ETH E. WARD, and ROBERT M. PINKERTON

SUMMARY

An investigation o/ a large group o/ related alr/oils
was made in the N.A.C.A. vardable-denslty wind tunnel
at a large value of the Reynolds Number. The tests were

made to provide data that may be directly employed/or a
rational choice el the most suitable air/oil section/or a
giz_en application. The variation, o/ the aerodynamic
characteristics with variations in thickness and mean-line

.form were therefore systematically studied.
The related air/oil profiles/or this investigation were

developed by combining certain profile thickness forms,
obtained by varying the maximum thickness o/a basic

distribution, _ith certain mean lines, obtained by varying
the length and the position o/the maximum mean-line

ordinate. A number of values o/these shape variables
were used to derive a family o/airfoils. For the purposes
o.f this investigation the con_'truction and tests were limited

to 68 air�oils of this /amily. In addition to these, several
supplementary air/oils have been included in order to

study the effects o/certain other changes in the form o/the
mean line and in the thickness distribution.

The results are presented in the standard graphic form
representing the air/oil characteristics Jbr infinite aspect
ratio and for aspect ratio 6. A table is also given by
mean8 o.f which the important characteristics of all the
air�oils may be conveniently compared. The variation o/
the aerodynamic characteristics with changes in shape is
shown by additional curves and tables. A comparison

made, where possible, with thin-air/oil theory, a
_vummary of which is presented in an appendix.

INTRODUCTION

The forms of the airfoil sections that are in common

use today are, directly or indirectly, the resuh of
investigations made at Gottingen of a large number of
airfoils. Previously, airfoils such as the R.A.F. 15

" and the U.S.A. 27, developed from airfoil profiles
investigated in England, were widely used. ._1 these
investigations, however, were made at low values of

the Reynolds Number; therefore, the airfoils developed
may not be the optimum ones for full-scale application.
More recently a number of airfoils imve been tested in

i the variable-density wind tunnel at values of the

s Number approaching those of flight (refer-

ence 1) but, with the exception of the _'f-series and a
series of propeller sections, the airfoils have not bcpn

systematically derived in such a way that the results
could be satisfactorily correlated.

The design of an efficient airplane entails the careful
balancing of many conflicting requirements. This
statement is particularly true of the choice of tile wing.

Without a knowledge of tile variations of the aerody-
namic characteristics of the airfoil sections with the

variations of shape that affect the weight of the struc-
ture, the designer cannot reach a satisfactpry balance
between the many coniticting requirements.

The purpose of the investigation reported herein w_s
to obtain tile characteristics at a large value of the
Reynolds Number of a wide variety of related _firfoils.

The benefits of such a systematic investigation are
evident. The results will greatly facilitate the choice

of the most satisfactory airfoil for a given application
and should eliminate much routine airfoil testing.
Finally, because the results may be correlated to
indicate the trends of the aerodynamic characteristics
with changes of shape, they may point the way to tile
design of new shapes having better characteristics.

.4/r/oil profiles may t,e considered as made up of cer-
tain profile-thickness forms disposed about certain
mean lines. The major shape variables then become
two, the thickness form and the mean-line form. The

thickr, ess form is of particular importance from a
structural standpoint. On the other hand, the form of

_,he mean line determines almost independently some
of rite most important aerodynamic properties of the
airfoil section, e.g., the angle of zero lift and the
pitching-moment char_cteristies.

The related airfoil profiles for this investigatio_q were
derived by changing systematically these shape vari-
ables. The symmetrical profiles were defined in terms
of a basic thickness variation, symmetrical airfoils of

varying thickness being obtained by the application
of factors to the basic ordinates. The cambered pro-
files were then developed by combining these thicknc<._
forms with various mean lines. The mean lines were

obtained by varying the camber and by valTing tile
_hape of the mean line to alter the position of the
maximum n|ean-line ordinate. The maximum ordinate

" 3
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oJ the mean line is referred to throughout this report as the
camber o] the airfoil and the position oJ tt,_ maximum
ordinate o] the mean line as the position ,,¢ the camber.

An airfoil, produced as described above, is ,tr_ignated by
a number oJ/our digits: the first indicates t.% camber in
percent of the chord; the ¢econd, the positit,,b ,,t t_e camber
in tenths oJ the chord from the leading ed!,,_.:,Tnd the last
two, the maximum thickness in percent. ¢( the chord.
Thus the N.A.C.A. 2315 airfoil has a maxuuum camber
of 2 percent of the chord at a position 0_; ,,f the chord
from the leading edge, and a maximum th:,,kness of 15

percent of the chord; the N.A.C.A. 00t.' airfoil is a
symmetrical airfoil having a ma.'dmum thi,,kness of 12
percentof the chord.

In addition to the systematic serif\,of airfoils,
several supplementary airfoils have bee:: included
order to study the effects of a few change,., in the form
of the mean fine and in the thickness dis:::bution.

Preliminary results which have been :-'ubhshed in-

dude those for 12 symmetrical N.A.C.A airfoils, the
00 series (reference 2) and other sections _-_ving differ-

ent nose shapes (reference 3); and those ",'or 42 cam-

bered airfoils, the 43 and 63 series (refere:':ce 4), the 45
and 65 series (reference 5), the 44 and 6-_ ,wries (refer-
ence 6), and the 24 series (reference 7).

COMMI'I'rEE FOR AERONAUTICS

If the chord is taken along the z axis from 0 to 1,

the ordinates y are given by an equation of the form

+ y ffiao.q_ + a_x + a2za + a3_ + a,#

The equation was adjusted to give the desired shape
by imposing the following conditions to determine the

constants: ,

(1) Maximum ordinate 0.1 at 0.3 chord

z=0.3 y=0.1
dy/dx = 0

(2) Ordinate at trailing edge

x = I y = 0.002

(3) Trailing-edgeangle

z = 1 dy/dx = - 0.234

(4) Nose shape

z -=O.1 y .= 0.078

The following equation satisfying approx-hnately the
above-mentioned conditions represents a profile having

a thickness of approximately 20 percent of the chord.

4- y ffi0.29690 _/_- 0.12600x - 0.35160z 2+ 0.28430x a
-0.10150#

.... •I o°
radius, 4.40.

.1__ " -- ,'V..A C. A.family"

= " 0 ./{ 2 ._ .4 .5 .6 .7 .8 .3 /.0

X_ II= 0.23690 _-._¢--0./2600 x -a35/60 x" + 0.28430 _¢s -O.lO/50x"

BaM¢ ordinates of N. 4.C.A. family airfoils (percent of chord)

+

l_ou,r,,+ l.--'l'_c_ w+-iatlon.

I

the development of the N.A.C.A. airfoils.
defining the shape was used as a method
fair profiles.

The tests were made in the variable-.,(,,nsity wind
tunnel of the National Advisory Commi_',.e for Aero-

nautics during the period from April 1932 _o February
1932.

DESCRIPTION OF AIRFOIL_

Well-known airfoils of a certain class :-m,'luding the
Gfttingen 398 and the Clark Y, which h_., :e proved to
be efficient, are nearly alike when thr;,-- camber is
removed (mean line straightened) and th..:, are reduced
to the same maxinmm thickness. A thicL::.-_s variation
similar to that of these airfoils was therein...r,, chosen for

n equation
,_f producing

This equation was taken to define the basic section.
The basic profile and a table of ordinates are _.ven in
figure 1. Points obtained by removing the camber
from the Gfttingen 398 and the Clark Y sections, anti
applying a factor to the ordinates of the resulting

thickness curves to bring them to the same ma_mum
thickness, are plotted on the above figure for com-
parison. Sections having any desired marhnum thick-
ness were obtained by multiplying the basic ordinates
by the proper factor; that is

+ Y' = 0_220(0.29690 _/z - 0.12600x - 0.35160x _

+ 0.28430z s - 0.10150#)
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where t is the maximum thickness. The leading-edge
radius is found.to be

I{ t '_=
=1.1ot=

When the mean lines of certain airfoils in common
use were reduced to the same maximum ordinate and

compared it was found that their shapes were quite
different. It was observed, however, that the range
of shapes could be well covered by assuming some
simple shape and varying the maximum ordinate and
its position along the chord. The mean line was,

therefore, arbitrarily defined by two parabolic equa-
tions of the form

y, = be+ b_x+ b2z_

where the leading end of the mean line is at the origin
and the trailing end is on the x axis at x=l. The
values of the constants for both equations were then

expressed in terms of the above variables; namely,
(1) Mean-line extremities

z=O y,=O

z= 1 y,=O

(2) Maximum ordinate of mean line

=up (position of maximum ordinate)

V

./6

0

--./0

and

Y'" (1--iv)=[(I-2p) + 2pz-z a]

(aft of maximum ordinate)

The method of combining the thickness forms with

the mean-line forms is best described by means of the
diagram in figure 2. The line joining the t, xtrenlities
of the mean line is chosen as the chord. Referring to
the dia_axn, the ordinate y, of the thicl_ess form is

measured along the perpendicular to the mean line
from a point on the mean line at the station alon_ the
chord corresponding to the value of z for which y,
was computed. The resulting upper and lower surface
points are then designated:

Stations x= and x,

Ordinates y. and y_

where the subscripts u and l refer to upper and lower
surfaces, respectively. In addition to these symbols,

the symbol 0 is employed to designate the angle be-
tween the tangent to the mean line and the x axis.
This angle is _ven by

# =tan-'_Y z'

O_(x,,. V= 8=lon"_

r=or d " -'----------= k ,

X. = _- _ sin O y= = y: + t/t cos 8 ]'t OJx,. V,/
RodhJS through end of chord xt = x + th sin @ lit = lit - lit cos @ I

1.00

Sample calculations for deHt_tion of N.A.C.A. 63_1

0 0 t O. 40000 0.37140| O. 9"2$40 | 0 0 0 0

0.03314 O. D0!89 •38333 I I10,'_ . oq)oo 0 o"3s793 ( 93375 a 01186 a oao_/"" "E'_-i'l" ""0.'_,_,1"1 (102436 -0. .0"-'_5• 0 . lo,_)aI .30o0oi .16503I .3oo¢o -. o4:_'_
.07986 .0489_ --.07347 --.0T'3_' [ .90,"31 | --._ .07965 | .605.q5 | .1_R63 [ .59415 --.03C_;7

I / I I / i '. (}0221 0 --. 17143 --. 1889;' , 98562 --. 0C037 . 002.18. 1. 00037 . 00218 . 90963 --. 00218 t

t Slop_ of radlu_ through end of chord.

]_ovmt _L--Method ot ealculstie| ordlnst_ of M.&.O.A. osmbered tlrfoti¢

y, = m(m&ximum ordinate)

dy,/dz = 0

The resulting equations defining the mean line then
became

m

u,- [2p -

(forward of maxilnum ordinate)

The following formulas for calculating the ordinates

may now be derived from the diagram:

z=-z-y, sin #
y,-y, t-y, cos 0
z,=z+y, sin 0
y== y,- y, cos 0

Sample calculations are given in figure 2. The center
for the leading-edge radius is placed on the tangent to

the mean line at the leading edge•
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A family of relBted airfoils was derived in the manner
described. Seven values of the maximum thickne._s,

0.06, 0.09, 0.12, 0.15, 0.1S( 0.21, and 0.25; four values
of the camber, 0.00, 0.02, 0.04, and 0.06; and six valu_,s
of the position of the camber, 0.2, 0.3, 0.4, 0.5, 0.6, and
0.7 were used to derive the related sections of this

family. The profiles of the airfoils derived are shown

collectively in figure 3.
For tht, purposes of this investigation tile construc-

tion and tests were limited to 68 of the airfoils. Tables

of ordinates at the standard stations are given in the
figures prvsenting the aerodynamic characteristics.

These ordinates were obtained graphically from the
computed ordinates for all but the symmetrical sec-

models, which are made of duralumin, have a chord

of 5 inches and a span of 30 inches. They were e,_n-

structed from the computed ordinates by the method

described in reference 8.

Routine measurements of lift, drag, and pitching _

moment about a point on the chord one quarter of th,:.

chord oehind its forward end were made*at a Reynold_

Number of approximately 3,000,000 (tank pressure,

approximately 20 atmospheres). Groups of air, oil-

were first tested to study the variations with thickness.

each group containing airfoils of different thic -knesse-:

but having the same mean line. Finally, all airfoils

having a thickness of 12 percent of the chord were

4221 4321 4421 4521 4621 4721

6406 6506 6606 6706

6209 6309" 6409 6509 6609 6709
____-_------_ _ _ _.-__

6212 6312 6412 65t2 6612 6712

6218 6318 6418 6518 66[8 6718

6221 6321 6421 6521 6621 6721

FIoU! _" 3._N.A.C.A. airfoil profiles.

tions. T_o sets of trailing-edge ordinates are given.

Those in<_,.-_ed by parentheses, which are given to
facilitate ..',_struction, lepresent ordinates to which
the surfa_.--z.s: are faired. In the construction of the

models tY._ :railing edges were rounded off.
Three _oups of supplementary, airfoils were also

constn_ct_._ and tested. The derivation of these air-
foils will _ considered later with the discussion.

£PPARATUS AND METHODS

A descr_._ti:.-,of the variable-drnsitvwind tunnel

and the m_.,_od of testing is given in reference 8. The

tested to study the variations with changes in the
mcau line.

RESULTS

The results are presented in the standard graphic

form (figs. 4 to 80) as coefficients corrected after the

method of reference 8 to give airfoil characteristics for

infinite aspect ratio and aspect ratio 6. Where more
than one test has been used for the analysis, the infinite

aspect ratio characteristics from the earlier test have

been indicated by additional points on the figure. Table

I gives the important characteristics of all the airfoils.
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0 20 40 60 80 /OO
Per c enP of chord , I0

_a_z &--N.A.C.A. 0012airfoil

0 20 4O 6O 80 /00

•/ 2 48

.I 44

• It 40

F_oo,,,_ 7.--N.A.C.A.O01-qC-foil.
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.,,
0 20 40 60 80 /00

Pert cent of chord . I0

m

i

I

i , 0

_-_ A/rfoi/: AZA.C.A. O0/8 R.N.:3,/EO,,O003;ze: 5"x30" VeZ(H/sec.): 68. 8.
_ l " Pres.(sfhd.otm.):BO.gDole: I-6-32 -.2
i --I_ Where fesfed:L.M.A.L. Test: V.D.T.747

_-----_ Correcfed For funne/-woll effecf. -.4

-#-4 0 4 8 IZ IG 20 24 28 32

,4_qle 0£ Of/OCh, _ (degrees)

.44 .09

2.0 .40 _.08

1.8 .38 _.07

_.s :3e _.o6

:4 .28  .os

,o
.U

.8_./6_ .02

.6 u .IE .01

.4,4.08 0

.2 .04 ¢J-- I

0 _-.2
0

-.,..--.3

-,4

:4

FiG_= &--_.A.C.A. 0018 air[off.

-2

0 _0 40 60 80 /00

-_ 'CorrecPed for fu_ne/-woU effecf.

-4 0 4 8 /Z /6 20 ?4 28 32

A.n_le Of OHoc._, _ (degrees)

.2 .04

0

48

44

4O

0 .Z .4 .6 .8 1.0 /.2 L4 /.6 L8

Li# coeft_/c/ent C_

48

44

9

i I

lzemz= ¢.--lq._.C.A._1 =IdoH.
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"8 -4

.2

0

vez (ffJsec.).58. 3, -. Z
Do_e: /=8-3_

:ted for funnel-woll effect -.4

0 4 8 /2 /6 20 24 Z8 3Z

Anqle oF oHock, of (dec]tees)

.40 _.08 :

_'lomll 10.--N.A.C.A._ _rfog.

4P

44

0 .2 .4 .G .8 ZO Z_ Z4 Z6 /.8

b/H coef_'c/enf, O=

IZ.51._3_i_1.9S I • u ,. ;,. , , , 1 I , i

17.51£5S1-289 I
I 1016.271-3.11 I 0 20 40 60 80 tO0

15 Z25 -3.44 I Per Cenf of chord
20 7. 74 -3.74

25) Z93!-3.94
301 Z97I-4,03

40 ; 7,G8 ; -3.9Z
301 7.02i-3.56

./2

.ll

.10

l'_tl II.--NJk.C.A._13 lilt{oil.
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48

.11 44

• l_]_= 12,--N.A.C.A.2306 -tt'tog.

0

I 12 !.48
I

" .ll 44
t

0 20 40 60 8O I00
.I0 m



• I

12 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

o

_ _t !_
A/rFo//:AZ.A.C.A.,33/5 R,N.:3.0_O.GO0

Dote: _-2E-31 Test: K O. T. 883
Correcfe_ to /_f/mife o_Decf rc#/o

illmul iE--N.ILO.A. i_i__fo_

I
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CHARACTERISTICS OF AIRFOrL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TU_N'NEL 13

0

A/rFolh NAlC.A. _40G RN.:3.120,O00

.6_ .12 .01

.4 "J .08

.2 .04

0 0

Size: 5"x30" VeL(H/sec.): 5.9.3.
Pres.(sFn_(_tm.):20. 7Dote: 8-8-31 - _
Where fesled:LM.A.L. Test: VD.T. _5
Corrected for tunmel-wol/ effect -.4

o
24 _ 20

2o_ 4o--

_ _ _o

FZe_DI_=I&--N.A_C.A. _0_ xh'foil.

--'_-_o:!ii:,IU__tI I i I0

t.u. _'::iil_l I

0 20 ,tO _0 8C I00
Per c@J_t o£ chcv-d

---+ e-+---*_+

./2

.ll

• .10

.44 .09

Z.O .4O _.._.08

L8 .36 _.07

,.6 .32 .06

/.4 .28_ 1.05

.02
.6_. ./_ .0,

.4 "_ .08 0

._" ,04 3-.i

0 0 _-.2

-.2 .. -.3

-.4

. i

[3J
"9;

I -/.63I -1.24

L.E. Rod: 0.89 ........

S/_oe of ro_,'u, ' P ,-_P-_--T-F-
#hrovqh end oF --_c/r--. _-_-p--Ic--_---t c-
c^_:Z/ao I I I I I W I IN ; I I t

"-1 ' _ t

-,#_M A,'r(o,'Z"NA.CA. 2409 R.N...3,, /0,000

_'____ Size: 5"x30" VeZ(ff/_ec.). 6,q.3 ,

___J_J Pres.(sFnd.otm): _0.8 Do�e:9-9-31
HI 1Where tesfed:L.)_AL. TeM._COT. 6_1

_ -_ Correc fed for tunnel-woll e ffec f i

"8 -4 0 4 8 12 /G BO 24 28 32

Angle of aHoch. <x (degrees)

ii

I

p-- ....

i

i

_-_

_ I 4 q -- --

.4 :E

]rmoss I?.--N.LCI. }I00_"foll.

L L-L !-L

-124 

R. IV.: 3,120,000
Test: V.O. Z G_;5

ospe c fro hb

48

40

3s

zo ff

24 "_b
.t

12 _

O._.

o{
-4_

0 .2 .4 .6 .8 /0 /,2 /.4 16 1.8

LiR coeffib/enf, C_

0 2 .4 .6 .8 /.0 /2 Z4 Z6 z8

• Lift coeFf/c/ent.C,
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_0i_071-3._

8 ._.
L

4_

-4

-/g
A/r'Fo/I:N..A.C.A.24/2 R.N: 3.2_O,O00

Dote=/Z-3-3/ Tes_: V.D.T. 72/ _/_;
Corrected fo ,'mf_/fe ospecf rchb

-4 -Z 0 .2 .4 .6 .8 zo zZ /_4 /6 :.8
Lift coeff/c/enf. C_

]l'zovzm I$.--N'.A.C.A.2412 airfoil.
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• Fi_l_lI _.--N_%.C.A. _ ilrioll.



CHARACTERISTICS OF AIRFOIL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TUN,h'EL

i

17

0 ZO 40 60 80 /00

44

./0

.44 .OS

z.o .40

Ymo_= _,L--N'.&.O.,&.2$I.2alrfoi].

]l'z_oU =.--N._,C._.=ls _h'foiL

i'g_554 0--48--.I
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Fzo_z.z _&--N.A.CJL 2_1_attIoiL

4O

0 .2 .4 .6 .8 1.0 /.2 1.4 /.6 /.8

Lift coefficient. C=

40 GO

.2 .04

0 0

F_owu_ _.--N.A.C.A. 2&2t a._folL

44

O. .2 .4 .6 .8 1.0 t2 /.4 L6 /.8
Lit� aoe£f/c/enf. _=



L"]BARAC'rERISTICS OF AIRFOIL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TUNNEL 19

]ttGv== _.--NJLC..A. 281__irfoli.

Airfoil:NA.C.A.2712 R.N:3OGO,O00
3/ze: 5"x30" VeL(H/sec.): 69.5 -2
Pre_.(sf'm_.afm.): 2LO Dote:/_-4-31 A/rfo;I: NA.C.A. 27/_ R.N.. 3,CGO,OOO

-8
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• !

0 80 40 60 80 100
PeF cenf of chord

0

AIrFoil= N.A.CA. _ZI_ R./V:3,240,O00

5/ze: 5"x30" VeZ (ff/sec.).. 68. I
Pres. (sf'_d.o/m.)." _0.9 Do,+e.'/_-/O - 31 -"_

W/_ere tesfe_:L._A.L. Te3f.'Y.O.T. 729

Corrected For funne/-wo// effect -. 4

.II

.44 .08

_.0 .40 _.08

Fs_vztz _O.--N.A.C.A. ¢]t2 ab-(ot].

PIo_ 3L--N.JLC.A. 4306 _dolL

48

44

0 ._ .4 .G .8 ZO LZ Z4 Z6 L8
Lif/coeff/c/enf, O=

48

44

0 .Z .4 .6 .8 /.0 z2 z4 /G i8
Lift coef/;c/en/, C_
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02

.0/

•2 .04 _J -.I

.0 0 _".2
A/r foil: NA.C.A. 4309 R.N.:3080,O00 o

__Size: S"x30" Ve/.(ff/sec.):(;9.8 u
Pres. (s tHd. otto.): 20.G Dole: 4 -13 - 3l -" _ 9 --" 3

[ Where _esfed:L.M.A.L. Te_t:KO.E 5_3

qCorrecled for /unnel-wo// effect =.4 _ -.4

0 4 8 IZ /6 20 24 28 32 -4 -:2 0

Angle of o/lock. _ [degrees)

¥zoo_z _.--I_.A.C.A.4300 aktoi].

48

A/rFoi/: N.A.C.A. 4309 R.N: 3.0_,_O
O(_: 4-/3-3/ Test: V.D,T.593
Corrected fo /nf;mi÷e o$pect roh'o

.2 .4 .6 .8 1.0 Z2 L4 z6 /.8

0 20 ,_0 60 80 I00

Anc]/e of o/tack _ (deqrees)

.11

48

A;rFo,I: AIA.C A. 4 3/_
_fe: /2-14-31 Test: V.O.T. 73I
Correcte_ to ,'mF/n/te _ecf roho

0 .2 .4 .6 .8 lO ;.2 /.4 /G .3
L i# eoeH&,'er, t. C,.

Fmq"" _.--N.A.C.A. _l_ zht'on.
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0 20 40 60 80 yO0
PeF C_nfOfchor d

3

t.

-12
A/rFoi/.'_A.C.A,431N R.N: 3,/20,O00

Do/e:4-14-31 Test: KD.T. 565 -I_-.4 Corrected to _f/n,'fe asDecf roh'o

-4 :Z 0 .2 .4 .6 .8 zO /.Z /.4 I.S 18
Lift coeff/c/enf. C_

0 20 40. 60 80 /00
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OF AIRFOIL SECTIONS FRO,_{ TEST8 11_ VARIABLE-DENSITY _ TITNIN'EL 23

o

fti
1--1-1-4- ...._+- _-4-12-L

-,_-t- _----_-

+_+--

,+--+_

LLL t..........

L _____LL _+_
.... LA__

_LL _

A,rFo,L N.AEA 43;21

Oole: 4 - I_C,- 31

48

44

Test. V.D.T. 567 _/_
Corrected to ,mitre/reospecff roh'o

0 4 8 12 16 20 24 0 .2 4 .6 .8 LO I.Z L4 ZG 18

Angle of oHock. _ (degrees) L,f/ coe£_'c_en_. O,

1_o_= _--N.A.C._ 4._t zlttoD.
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. / 2 48

0 20 40 60 80 /00

.44

2.0 .40

.11 44

F=ou'== _.--N._.C.A. 4409 aidofl.

.5,L-e: 5"x30" /e,i!ff/._ec.): 58.6
Pres. (s Knd. o _rnl.. 20. _9 Do/e:l_-/5 - 31 -" 2

--; Corrected for tumme/-wo/l effect -.4

L8 .3G

48

44
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i

25

7tl _,'1li410,-.-_ 8--4

MOll 41.--N.A.C.A. i4111_,ltloll.

i

,I8

44

4O

,'2
as

L

28 e°
4

z4}
20 "_

4_

0"_
L

IJ

-4"d

-/2

Dole: 8-27-31 Test..V.D.T.65_
Corrected #o imP'mile osmec.f rohb _. i-_G

0 .2 .4 .6 .8 LO Z2 L4 Z_ ,'.8
Lift coef6"c/en4 6'=
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48

44

• 2 .04

o o

Fioui= 42.--_LA.C.A. 4421 airfoil.

./I--

..44 . OS

Z O .40 r_ .O_

/.8 .36

L6 .3_

@
I 1.4 .28_ d"

• _ .02

• 6 u ./p .OI

I .4 "J .08 0

._ .o4 _-._

o o "_
o

3;ze: S'x30" Vel(_./sec.): 70.0 u
Pre$ ($f'm_ otm.): ZO.6 D_te: 4-i5-31 -'_ ._ -.3

Correcfed _r t_nme/-wo/l effect -.4

"_ -4 0 4 8 IZ 16 _0 24 Z8 32

Angle of of lock. (_ (degrees)

l'lemll 4.1.--N._..C.i._ ild'oll.
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.11

Where tesfed:L MA L. Te3f. _..T. 733
Correoted for funne/-wo/l effect' -,4

"8 -4 0 4 8 12 /S 20 24 28 32

Angle of otfock. _, (degrees)

]1'101111 4&--N'.A.C.A./_,12 sirfoU.
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_!

Floilli146.--_.A.C.A. 4515 alrfoD.

]hom t7.--N.A.C.A, i_lg sldoll.
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.44

•O2

.0/

Fxou'_J¢4E--N,A.C._..I,_21aL'_oD.

,#8

44

_0

28 0

o"

24 "_
k

20 ,3

k

U

-4_

A;rFoi/." N•A.CA. 4521 R.H.:3,150,O00 I !2

Dote: 4-17-3/ Test: V.D.T. 573 [ /6
Corrected fo inF;nife ospecf rof/o ._._-

0 .2 .4 .6 .8 LO L2 Z4 ZG L8
Lift coefficient, C=

o 20 _o 6o 80 /oo"

/.8 .36

.IZ

.11

.10

.09

_- .OO

.0!

1_0_114@.--N.A.C.A _1_ a_rfofl.

44
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0 gO _0 60 80

0
AtAlC.A. 6212 R.At:324_.O00

_,ze: 5"x30" Vel(_/_ec.): 68. I
Pres.{s _H atm.).'20._ Cote: 12-21-31 -'_
Where tesledL 4KA.L. Test:VD.T, 737
Correcled for Pvnnel-woI/ effect -.4

-8 -4 0 ,_ 8 /2 t6 20 24 28 32

Angle Of ottock, _t [de,Fees)

Fir, I'll I; 51,--N.A.C.A. 6212 airb_iI.
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i : :

Fmus- 82.--N.A.C.A. 6,306 al,do_I.

0
,4,P/oil. N.A.CA. 630.9 R N.:3.110.O00

.S;ze: S"x30'" VeZ(f4/mec.):G9.4
.Pres.(_t'_d.Ofm.):2t_8 Dole: 4-_8-31 -.Z
Where lesled L.,__1.L.Tesl..V.D.T576

Correcfed FOr fuf;r_el-wolleHec/ -.4

-8 -4 0 4 8 ;2 /G 20 24 28 JZ

Anq/e Of oflGck. Ot {deqrees )

48

44

40

36 o

R,_.'3, llO, O00

F16o=_ &I.--N.A.C.A, 6309 sbfoil.
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2

"CorFecied foF -.d

-8 -4 " 0 4 8 /2 /G 20 24 28 3?.

Angle of ot/ock. (_ ('degrees)

.II

.tO

.]_GO_Z 54.--N'.A.C.A. 6312 a_rfog.

I

.12

.II

FIG_,'I! _.--,_.A.C.A. i_15 airtniL

48

44

4O

36 _

3z_
z8 _°

Z4_
L

30

4_d

b

-4_

-/_
A/rfo//:/_A.dA. _313 R._.'3./80,000

Date: 12-Z2-3l Test: V.O.T. 738 -,'G
Corrected to ,'m_'m/fe os_ec_ rof/o

0 .2 .4 .6 .8 1.0 1.2 /.4 lG /.8
/ ;ft coefficient. O_

48

44

4O

s6
L

_2

k

20 _

".2

8 _-
t.

0_.
0

-4"d

A,rfo,7: NACA. 6315

Dote:4-20-31 Test: _ D.T. E78 _,6
Corrected to /mF,'m/fe ospect rof,O

0 .2 .4 .6 .8 zO l.Z L4 z6 _8

L ,'£t coeff/c/enl. C,

|
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w

Flolmi 5&--N._.C.A. 83111l_foll.

-L-+=-l-< _--,--,--+---L -=-+........ 14,'
I ; ,At 2_:_L_LJ_L_L ..... ...__i "
; I _.1 ! ._._+-L! ! ' i-4---. J44

I.J._L_LL_4.J_F_L_ J_;_ ' , i.. J
1! !. [ ,_', _L_L_L.2_V_._: ;._../
i i_ I i[I! I !__.[__.-_]. _°
! i i, j [ ! 1 i i _ ]_ ; lC,, --"1 _"

i 12E2E__ i i 15___tTt'_-_r2_t:_

I i j I i i ! " , I ."_I/ Q,.

!ililiiii!i !.--SZj_ _-J ,..,_
_LiJ i liilr_,.'_L/_.d"b.___
! ! il ! i i i { t_;_.../,/.-..... _ o._

'
_L! I.,r'I i I_L!_I__t ,_

I _.,,_,'_T I I I , ; _- i , ] ,_

i" ....'_ (! I ! IJI__L i -_c&,

[ l i i I i i _ I , i _-i-T-r- "
. ! 3-I 1 L I i _ t t 1 I i t -_2
J4,rfoH..IVA.C.A. 6318 /_.N.:3,080, CO0 "

IDa/e: #-28-3/ Test: KO.T.,,c7..,9iG
|Correcled #o t_F/_ife o$Decf rot_d

0 .Z 4 .6 .8 /.0 /.2 /.4 ZB L8
L/f/ co¢ fficien#, C,

FiO011I $7.--N.A.C.A.8321ah'foll.

I
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Fm_= 5&--N.A.C.A. _ ah-_oiL

]t_ou'u,,=I_.--N.A.O.A._40eair_oiL
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/

0
-- A;FFoH: N.ACA. 6412 R.N...3090,000

S;ze: 5"x30" ve/(f_/sec.):695
Pre-_.(st'nd.otrn.)."20,8 Do/e."l_-_2- 31 -"2

Where fesfed.L MAL. Test: I/:D.T. 733
-- Correcfed for funmel-wo/l effecf -.4

":Z

•44 .09

2.0 .40 _,-.08

/.8 .36 _.07

1.6 .32 _o.06

14 .za% .os
._.

0(11 --

"8 "4

• Z .04

0 0
A,r'FoiL" AZA.C.A. 6415 R N:_,06OO00
Size." S"x 30 " VeZ (ft/_ec.): 6.9. 8
Pre.s (S/'md.otm.) 2_28 Do/e'9-3 -31 2
Where/ested.LbiAL. TeshVO.T. 661

Corrected for funnel-wol[ effect -.4

0 4 8 /2 t6 20 24 28 32

Angle oF o/lock, ot (de_rees)

Fzou ',=' 81.--_r.A.C.A. 641_ airfoil.

48

44

0 .2 .4 .6 .e XO L2 1.4 lG 18

Lift coefh'c/en_, C_
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Fzoo-il 8_.--_.A,C.A. 6418_h-fo[l.

_+..--

P" : i !

2 _

48

44

4O

3s

32&

k

eo _

t.

4
t_

0._
o

-4N

i _ - Dote: 3-4 -31 Te_t: V.D.T. G63 -/6-,4 Co_'recfed to ;mr/mile o_ecf rot/o
L

".4 :2 0 .2 .4 ._ .8 LO f2 L4 L6 1.8

L ]H coefficient, C_

FIouI_! _3.--N.A,C.A, 8421 a_|oLL
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_Ll_

A/rY'o//: HA.C.A. _506
Dote:4-23-3/

[ Corrected to /nf/nite ospect rof/b

48

d4

40

._ .4 .6 .8 zO Z; 1.4 /.6 /.8
Lift coeff/c,'enf. _

) IA;rFo,Z'NAC.A. 6509 R.N..'3.//O.CCO
) _ tO_te: 4-2Z-3/ Test: V.O.l'.E.95
! , I Correctecl /o /mF/n/le os_ect rot,O

0 .2 .4 .6 .8 LO L2 /.4
Lit'/' coefh'c;enf, E'_

F,oo==_.--N.A.C.A._ tlrfoi].
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0
A,'rfo/l: N.A.C.A. 6512 R.N.:3,180,O00

S;ze: 5"x30" VeZ(H./sec.):68.G -.2
Pres.{slbd.otm.):20.9 Dote:/2-23-3/
Wt_ere tes/ed. L.AffA.L. 7-est: V.D._ 740
Corrected for tunne/-wollefFect -.4

-8 -4 0 4 8 12 16 20 24 28 32

.44 .09

2.0 .40 _. .08

4ng/e oF otlock, _x (degrees)

48

44

F_o_= _.--N.A.C.A_ 8512_bfoIL

0 20 40 60 80 /(20

.11

.10

48

44

-4 -Z 0 .2 .4 .6 .8 LO LZ L4 /.6 /8"
Lift coeFt'_b,_nt.
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0 20 ,_ GO 80 /00

.11

0

3/ze:5"x30" Vel(f_/_ec.):6.9.3
Pres.(st'rid.otto.}.'20.8Date:4-21-3/ -.2

Corrected for tunnel-welleffect -.4

"8 -4 0 4 8 12 IG 20 24 28 3Z
Mqle of oiled(, (x Cdegrees)

A,'r_oH=/_A.C.A.6518 R.N.3,100,O00 I 12

Dote.'4-2/-31 Test: K O.T. 582 IG
Corrected to infinitee_ecf rat,b

-4 -2 0 .2. .4 .6 .8 I.O lB Z4 Z6 Z8
Lift coefficient,O,

! , • '

0 20 40 GO 80 I00

5"x30" VeZ[ft./_ec.):69.8 -.2
Pres.[st'ndofrn).'20G Dote.. 4-21-3/

Where tested: L.MA..L. Test: VO.T.581
-- :clod for tunnel-well effect -.4

-_ -4 0 4 8 12 /6 20 24 28 32
A_I_ OF o/lock, _ (degrees}

Fie_ii _.--N.A.C.A._ll _rfolL
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"F1omi- ?_.--_.A.C,A. _12 a_.t'olL

48

44

11o111,, "/I.--N.A.C.A. 6713ddo|L
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÷
!

48

Fto_tz 79.--N.A.C.A. 00_T airfoil.

t2_
.S

8 L
,,9

4_

AIrFo//:N.A.C.A.O00GO R.N: 3_090,O00 1 "12
Dote: 4-8-31 Test: V.D.T. 558
Corrected to /nflnife aspecf roho m"

r4 r2 0 .2 .4 .6 .8 1,0 L2 L4 L5 /.8

L /f/ coeFf/c/enf. C,
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]rml_= ?£--N.A.O.A. 0_T _o[L

0

a4_ 20

,_ _o

_ _'_,oo

•

20 40 80 80
Per cenf of chord

i

I I I

I

_ A,_faH: _.,4.CA. O0/2B R.,V.-3,080,O00
3,'ze: 5"x30" VeL(ft./_ec.): 70.1
Pres.(st',_O.atm_.'20.3 Dole• 4- 4-31 -"_

W_ere lesled: L.MA L. Test: _ D.7.5S0

_-_-_ "Correcfed fOr tuonel-wo/l effect -.4

-8 -4 0 4 8 /2 16 20 24 28 32

A,_gle Of oHock, et (degrees)

--rz.

4--

--4--

2:

±
=2

_u_I _--N._.C2L OOI_B =lrfolL

0 .2 .4 .6 .8 LO

48

44

Liff coeff;ct'en_.C_
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e

o 2O _0 60 80
Per cenfofchord

48

,11

.10

-=

=,=,

-Z 0 .2 .4 ,6 .8 ZO ZZ /.4 /.6 /.8
L if/'coeWc;er_. G

.04

0

11_o1.1 W.---N,A.C._ O01_B_,olL
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.11

l_ou_z ?E--N.A.O.A. 2R_12_olI.

0 .2 .4 .6 .8 /.0 Z2 Z4 Z6 1.8
Lift coefficient, C=

o

0 20 40 60 80 IO0

Per cenfofchord ./0

]r_o_;a=_.--N.A.C_. 2Ri12=_rtoIl.

148

!44

40

36 _"

z8 _

L

_o "G

t

4_

-12
A,rFo/L'NA.C.A. 2RzlZ R.N..'3,130,O00
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Fmua_ _--N.A.C.A. _0L_F,and _012F=a_foil_

PRECISION

A general discussion of the errorsand corrections
involved in airfoil testing in the variable-density tunnel
is included in reference 8. In connection with this

report, it was hoped that a more specific discussion of
the various sources of error and separate estimates of

the various errors might be given. However, after a
careful study of all the measurements it became

apparent that practically all the errors may be regarded
as accidental; that is, of the type the magnitude of
which may best be estimated from the dispersion of the
results of independent repeat measurements. The
major portion of these errors is caused by insufficient

sensitivity of the balance and manometers, by the
personal error involved in reading mean values of
slightly fluctuating quantities, and by the error due to
sllghtsurface imperfections in the model. The Iast is
perhaps the most serious source of error. The models

were carefully finished before each test, but the pres-
ence of particles of hard foreign matter in the air stream
tended to cause a slight pitting of the leading edge of

the model during each test. This pitting was probably
&he major source of error in connection _-ith the earlier
tests, but it was reduced for the later tests when the

necessity of a more earef= _ inspection of each model
was appreciated. After a considerable period of
running the particles in the tunnel were found to be,-
come lodged, permitting this source of error to be

largely eliminated during the later tests. For this

report, however, the effect of the error from this source

has been minimized by repeating the tests of many of
the airfoils, including all of the symmetrical series
originally reported in reference 2.

The magnitude of all such accidental errors was

judged from the results of repeat tests of many
airfoils, and from the results of approximately 25
tests of one airfoil that were made periodica[Iy through-
out the investigation to check the consistency of the
measurements. The accidental errors in the results
presented in this report are believed to be within the
limits indicated in the following table:

+0.15 °

! o.m
0_,,,., [ - 0.03

G'=q, ± 0.003

o_(o,.= o) {_
0.0006
0.0002

{ o.oo  - 0.0008

In addition to the consideration of the accidental

errors, all measurements were carefully analyzed _o
consider possible sources of errors of the type that
would not be apparent from the dispersion of the

results of repeat tests. A rather large (approximately
1.5 percent) error of this type is presen_ in all the air-
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velocity measurements remdting from a reduction in

the apparent weight of the manometer liquid when th,
density of the air in tile tunnel is raised to that cor-
responding to a pressure of 20 atmospheres. Tit,.,
effects o-f this error, however, are reduced by the pre_-
ence of another error in the air-velocity measvrements
due to the blockin_ effects of the model in tlw tunn(.[.

The measured coc.qicients, obtained by dividing the,
measured forces by _pV", as well as the derived coef-

ficients are, of course, affected by errors in the air-
velocity measurement. Aside from this source of
error, it is believed that only two other sources need
be considered: iirsL the deflection of the model and

supports under the air load; and second, the inter-
terence of the airfoil supports on the airfoil. The

angle of attack and the n:oment co(flieient are affected
by the deflection of the airfoil and supports. The
error in angle of attack, which is proportional to

0,,,[_, was found to be approximately -0.1 ° for an

i o

airfoil having a moment coefficient of -0.075. Th_
error from this source in the moment coefficient is

inappreciable at zero lift, but at a lift coefficient of 1
may amount to -0.001. The errors resulting from
the support interference are more difficult to evaluate,
but tests of airfoils with different support arrangements

lead to the belief that they are _ithin the limits indi-
cated in the following table:

a =t=0.05 °

C_.u { 0.00-- 0.02

C._, + 0.001

C%(0,=o) { 0.00020.0000
O_,(O,- I) + 0.0010

The tunnel-wall and induced-drag corrections ap-

plied to obtain the airfoil section characteristics might
also be treatc_i as sources of systematic errors. ,_uch

errors need not be considered, however, if the section
ct, aracteristics are defined as the measured character-

istic.* with cer:aln calculated corrections applied.
Errors in the tunnel-wall corrections, however, shouhl
he cox:_iJcred when fl,e rrsults from diirerent wind

tunnels are ¢omparc4.._For consideration of these
errors, the reader is referred to references 9 and I0.

i
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For the purpose of comparing the results from differ-
cnt wind tun,els aml of ,pplying these results to air-
planes in flight, it is :dso necessary to consider the,
effects of air-stream turbulence. In air streams h;tvir_ :

different degrees of turbulence, the value of the
Reynolds Number cannot be considered as a sufficient
measure of the effective dynamic scale of fl,c tlow.
The airfoil characteristics presented in this rept)r_ were
obtained at a value of tlm Reynolds Number of approx-

imately 3,000,000, which corresponds roughly t(, the
Reynolds Number attained in flight by a medium-
sized airplane flying near its stalling speed. Consid-
eration of the effects of the turbulence present in the
variable-density tunnel (see references 11 and 12) leads,
howeyer, to the belle1" that these results are m_,re

nearly directly applicable to the characteristics ttu.t
would be obtained in flight at larger values of the
Reynolds Number.

• ; [ . J _ ;

_ .08 ----'-}'Symmefric°l°/cf°'lI, ' [ _I*''°T¢or rod;on, ..

--1 t
0 2% mean comber

x 4_

+62:. !"

.4 .6 .8 LC

Comber-position in frocffon of c,,_ord
{Ab$Ci$$o of moximum meon-l/ne o,_d_note]

Fl(;t'_I; _'2.--Vai|atIon of Iift-eurveslope with camber. Results for 12 perceut thick
ah'folls.

DISCUSSION

The results of this investigation are here discussed
and analyzed to indicate the variation of the aero-

dynamic characteristics with variations in thickness
and in mean-line form. For the analysis of the effect

of thickness, test data from consecutive tests of airfoils
having different thicknesses and the same mean-line
form are used. The analysis of the effect of the mean-
line form is made with respect to consecutive tests of
airfoils of the same thickness (12 percent of the chord)
and relaled mean-line forms. The results are com-
pared, where possible, with the results predicted by
thin-airfoil theory, a summary of which is presented

in the appendix.
Lrmr

Lift eurve.--In the usual working range of an air-
foil section the lift coefficient may be expressed as a

linear function of the angle of attack

O_=a_ (,_-,_)

where ao is tile slope of tile lift curve f,)r tile wing ::f

infinite aspect ratio and at., is tile angle of attack a¢
zero lift.
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The Variation of the lift-curve slope with thickness
is shown in figure S1. The points on the figure rep-
resent the deduced slopes as measured in the angular
range of low profile drag. These results confirm

previous results (reference I) in tint they show the
lift-curve slope to decrease _ith increasing thickness.
The camber has very little effect on the slope, as
indicated in figure 82, aldm,lgh a rearward movement

of the position of the camber tends to decrease the

'_l J ._ I j : I i, , : t

i-" ! I It I L ___:-I '________ ,:----'r I ' -_ .....

__ _[__L._ _ _ _

II
Combe#-pos;tion in frochbt_ of chc_-d

[Ab_c/sso of maximum mean-h_e ord/_t N

¥i6t'_lt 83.--Variation of angle of zero lift with camber. Points shown are for 12
l_re_nt l.Mck _-foil_. Curves indicate general trends for the different thieL-
lllC$_l

i

_ven mean line without altering the camber p,,._;tion.

The theory also predicts an increased negati_'e angle
as the position of the camber moves back alnnz the
chord. The experimental values are compared with
the theoretical values in figures 83 and 84. The ex-
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slope slightly. Table II gives the numerical values of

the slope in convenient form for noting the general
trends with respect to variations in thickness and in
cambbr. It will be noted that all values of the slope
lie below the approximate theoretical value for thin
wings, 2r per radian; the measured values lie between

95 and 81 percent, approximately, of ti,.e theoretical.
The angle of zero lift is best analyzed by means el a

comparison with that predicted by the theory. Thin-
airfoil theory states that the nngle of :,.are iift is pro-
portional to the camber if the camber is varied, as
with these related airfoils, by scaling the ordinates of a

! perimental values lie between 100 and 75 percent,
approx'imately, of the theoretical values, the depar-
ture becoming greater with a rearward mo_'.-ment of
the position of the camber and with increased tltickness

(above 9 to 12 percent of the chord). Numerical

values of the angle of zero lift are given in table [II.
Maximum lift.--The variation of the :_l:aximulU lift

coefficient with thickness is shown in fi_=,re ">5. [_

will be noted that the highest values arc ot,t:tir_,:,[ with

ntoderat,,ly thick sections (9 to 12 pcrc,'",t, f .':e :.}lord
thick, except for the symmetrical section_ for which

the highe._t values are obtained with somewh,_t thicker
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sections). The variation with camber, shown in

figure 86, confirms the expected increase in maximum
lift with camber. The gain is small, however, for the
normal positions of the camber, but becomes larger
as the camber moves either rearward or forward. It
will be seen by reference to figure 85 that the camber
becomes less effective as the thickness is increased.
This reduced effectiveness of the camber is in agree-
ment with a conclusion reached in reference 13 that
for airfoils having a thickness ratio of approximately

20 percent of the chord, camber is of questionable
value. Numerical values of the maximum lift co-

efficient are given in table IV.
Air.flow diseontinuities.--These and other bind-

tunnel tests indicate that at the attitude of maximum

_2

e.O

1.6

Symmcfrica!

1.4

/6X

14%

/

_L .."__L_--

Meor) COmber

at'r'foil

0 _ .4 .6 .8 LO
Comber f_osifion in fraction of chord

_I_$Ci$$a of maximum mean-line ordinate)

]_oI_I,I M.--Vsristlon of maximum lilt with camber. Results for 12 percent thick
airfoils.

lift the air forces on certain airfoils exhibit sudden

changes which in many instances result in a serious
loss of lift. The probable cause of these air-flow dis-
continuities is discussed briefly in reference 13. The
stability or instability of the air flow at maximum
lift may be judged by the character of the Iift-curve
peaks indicated for the various airfoils. The curves

are classified into three general types as noted in
table IV, but the degree of stability is difficult to
judge. It may be generally concluded that improved
stability may be obtained by (1) having a small
leading-edge radius, which causes an early break-
down of the flow with a consequent low value of the
maximum lift, (2) increasing the thickness (beyond the

uormal thickness ratios), or (3) increasing the cam-
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ber (for airfoils having normal camber positions;
i.e., 0.3c to 0.5c).

MOMENT

Thin-airfoil theory separates the air forces acting on

any airfoil into two parts: First, the forces that pro-
duce a couple but no lift (they are dependent only on
the shape of the'mean line); second, the forces th,,tt

produce the lift only, the resultant of which acts at
= t I PI i

-05 [ fvfa_'irmJn_,, _ __lihlckness, ;n per ,ce_'f, ..;

-.04 / __.._:/2

-_". - !/C
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Fzo_- 87.--V=rf_tion of moment at zero lift with camber. Points sho_ ate for
12 percent thick airfoils. Curves l_dicate general tt(md= fat the different thick-
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FIO_'RZ 8&--Variation of' moment at _ero lift with thickness. Numbers refer to

mean-camber desiguation.

a fixed point. We then have in the working range an

expression for the total moment taken about any
point

O= = O,.o+,_O,.

where Cm0 is the moment coefficient at zero lift and

nC,. is the additional moment due to lift.
As with the angle of zero lift, the theory states that

the moment at zero lift is proportional to the camber

and predicts an increase in the magnitude of the
moment as the camber moves back along the chord.

Figures 87 and 88 show the values of the moment
coefficient as affected by variations of camber and

thickness compared with the theoretical values. Re-
ferring to figure 87, the plotted data indicate that the



CHARACTERISTICS OF AIRFOIL SECTIONS FROM TESTS IN VARIABLE-DENSITY WIND TUNNEL 49

moment coefficients arenearly proportional to the
camber. It will also be noted that the curves repre-
senting the ratios of the experimenial coefficients to

the camber are nearly p'_rallel to the equivalent curve

representing ttle theoretical ratios except that the
curves tend to diverge for positions of the camber
well back. Figure 88 shows that the e×perimental
values lie between 87 ar,d 64 percent, approximately,
of the theoretical. Numerical values of the moment

coefficient at: zero lift are given in table V.

I t I , I t__ o 07. meon comber
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]VtOc_.'= 89.--Variatiou or positidn of constant moment with thickness. Values of

for equation C.,,,--C%+nCL. Results for airfoils having normal camber

positions (0.3¢ to 0.5¢).

If the resultant of the lift forces acted exactly
through the quarter-chord point, as predicted by the
theory of thin airfoils, there would be no additional
moment due to the lift when the moments are taken

about this point. The curves of C,,,/, against C_.,
however, show a slope in the working range which
indicates that the axis of constant moment is displaced
somewhat from the quarter-chord point. The factor n
represents the amount of this dispIacemcnt as obtained
from the deduced slopes of the moment ctuves in the

.O4

' Meoln colmber

" I 'i
. L-- ,J

0 .2 .4 .6" .0 LO
Cor_ber position in froct/on of chord

_Ab$c;55o of moximum meon-line ordinqte)

lelo_z ll0.--Variation of position ol constant moment with cumber. Values of n

forequatlon C.,d 4- C.t+nCL. Results for 12 percent thick airfoils.

normal working range. The variation of this dis-
placement with thickness and with camber is shown in

figures 89 and 90. Table VI gives the numerical
values. Beyond the stall all the airfoils show a sharp
increase in the magnitude of the pitching nmment.

The suddenness of this increase follows the de_ee of
stability at the stall as indicated by the type of the
lift-curve peak.

DRAG

The total drag of an airfoil is considered as made up
of the induced drag and the profile drag. Considering

the profile drag as the miniluunl vahle phls an athli-

tional (h'ag dependent upon the attitude of the airfoil,
we have in coefficient form

oo= Co,+ (Coo,,,,+

The induced-drag coefficient Co,, which is COmlmted

by means of the formula given in reference S, is con-
sidered to be independent of the airfoil section. Tlw

variation of the profile-drag coefficient _(-ith the shape
variables of the airfoil section is analyzed with r_p,,ct

.012_

C_._OOS_

0 .04 .08.

_00056+0011+0"/_ ____

•12 .16 .20 .24

Mox/mum thickness it') frocfion of chord,

FIGU&lt 9l.--Vatiation of minimum profile drag with thickness for the symmetrical
airfoils. ,

to the variations of the two components of the profile
ch'ag.

l?[inimum profile drag.--The variation of the mini-
mum profile-drag coefficient with thickness for the
syn_metrical sections is shown in figure 91. The cam-
bered sections show the same general variation with

thickness but, to avoid confusion, the results are not
plotted. The variation of the minimum profile-drag
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F[C,L'R&92.--Inctease In minimum profile drag due to camber. Resuhsforl2perce_t

thicke_'foiis.Values of k forequatlon CD_,,.-k%0.0056%0.0tH-0.1t_,whcre

is the Increase in Cv,.,, due to cumber and t is the maximum thickness in fraction
of chord.

coefficient with the profde thickness may be expressed
by the empirical relation

_om_ = k + O.OO56 + O.O1t + O.1t _

where t is the thickness ratio and 7: (which is approxi-
mately constant for sections having the same mean

line) represents the increase in Coo,,,_ above tha_

computed for the symmetrical section of corrc.:pnnding

thickness. The variation of Co0,,t, with camber is

indicated by the variation of k as shown in fi6_re 92.
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The effect of camber is small except for the highly
cambered se(ztions having tile maximum camber well

back. Numerical'values of CDo.,,. are given in tal,lc V1 I.

&dditional profile drag.--The addition,1 profile

drag, which is dependent upon the attitude of tile air-
foil, haspreviously been expressed as a function of ths
lift (reference 4) by the equation

= Coo- coo,,, = 0.0062

where O,_op, may be called the optimum lift coefficient;
that is, the lift coefficient corresponding to the mini-

mum profile-drag coefficient. This equation holds

This function i._ represented in fig'urc _a3 as the e.u:v,,
determined fronl the re._ults for the symmetrical air-

foils and for the airfoils having a camber of 2 perceltt_
of the chord. As the camber is increased, the dis-

persion of the plotted points from the curve becomes
greater. In general the points above the curve corre-
spond to thick sections and sections in which the nu_xi-
mum camber is well back. The departure flora the
cun'e becomes greater with increased thickness amt
with a rearward movement of the maximum-camt)er

position. The points wall below the curve correspond
to the thin airfoils.

reasonably well for the normally shaped airfoils at
values of the lift coefficient below unity.

A convenient practical method of allowing for the
increased values of Oo0 at moderately high values of

the lift coefficient is to include the additional profile
drag with the induced drag, as suggested in reference
9.. For the symmetrical airfoils of moderate thickness
the term to be added to the induced-drag coefficient
was given as 0.0062 C__. The relative importance of
this term may be better appreciated by considering

that it represents 11.7 percent of the induced drag of
an elliptical airfoil of aspect ratio 6. The same

method may also be applied to other airfoils if the
value of the optimum lift is not too large.

Andrews (reference 14), using the part of these data
published in references 2, 4, and 5, suggests for the
additional profile drag the form

no,,, - j. -
ko,... - , j

Because the additional profile drag is not a simple
function of the lift, and also because the results as

prcsented in figure 93 are difficult to follow, generalized
curves for the relation

 Ooo=](oL- o,.,.)

are given in figure 94. These curves are given to

represent more accurately the additional profile drag
for the _)ormally shaped sections.

Optimum lift.--The optimum lift, as defined above,
is the value of the lift corresponding to the minimum
profile drag. As the determination of this value of the
lift is largely dependent upon the fairing of the profile-
drag curves, special curves were faired for this purpose
on enlarged-scale plots corresponding to cert:ain rehttcd

airfoils grouped together. The values of the oI)tinxum
llft coefficients obtained in this manner are .cive[t in

table VIII. It may be noted by reference to this table
that the optimum lift coefficient increases with camber
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• and for the highly cambered sections a definite increase
accompanies a forward nmvement of the camber.

]PIO_I+II 9L--Addltional profile drag as a function of eL- C_,_,. Resulra are for air-

folll having normal camber positions (0,2k: to 0._).

M6re important than these variations, however, is the
variation with thickness. The rapid decrease in the
optimum lift with increased thickness indicates that

it is not primarily dependent upon tlle shape of the
mean line. Nevertheless it is interesting to comp,lre
the optimum lift coefficients with the values included

in table VIII i'epresenting the theoretical lift coetfi-

cients at the "ideal" angle of attack for the mean
line; i.e., the angle of attack for which the thin-airfoil
theory gives a finite velocity at the nose: (See the
appendix.)

4*

GENERAL EFFICIENCY

The general efficiency of an airfoil cannot be ex-
pressed by means of a single number. The ratio of
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Flo_rc¢M.--Variatlono! Ct,.._/C,o...,.with camber. Resultsare lot 12 percent

thle.k airfoils.
+

the maximum lift to the minimum profile drag is, how-
ever, of some value as the measure of the efficiency of
an airfoil section. The variation of this ratio with

thickness is shown in figure 95. The curves of this
figure indicate that the highest values of the ratio are

160
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FIOUll 95.--Varlatlon of Cl....ICo,._, with thickness. ++

given by the sections between 9 and 12 percent of tile
chord thick. The variation with camber, shown in
figure 96, is less important. An increase in the camber
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above 2 percent of the chord and a rearward move-

ment of the camber (for the highly cambered sections)

tend to decrease the value of C_,,=/C,o_,,. The

numerical values of the ratio are given in table IX.

SUIPIPLEM ENTARY AIRFOILS

For the purpose of investigating briefly the effects
of certain shape variables other tlmn those disc_,ssed
in the main body of the report, 10 supplementary air-
foils were tested. The airfoil sections were as follows:

6 symmetrical sections with modified nose slmpes, 2
sections with reflexed mean lines, and 2 sections simu-

lating those of a wing having a flexible trailing edge.
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I_OURg 97.--Variation of msximum lift with nose radins.

Airfoilswith modified nose shapes.--The airfoilsof

the firstsupplementary group investigatedwere dc-

yclepedfrom threeofthesymmetricalN.A.C.A. family

airfoils:The N.A.C.A. 0006, the N.A.C.A. 0012,and
the N.A.C.A. 0018. For each of thesebasic(ornor-

mal) sectionsone thinner-nosedsection,denoted by

the su(FtxT, and one blunter-nosedsection,denoted

by the suffixB, were developed and tested. The
derivationof each modifiedsectionwas similarto that

of the normal sectionand was accomplishedby a sys-

tematicchange in theequation thatdefinesthe normal

section. This change isprincipallya change in the

nose radius,but italsoresoltsin modificationsto the

profilethroughout itslength,exceptat the nmximum

ordinate and at the trailing edge. The nose radii of the
sections in percent of the chord are as follows:

I
Section T series Norm_d B series I

I
0006 0.10 0.39 1.19

. I ml3 I .4o I 1._ I 3.so I

] ®" I "" I I"'" I

The aerodynamic charaeteristic._ of the modified

sections arc given in figures 72 to 77. Thes,- may be
compared with the chaPacteristics of the,normal sec-
tions Wen in figures 4, 6, and S. The nmxinlum lift
coefficients of the modified and the normal sections

are plotted ag,dnst the leadizlg-edge radii in figure 97.
It is interesting to note that the leading-edge radius is
very critical in its effect on the maximum lift when
the radius is small. This critical effect is also indicated

by the rapid increase in the maximum lift with ira:teas-

ing thickness for the thin :ections as shown in figure $5.
Airfoils with t'eflexed mean lines.--Previous inves-

tigations have shown that the pitching moment of
cambered airfoils car. be reduced by altering the form
of the mean line toward the trailing edge, with a con-

sequent loss of maximum lift but only a small reduction
in ch'ag. In order to compare the characteristics of
sections of this type with those of the related sections
of normal form, two airfoils were developed with the
basic thickness distribution of the N.A.C.A. 0012 dis-

posed about certain mean lines of the form given in
reference 15

y,=h.z(1 -x) (I- ),.z)

The values of h in this equation were chosen to give a
camber of 0.02 and thevalues of ), were chosen to give
the airfoil designated the N.A.C.A. 2R_12 a small
negative moment and the airfoil designated the

N.A.C.A. 2R_12 a small positive moment. Charac-
teristic curves for the two airfoils are given in figures
77 and 78. The principal characteristics of the sec-
tions may be conveniently compared with those of the
related symmetrical section, the N.A.C.A. 0012, and
a related normal section having a camber of 2 percent
of the chord, the N.A.C.A. 2412, by means of the
following table arranged in the order of increasing
pitchipg-znoment cocfficients.

• C:"'a _ C'I

2R_12 1.53 .0r1_3 I 1_ I -.o'-_o l

I 2412 I 1.62 ._l 19o -.o44 /

These results indicate that airfoils having reflexed

mean lines may be of questionable value because of the
adverse effect of this me_:n-line shape on the maximum
lift coefficient.

.
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Thickness and camber modifications near the

trailingedge.--Two airfoilswere developed to simu-

latean airfoil having a flexible trailing edge in a straight

and in a given deflected position. The thickness dis-
tributiou is composed of three parts: the forward por-
tion (0. to 0.3c) having the same distri_)ution as the

N.A.C.A. 0012, the rear portion (from 0.7c to the
trailing edge) having a thin, uniform value, and the

central portion joining these two with fair curves.
As shown in figure 80, the two airfoils differ only in

the rear-portion, the section dcsig'nated N.A.C.A.
0012F, simulating that of a wing having the trailing

edge deformed for the high-speed condition, and the
section desigmated N.A.C.A. 0012F_ simulating that

of the same wing _ith the trailing edge bent down in a
chcular arc. Curves of the aerodynamic characteris-
tics for both conditions are compared in figure 80.

Considering the results given by both airfoils as two
conditions for one airfoil, a very high maximum lift

with a reasonably low minimum drag is obtained.

On this assumption the ratio c----_-_ is 197, slightly

higher than the value of this ratio given by the
N.A.C.A. 2412.

In order to study the effects of an extreme change in
the thickness distribution, the principal characteris-
tics of the two sections may be compared with those
of the related normal sections, the N.A.C,A. 0012 and
the N.A.C.A. 6712. The maximum lift coefficient is

little affected by the change in the thickness distribu-
tion, but it is of interest to note (table I) that the slope

of the lift curve of the N.A.C.A. 0012F0 is slightly
greater than 2r per radian, as compared with an appre-
ciably lower slope for the N.A.C.A. 0012. The profile
drag is also affected by the change in the thickness
distribution. Of the two symmetrical sections, the

profile drag of the N.A.C.A. 0012F0 is much higher
than that of the N.A.C.A. 0012 over the entire lift

range. This is not true, however, for the two cam-
bored sections. Comparing the characteristics of the
N.A.C.A. 0012Fl with those of the N.A.C.A. 6712, we

fred that at low values of the lift the profile drag of
the former is much higher, but as the lift increases this
difference becomes less, and in the high-lift range the

profile drag of the N.A.C.A. 0012FI is considerably
less than that of the N.A.C.A. 6712.

CONCLUSIONS

The variation of the aerodynamic characteristics of
the related airfoils with the geometric characteristics

investigated may be summarized as follows:
Variation with thickness ratio:

1. The slope of the lift curve in the normal working

range decreases with increased thickness, varying
from 95 to 81 percent, approximately, of the theoretical
alope for thin airfoils (2_ per radian).

2. The angle of zero lift moves toward zero with
increased thickness (above 9 to 12 percent of the
chord thickness ratios).

3. The highest values of the maximum lift are ob-
tained with sections of normal thickness ratios (9 to

15 percent).
4. The greatest instability of the air flow at maxi-

mum lift is encountered with the moderately thick,
low-cambered sections. *

5. The magnitude of the moment at zero lift de-
creases with increased thickness, varying from <7 to

64 percent, approximately (for nornufily shaped air-
foils), of the values obtained by thin-airfoil theory.

6. The axis of constant moment usually pas_es

slightly forward of the quarter-chord point, the dis-
placement increasing with increased thickness.

7. The mininmm profile drag varies with thickness

approximately in accordance with the expression

£7_m_, = k + 0.0056 + 0.01 t + 0.1 t_

where the value of k depends upon the camber and t is
the ratio of the maximum thickness to the chord.

8. The optimum lift coefficient (the lift coe_J]cient

corresponding to the minimum profile-drag coefficient)
approaches zero as the thickness is increased.

9. The ratio of the ma:'dmum lift to the minimum

profile drag is highest for airfoils of medium thickness
ratios (9 to 12 percent).

Variation _-ith camber:

1. The slope of the lift curve in the normal working

range is little affected by the camber; a slight decrease
in the slope is indicoted as the position of the camber
moves back.

2. The angle of zero lift is between 100 and 75 per-
cent, approximately, of the value given by thin-air-
foil theory, the smaller departures being for airfoils
with the normal camber positions.

3. The maximum lift increases with increased cam-

ber, the increase being more rapid as the camber
moves forward or back from a point near the 0.3c

position.
4. Greater stability of the air flow at max'imum lift

is obtained witb increased camber if the camber is in

the normal positions (0.3c to 0.5c).
5. The moment at zero lift is nearly proportional to

the camber. For any given thickness, the difference
between the experimental value of the constant of

proportionality and the value predicted by thin-airfoil
theory is not appreciably affected by the po_ition _f
the camber except ]Forthe sections having the maximum
camber well back, where the difference becomes

slightly greater.
6. The axis of constant moment moves forward a._

the camber moves back.

7. The minimum profile dr_g increases with in-
creased camber, and also with a rearward movement
of the camber.
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8. The optimum lift eofficient increases with the
camber and for the highly cambered sections a definite

increase accompanies a forward movement of the
camber.

9. The ratio of the maximum lift to the minimum

profile drag tends to decrease with increased camber
(above 2 percent of the chord) and with a rearward
movement of the camber (for the highly cambered

sections).

LANGLEY _IEMORIAL AERONAUTICAL LABaATORY,

NATIONAL ADVISORY CO_|MITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA., December 20, 1932.

APPENDIX

It is proposed in this section of the report to present,
briefly, a summary cf the results of the existing thin-
airfoil theory (based on the section mean line) as ap-
plied to the prediction of certain section characteris-
tics. Such a summary is desirable because at present
the results must be obtained from several different

sources which give them in a form not easily applied•
Three characteristics are considered; namely, (1) the

angle of zero lift a_o, (2) the pitching-moment co-

efficient C,,#_, and (3) the "ideal" angle of attack at,

or the corresponding lift coefficient CL_, that is, values

corresponding to the unique condition for which the
theory gives a finite velocity at the nose of the airfoil.
(See reference 16•)

Expressions for lift and moment coefficients may be
written as follows if the angles are measured in radians:

(1)

= 2r(al- (2)

tr.,.h- (t3+ "4) (S)

If the leading end of the mean line is chosen as the
origin of coordinates and the trailing end is taken on
the z axis at z=l, then the parameters ale, el, and

are given by the following laterals

where

eL0- dz r4)

v

__fiy f,(z) dx (6)

-1
f'(z)-r(1-z) (7)

f (1-2z)
2,dz(1-X)] (s)

COMMITTEE FOR AERONAUTIC8

fa" " 4 (1 - 2x)
tz) - ,dz(1 - z)l (9)

and y is the ordinate of the mean line at a given abscissa

z. The integrals (4) and (6) may be shown to bc
identical with the corresponding integrals given by

Glauert (reference 15) and by Munk (reference 17).
and integral (5) is given by Theodorsen (referouee 16).

The evaluation of these integrals for the N.A.C.A.

airfoil sections given in this report was accomplished
analytically. The values of at.0 (changed from

radians to degrees), C=a4 and CLt, so computed, are

given in tables III, IV, and VII, respectively, in the
main body of the report. This method of evaluation,

however, cannot be applied to many of the commonly
used sections because they do not have analytically

defined mean lines; hence, an approximate method
must be used. A graphical determination gives good
results and for convenience the values of the three

functions, (7), (8), and (9), at several values of z, are
_ven in the following table:

z

0
0. 0t25

• 0"2Y_O
.0500
• 0750
.1030
.15
•L20
.25

--m

--2._)1

--I. 537

--1.3{_i

--1. L79

--1.049

--. 995

h(z)

1_3.15

39. 73
13. 84

?.403
4. 716

2. 447
1. 492

• 930

h{z)

_I. 17

7. 747
5. 258
4, 109
3. 395
2. 496
1.910

1.470

O.3O
.,10
.50
.60
.70
.80
.90
• 95

1.00

fl(z) fz(z) r_(_)

-o.9o2 o._2 l.m
--i.Og3 .271 .520
--1. 273 0 0

--1,624 --. 271 --. 5L_)
--.'2.315 --.6_2 --1. 111
--3.979 _ --1.492 --1.910

--i0.61 [ --4. 716 --3. 395

-2_.21 I -13.84 --5.25_
--_ --m --m

In general, some difficulty would be ex'pected with
the graphical method because the values of the above
functions tend to infinity at the leading and trailing
edges. Actually, because the ordinates of the mean-
line extremities are zero, the inte_and may approach
zero, and does at the leading edge for the integral (4),
and at the leading and trailing edges for the integ'ral (6).

Difficulty, however, is encountered at the trailing edge
for the inte_al (4) and at the leading and trailing edges
for the integral (5). In order to avoid this difficulty,
integral (4) is evaluated graphically from z=O to
z=0.95, and the increment contributed by the por-
tion from x=0.95 to z= 1 is' determined analytically.
Likewise, inte_al (5) is evaluated graphicaily from

z = 0.05 to x = 0.95 and analytically for the extremities.
The analytical determination of the increments is

accomplished by assuming the mean line near the
ends to be of the form

y=a+bx+ar a

Evaluating the integrals gives

An,,= --0.964yo._+0.0954y_ (Z=0.95 to X--'--I)

{ +0.467y00,+0.0472y; (x--O to z--O.05)Aat= 0.467yo]_÷O.O472_Ji (X=0.95 to Z= 1)

where y_ and y_ are the mean-line slopes at the

leading and trailing edges, respeetivcly.
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TABLE I.--IMPORTA,N"r CHARACTERISTICS

Alrfoll

OOlM
OOO9
00t2
111)15
0018
002i
_¢25
2212
230e
23OO

2312
2315
24O8

2412
2415
2418
2(31
2506

2_12

9712

43O6

4312
4315
(318

44OO
4412

4418
4421

4515
(318
4521
4812
47"12

(1300
e312
_15

6:]21
44O6

6412
41413
4418
6421

41512
e,315
6518
&_21
6612
8712

0OO6T
0OO_B
0012T
_012B
OOIST
OOlSB

2Rs12
2R:12

OOI2Fe

OOI2Fa

t

Pa_e

7 0.88
7 1.27
8 1.53
8 1.53
0 1.49 I

1.38
0 i•20}10
,o I•+Ol
II 1.04
11 !.51
12 1.51
t2 1,54 I
13 1.01
13 1.51 I
14 1.e2
14 1.55
15 1.43
13 l.&_
18 1.0_
18 i. 3817 1.62

17 1.53 I18 I. 48

" }
1•38

19 1•66
19 1.88
-nO !. 71

gO 1.20 I21 1. OO
21 i. 6,'!

22 1.,._ [

22 1.4_
1.29

23 1•23
24 1.60
24 1.85
25 1• 57
25 |. 47

1• 37
26 I. 15
27 I•,,_ i

1.59 I27

28 1.62 ]
1.54

28 1.401gO

2O 1.70
3O I. 82
30 1.75
31 1.54
31 1• 67
32 1.661
32 1.55
33 1.43
33 1.37 !
34 1.43
34 1.68_
3,5 i. 67
35 !. 59

36 1.51 I
3+ 1.411

37 1.29 [_7 1.71

38 1.75 I
3s 1.er I
39 i, 61 I
3g 1.49 I

4O 183 140 1] 95

41 .85
41 I.I)6
42 1.03

42 1. ,._0 I
43 1.29
43 1.40

44 1.53

I• 47
1.53

2.O5

I

[ a, st

(deg,)

i

&q_oa chtracterist Its

13
14
17
17
17
17
15
15
11
15
16
15
13
14
17
16
15
15
15
13

• dC_
5% *'_=,

(de8.) (per deg.)

--0.1 0.102
,0
.0
.0
.0

--.l
.0

--1.8
--1.$
--Z0
--1.9
--1.7
-1.7
--L7
-1.8
--1.7
--l. g l
--1.7
--2.01

--2.0

_mu

I

O. 00_5 13.5
• 101 i . 0074 172

• i01 .00S3 184
.I00 i .0093 164
• 00S .0105 138
.094 ] .0120 1t5
.0._ ' .0143 $4
.103 . _7 18.4
.104 .0073 142
. I03 ,0C_3 182.10t .0O89 181

. I02 .0100 154
,1(]_, , {)1370 144
• 103 ,00_0 189.101 ,0_5 190

• I01 ,0099 156
.O98 ,0112 128
.007 ,0127 106
. IG3 .00,'3 141

102 , CO$1 I70
17 --2.1 ] .102 ,0(_8

18 --2.0 [ .09@ ,0103

1_t --2.0 ,096 ,0112
15 --1.8 .O95 , 012_,

--2. 317 . I(30 ,0080
17 --2.8 .100 ,OOO0
10 -3. 4 .102 . OO72
10 --3.8 .103 I .0080
15 --3. 6
18 --3.9
15 --3.8
14 --3.5
15 --3. 8
10 --3. 0
15 --3. 8
18 -3. 9
15 --3. 8
17 --3.7
19 --3.4
13 --4.3
13 --4. 1
17 --4. 2
17 --4. 1
17 --3.9
19 --3. 4
17 -4.6
18 --5.0
14 --5.2

"12 :--5.2
13 --5. 4
14 I --5.5

13 --5. 4
13 i -5. 2
17 I --5.2

9 --5.5 I
15 I --5. g
15 --5.7
17 --5.7

--5. 2
s--S. 3

15 --_.3
17 --6,2
18 --8.0
18 --5.7
19 --5.3
17 --4_.6
18 --7.0

13 --.1
I1 .0
12 --.1
10 ,0
15 .i
IG .0

16 --1.5
18 --.8

15 --.2
12 --11.7

.I031 ,0089

• 0107
.0110

.O95 ,0134

. .0086

.100l ,0_92

,_ .0105.0116

2_ .Ol32•0(]$7
:1(_ .CO93
,O97 .CO95

.101 [ ,0113

.0125

.o13s

.0099
:o97 .Olo4
,100 I .0101
.10_ I .0092
.1O4 .0101
.I01 .0102
.I01 .0120
.098 .0130
.O96 .0144
.104 ,0088
• 101 ,_'94
.101 .0104
.099 .0120
.099 .0132
.Or'_ .0146
.I01 ,0093
.103 .OI(X)
.101 .010_
.O99 .0127
.095 .0141
.024 .0154

.o114.012_

. IOO . _0
• I04 .0075
.O90 .0_2
• I01 .0095
.O98 .0102

.097 .0122 ]
i

,101

• 111 0104
.099 .0130

I84
148
132
109
187
187
1S6
150
180

172
146
123

96
152
18a
1,"9
150
127
104
132
168
1¢"8
143
123

178
175
17"3_
167

163
129:
110 i
95 i

166
179 1
160
133

114 ]

17l

1_5
132
114
g7 _

161
L_5

IZl
13_

127 I

115 ]

Wing eharacterlstlc_ A.R. 8

C,, Co,,, I(L/D)...

-0,_ 0._ 23.8
--.003 ._74 22.9
--.032 .0063 22.2

.000 .0093 21._
--.002 .0108 19,8
--.001 .0120 18.5
--._03 .0143 la. 5
--.029 .0_ 27.4
--.03_ . (X)75 23.9
--.036 .G0_ 22.9
--,(_15 .00';',0 22.1

--.03_ .0100 .'20.5
--. 033 . {_)74 34+ g
--. 044 .0(_2 23. I
--. 0-14 .OOt7 22,5
-.(',tO .01o0 30+8
-.937 .0113 194 i
--.636 ' .0125 17.0 i
--. 048 . 0075 24.2
--, 0._2 .0483 22.9
--.CO41 ._Jt 22.3 1
--,019 .0104 _3,4
--.O47 .0113 19, 1
--. 0-13 .0128 17.7 ]
-.0_0 .0_1 22.1

--.075 I .0093 I 22.0
--.059 ] .010O1 _i t
--.075 , ,0094 ; 23.7

--.073 1 .0094 I 22.3
--.075 ! .0100 21.7

--.tY_ : .01_8 ] 20.2
--. 065 : ,0121 10.0
--.0_7 ; .0134 17,4

24.2--. .00_2 I 22.9
-. .oo_l 22.1 I
-.o+3 ,oio8 i 2o.5 I
-. 078 .0120 10. 2 I

--•071 o0133. 17,7
--.109 .0098 22,7
--.106 .00_ ] 22_0
--.105 ._99 21.7
".097 .0115 19.8
-.0O4 .0126 18.4
--.082 .0[38 17.2
--.124 .010,5 21.1
--.143 .0110 20,7

:--. _87 ,0117 20.9
z--, 109 .0177 21.6

--.110 .0118 I 21.1
-,no .on5 2_.g
--. ICO .0125 I 10. 3
--.097 .0133 18.4
--.090 .0145 17.0

:--. 129 .0139 I 22.5
--.133 .0113 21.6
--.132 .0117 20.8
--.125 .0127 19+2
--.118 ,0137 I8,1
--.llO .O14q I 16.9

:--. 159 .0122 _ 21._

--,158 .0119 [ 21.0
:--. 15'], .0110 I 208
s--. 15O .0134 I 18.7

--. 1.'19 .0142 I 17.4
--.I.eq I .0155 ] 18.0

_--. 156 .012t 19.8

:--'_ I .0135 IS.8

"_1 , Of._9 t 18.7. ,007_ 2°- 5

.COl [ ,00_2 21.5

._0 .0C_5 20.8

.COO ] .01_2 19.3

•C01 [ .0122 18. 2
}

--._0 } .CO_ ,'22.8
,I]04 .0_7 22.2

l

.COO ] .0104 1g. 5

--.190 [ .0184 17.8

C_at
(L/D),,_

0.31
• 36
•37
t _

• 40
• 44
•47
• 40
.33
• 39
.39
.41
• 32
.30
.39
.tO
.42
.q3
.36
.37
.39
.41
• 42

.38

.38

.40

.38
• 30
.40
.42
• 43
• 45
.38
• 40
.,t0
.42
.(3
,44
.40
.40
.40
.43
.43
•45
.41
• 41.
.44
• 42
• 42
.44
• 45
.45
.47
• 42
.42!
• 42
• 45
.45 I
.46 1
.42
.43 I

•42
• 44 1

• 47

.401

.41

.44

.42

Thickness at c.p. at

Mazl.

0_15 0.65 mum C_i
chord chord torwar _.,,

posltio

Perceut chord Percent chord

5. 35 4, 13
8,02 8,20

I0. 60 8. 27
13.36 i I0.33
16.04 13,40
18. 71 14,46
22.27 17,22
lO. 60 8, 25

5.38 4.14
8.01 6.21

10. 71 8, 27
13. 38 I0, 36

5.34 4.14
8.02 6,20

10. 71 8. 27
13.39 10. 34 !
16. 08 12. 39
18.75 14.46

5.36 4.13 I
8. O4 8.21 i

10.70 8.27
13.38 10.33

18. 07 i 12. 41
18. 72 ] 14. 47
10.701 8.25
zo.eot 8.25
10.701 8.27

5.40] 4.14
8. O9 6.21

10.77 8, 27
13. 47 _ 10.34
16.14 i 12.41
18. 81 14. 46

5. 40 4. 15
8.07 6.21

10.77 8.28
13.45 10.34
15. 15 12, 40
18, 79 14. 48

5. 38 4. 14
8.08 8.21

I0. 74 8. 28
13. 44 10. 3,5
18, 14 12. 41
18.80 14.47
10.73 8.27
10. 74 8.28
10.78 8.29

5.47 4.15
8.18 6.23

I0._ 8.29
13. 58 10. 37
1&27 12.44 I
18. 92 14.51

5. 42 4. 15

35

35
24
23
23
27,
29
28
27
27,

29
28
28
2_
27
27
3O
29
25
28
28
28
28
29
29
31
29
30
29
29
29
32
31
31
30
30
30

33
32
31
31
31
30
31
32
30
32

32_

34!

814 8.211
10.$5 8.29 I 33
13. 55 10. 35 ] 33
16. 28 12. 43 [ 3.3
1S.o_ 14.50 I 33 ]

5.,1 4.14 33538. 14 8.21 I 34

10._t $.30 I13, 53 I0.3_ 33
I&32 12.44 [ 33

1q. 92 14.49 ] 33
10.80 8.28 I 33 I

10.75 8.27 [ 345. O9 3._4 124

5. 74 4, 57 I t 24
10.19 7.68 [ z25
11.48 9,13 I t24
15,28 I1.52 I 125

17.23 13,70 I t23
I

I0.70 8 _ I10.71 8]Z_ ,25

10.70 ...... I *

10.7o......I 3'1

,(C/B)o

7..5
25 --.2.75

24 ' --, 279
24 ---'_,_5
23 --. 270
23 --,233
32 --. =d3
38 --.130
34 ---_6
34 --. 2_8
34 --.2M

tO --,lu3
36 2+2
35 --.271
35 --.2t_2
34 --. 2_
34 --.L-_20
44 --.116
40 --.207
37 --.270
37 --.2_5
36 --._5
35 --.233
38 --._4
41 --. 272
38 --.260
49 --.141 ;
43' --.236
43 --.236
42 --..'-"_3
41 ! --.22,5
41 i --. 196

! -. 1,4--.242
45_ -.._53
451 --, 242
44 --.2_1
44 --.222
63 --.I03
52 --, 239
49 --.2_2
48 --. 283
48 --.241
46 --.244

52 --._55
44 2] 240

54 --.187
51 --. 213
51 --.218
52 --.214
5O --,_O9
$0 --.214
52 --.157
57 --.23_

--.242
--..'23,8

M5 --.-°'11-.224
74 t --.131
62 --._
60 --.2_7

• 59 --.283
,_ --,251
57 --+_3
64 --.270
65 --.289

21 --. 0._
.'22. --.1_2
34 --.17_
2_ --.275

--.3v_4
--•2,57

25 t ---_'_
68 --. 1_0

' B,med on _i C,=,,.

B,t_4d on straight portion of lift curve extended. See curve for actual value
: Ra,,.e,I on straight portion of moment curve extended, _ee curve for actual value.
: Ratio of the chord component to the beam eompqnent of the air forces to he u_ed for the hi_:h anele of attack condition if the plane of the drag truss I_ parallol '_,_ ,I,,.

airfoil chord. C/B shou/4 be calculated when the plane of the drag tru._ Is not parallel to the chord.

r,tr, (C'n)o+k
C/B-tan (tan-, (C/Z_,-t,] er _,o-___

where |, Is the angle of In- where k ls the slope
cldence or the drag trt_ of the drag tru_s wilh
with respect to the airfoil respect to the a_rfoi|
chord, chord•



CHARACTERISTIC8 OF AIRFOIL SECTION8 FROM TEST8 IN VARIABLE-DEN8ITY WIND TUNNEL

Q

57

=dC, (PER DEG.)
TABLE ft.--SLOPE OF LIFT CURVE, %

_ Thlck-ess

designs-

C.am-_ tlon 06

.b,,!,.\
llm_don

00.... .......... O. 102 O. 101

23 ............. 104 ! .103
24 ............. 103 .103
25 ............. 103 .102
26 ............ ...........................................:............ I00
27 ............................................................... 1_

|

42 ............ ............... 09 I I .102

44 ............. 104 .103 .100 .10l . _,N'_ .093 ........ 10t)
45 ............. 104 . 103 • i01 . I01 . 096 . 095 ........ 0@7

47 .................................................................... 097

62 .......................... ,.............. ,....... ,.......I . I00
63 ............. 105 .104 .102 P . I01 + . 09_ .096 .10t

t_ ............ I .to1 _ .1o3 .1ol .099 .o95 .o9t .lot

61 ............ .................................................... 097

12 15 18 21 23 112

0. t01 0.100 0.093 0.094 0.089 0. I01

................................... 103

• 102 .102 ....................... 10i
.103 .)0i .098 .097 ........ 10t
• 102. • 099 . 096 . 09S ........ 102

AddJtiooal tests to determiz/e vartstion with camber, t

TABLE III.--ANGLE OF ZERO LIFT, a_ (DEGREES)

hickn_s

esiLms-

t|on 06 09 12 I$ 18 21 25 12

oo............-o.x o.o o o o o o.o -o.z o o _o

................................................................-13

............ --1.8 --2.0 --1.7 --1.7 .................... --1.9
34 ............ --1.7 --I.7 --I 7 --1.7 -l.g --1.7 ...... --1.8'
25 ....;....... --2.0 --2.0 --2.0 --2.0 --2.0 --I,8 ....... --2`I

2"#.. ..... ° ........... ,....... ,...... , ...... i...... l...... ,...... --2.0

43 ....... ; .... --3.8 --3.6 --3,7 --3.6 -3.5 --3.6
44 ............ --3.9 --3.6 --3.9 -3.8 -3.7 -3.4
45 ............ --£3 --4.1 --4.0 -£1 -3.9 -3.4

_.. ..... . .......... . ...................................

............ t--/5.2 --5.( --5.4--5.4 --5.2 --5.2

64 ............ --5,6 --&9 -5.7 --5.7 --5.7 --5.2

............ * --6" 3 16" 3 -_" 3 l_ 0 -_l T I:! _3

...... --3.;)

...... --3.9

...... --41 6

...... --5,0

--5. 2
"'"_" --5. 5

...... --5.7
...... --&. 2

--&6
...... --?,0

Theor.

0

--1.80
--I. _2

--2.

--Z 5g
--3. 04

--3. 60
--3._t
--4.15
--4.
--5. 19
-£0@

-5.40
--5.75
--&23
--6.8a
--7. 78
--9. 13

t Based on sh'_ght portion of lifC curve exZended. See curve for actual vLlue.

TABLE IY,--MAXIMUM LIFT COEFFICIENT, CL..,

hickne'_

06 0g

• O,M *I, TL

13 15 18 21 25 13

.... + -+'-_

"1,53 61.,_3 il. 49 "1.38 _120 i_*l.,5,']

q'I._

............ +1 04 .I 51 '1.60 'I _ ..................... _1.51

............ • l.01 _l. St '1.59 'L._ '1.43 .] 35 ....... l!'l 6".
2.5 ............ '].03 '1.38 : _I.60 _1.53 .1.48 _1.3_ ........ _l.a.2

............I...................................I-'..........li.,+
.............................................................I. I_ _ _1 _1 I +I_,_1.7143 ............. 1 l._) 1 601 163 .561 46 .1.291 ....... , ,._,3

- ............ il,l._ [,1._ l,t.m l,I.57 _,1._7 ,1.3; !....... +l._.,,
45 ............ 1,1.15 ,1.56|_1.69 ,1.62|,1.54 "l 46 ....... !_[.5_J

'+............il.......I.......I.......I.......I.......I.......t.......
6,4............I|.I.,t3[,L68{,I._SI,L.59 ,I.St .L4L _,....... +'_,t.r.,7............ I1,1._ I,I.7t 1.1.;51't. 67 J ,z.6z I'1._ I.......I';'._

o,"_............ I' ....... ' ....... ' ....... ! ....... ,!....... i .............. :I._3

-,-,-o o .... o ........................ . .... ....................

NoTg.--Lett& Indicates type of lLft curve peak.

ql_m__,,C:g._.,_ - -- .
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TASLZ V.--MOMENT COEFFICIENT AT ZERO LIFT, C. o

qL_.............
............ II........................ I............ i ............ ' ............ ' ............ ' ............

_1_............ ti........................ i ............ ..... - ...... l ............ . ............ i ............
43 ............ --,07,5 --.073 --.072 --.068 --.06_ --.057 ............
44 ............ --.0_7 --. 036 --.0_7 I --.(_3 --.078 --.071 ............

45 ............ - --. 109 --. 106 --. 102 i --. 097 --. 094 --. 062 ............

46 ............ . ........................ i ............ t ............ P"_" ........ i ............ i............

47 ......................................................... - ......................................] I
62 t=......::::::....::_ ......::=,_......::_ ....::;_r_....::_--,....::_-::::::::::::

...... ... ,-.l_ -.133 -.l_ -.l_ -.l_S I -.no ............

==========================::...:.: .... [............ _........... _............ 1.......... ,I ............

--0. 002 --0, 001 --0. 003

............ , ........................ !
--.037 --.0_6 ............
--. 047 --. 043 ............

1:1

--0,00'2

--0. O_
--.0_
_.0._

--. 075

--.059
--. 075
--.089
--. 105
--. 124
--. 143

! --.087
--, llO
--. 132

I --. 159
I --. 188

I Based on streAght portion of moment curve extended. See curve for actual value.

TABLE VT.xDISPLACEMENT OF CONSTANT MOMENT
POSITION IN PERCENT CHORD ,*,HEAD OF QUAR-

TER-CHORD POINT (100 TIMES VALUES OF n FOR

EQUATION C../_=C._+nC, )

0.7

.3
,3
.2

.4

.3

.I

.0

.0

0.7

.3

.1

.0

.3

.3
.3

--.7
.0

15

1.1

.._

.7

.6

.7
1.0

.9

.9

.9
1.6

is 21 25

1.4 1.8 2.6

1.0 1.5 .......
1.0 1.7 .......

::::2::1:::'::: .......

1.2 I 1.6 I .......
Lt I 1.7 I .......
s.a I L7 I .......

......................
i

....... i ...............
t.t t 1.5 I .......
1.3 [ l.T ].......
1.8 I 1.9 [.......

12

0.9

.,s

.0

.0

:s
.8

.3

.4

.5
1.0
1.1
1.3

.2

.8
1.5
2.0
2.1:::7:: ::"::" "::':::]:::::::E:-::::

TABLE VII.--MINIMUM PROFILE-DRAG COEFFI-
CIENT, Cvo rain

Ei::\
I_0....... L'I( _ [1007, ;)'00_3 !_.0003 _).Ol_ '_).012G r).0143 : ).0083

"6i66........., _..................... ,ili._os= ....... ..-=._:_73 .oo_3 ._:_ t 6ii..i.., .oos9
23 ........ I_ 00,"3 Ot_l I .00_9 .0103 .0112 .0t26 ....... " .00_8
26 ...... I " ]
= ...... ::L-i: '.::::: ::::::: :::::::

......... L ! .. !
._. ........... I' oo';_ .oo_1 ooo$' .oto_ .otz_ .ot32 ....... ! .rx_2
'_. ......... ' .o0_7 _3 I 0103 _ .0n3 I .0t2,5 .0_3S j ....... !I ._5
46 ........... "'. " ]" I ............................ 1 0099

_. ii t
_.:---:.::..... :"'_Y "'5i6i""'5i_" "'6i_'F.%_E ":Si_'t:"::::t .oxox.0102.... ...::.-.'.'I :_._ :o_ :oto_t :o,_ .o_2_ .o_n,....... ; .o_o_

,,............'.......I......................,t..............l........o,,............,.-....................,'.............._ _'..............I.o=

Theor.

0

-0. _70
--._47
--.C,5,31 *
--.06_
--.0749
--._12

--. _39
--._94
--.1062
--,1257
--.1497
--.I$25

--.1109
--.1342
--.15_
--.1S$5

--. _48
--. _37

TABLE VIII.--OPTIMUM LIFT COEFFICIENT, CLo_

Thickness
designa-

Cam-_ tion 06 09 12 15 18 21 25 12

.......... 0,00 0.00 0.00 0.00 D.O0 o'O0 _.00 0,:_.;:;:;;'.';'" "'_ .... -_'" .,.'6""":iUC'"" "":: 77 .= l_
24 ........... 23 17 15 12 .II .07 ...... ' 20
25 ........... 18 .16 .15 .11 .08 .03 ......i', 23

II

42 .......... II............................................ 35
43 ............. 3_ .30 .23 .12 .20 .0,5 ...... 3_
44 ............. 40 .36 .33 ._2 ,16 ,lO ...... 32
45 ............. 40 .34 .27 .22 ,16 .08 I...... 30

62 ................................................... I....... .%5
i

63 ............. 83 ,45 .40 .33 .24_ .13 .&7
84 ............. 60 ._ .42 .33 .24 .15 . ...... 45

............. 60 .53 .4L2 .33 .24 .10 ........ 45
38

e:,.... :'.:.:_.,l....... t....... I...... t...... i...... I..... =t...... :._o

,m

0

0.308
• 2.'2
• 256
• 2:,[

.C;6
• 54_,
• 5t2
• 502
• 512

• 923
.S_6
,767
• 7M
• 767
• 816

s The_retlcal lift coefllcJent at "Ideal" angle of attsck.

TABLE IX.--RATIO OF .MAXL_H;M LIFT COEFFICI ENT
TO MINIMUM PROFILE-DRAG COEFFICIENT,

Cam.%'x ti°n I O_ 09

I,_a.. \11
00 ............ : 135 I 172

22...........................

2A ............ 1_9
............ 141 170

4_ ..........................

43 ............ 150 180
44 ............ 162 l_
45 ............ 132 1_8

..........................
47 .........................

(]2 .......................
F.3............ 167 16,5
¢,4 ............ 1_ 179

63 ............ li 139 171

............ ,.......
P

12

184

182
177
180

16|
170
164

152 I
159 !

15

i

164

154
1,56

146
]50
143

129
133
132

18 21 25

138 115 84

"*;:G ......... _....... III _(_ t.......
132 1

....... _....... I....... Fil

.......... ii.....,I
"'iE" _ .......I,l_ !ill:....... ,I

104 !....... !

....... i

..............!.......!I
110 95 ........ '
114 97 _....... '
114 97 _.......

,21

I184

IM

19o

175

IT3
l&?
l,I1
D;-;
lUi

U. $. GOVF..R_MENT PRINTING OFFICE O--I_L_
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- _
J

" ? "

Positive direetion_of axes and angles ([orcesand moments) are shown by arrowx

Designation

Longitudinal_ __=_
Lateral ..........
Normal ..........

X
Y
Z

Absolute coefficientsOf moment

(rolling) (pitching)

D
P

v/D
IX'

v.

T

Q

For¢ i
"(parallel
to nxis)
symbol

X
Y
Z

Moment about axis

Designation

Rolling .....
Pitching ....
Yawing .....

Svm=
bol

L
3I
N

Positive
direction

Y---.Z
Z---_X
X---.Y

Angle

Designa-
tion

I

-] Roll.....
Pitch ....
Yaw .....

Sym-
bol

#P

e

Velocities

Linear
(compo-

nent alot_g!Angular

axis)

u p
p q ;

- w

-- Angle 0f set of control surface (relative to neutral

C,=q__ S : position), 8. (Indicate surface by proper subscript.)

(yawing) .......... -.-::" - . : "

4. PROPELLER SYMBOLS

_ : p
Power, absolute coefficient Cr=p_--_b_

• :. $

Efficiency

Revolutions per second, rps

Effective helix angl= = tan- (_f-_)

Diameter

Geometric pitch ..
Pitch ratio ..

Inflow velocity

Slipstream velocity

Thrust, absolute coefficient Cr=_/D-_

Torque': absolute coefficient Co=_-_]_

1 hp=76.04 kg-m/s=550 ft-lb/see

1 metric horsepower=0.gs63 hp

I mph=0.4470 raps

I mps=2.2369 mph

p .

)/

7_

q)

5. NUMERICAL RELATIONS

I Ib=0.4536 kg

1 kg=2.204c) !b

1 mi= 1,609.35 m=5,280 ft
" 1 m=3.2808 ft

t',
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