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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Abbrevia-
Unit Abbrevia-

tion tion 
. 

Length ______ I meter __________________ m foot (or mile) _______ ft. (or mi.) Tirne ________ t second _________________ s second (or hour) _______ sec. (or hr.) J:'orce ________ F weight of 1 kilogram _____ kg weight of 1 pound ___ __ lb. 

PoweL ______ P horsepower (m etric) _____ ---------- horsepower _____ -. _ -'-1 hp . Speed ____ . __ V {kilometers per hour __ .. _. k.p.h. miles per h OUL .• ___ •• m.p.h. m eters per second _____ ._ m.p.s . feet per second. _______ f.p .s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity=9 .80665 

m/s2 or 32.1740 ft ./sec. 2 

l-F Mass=-
9 

Moment of inertia=mk2• (Indicate axis of 
radius of gyration k by proper subscript.) 

Coefficient of viscosity 

v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of ID'y air, 0.12497 kg-m-4_s2 at 

15° C. and 760 mmi or 0.002378 Ib.-ft.-4 sec.2 

Specific weight of "standard" air, 1.2255 kg/m3 or 
0.07651 lb. /cu. ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
pan 

Chord 

Aspect ratio 

True air speed 

Dynamic pressure=~p V 2 

Lift, absolute coefficient OL = :s 
Drag, absolute coefficient OD= -:s 
Profile drag, absolute coefficient ODO=~S 
Induced ID'ag, absolute coefficient ODi= ~S 
Parasite drag, absolute coefficient OD'P=~S 
Cross-wind force, absolute coefficient Oc= q~ 

Q, 
n, 

Vl 
p -;;:' 

Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C ., the \ "r-
responding number is 234,000 i or for a modi 1 
of 10 em chord, 40 m.p.s., the corresponding­
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of downwash 
Angle of attack, infmite aspect ratio 
Angle of attack, induced 
Angle of attack, a.bsolute (measured from zero­

lift position) 
Flight-path angle 

R. Resultant force 
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REPORT No. 586 

AIRFOIL SECTION CHARACTERISTICS AS AFFECTED BY VARIATIONS OF THE 
REYNOLDS NUMBER 

By EASTMAN N. JACOBS and ALBERT SHERMAN 

SUMMARY 

An investigation oj a systematically chosen representa­
tive group oj related airjoils was made in the N. A. O. A. 
variable-density wind tunnel over a wide range oj the 
Reynolds Number extending weU into the flight range. 
The tests were made to provide injormation jrom which the 
variations oj airjoil section characteristics with changes in 
the Reynolds Number could be injerred and methods oj 
allowing jor these variations in practice could be deter­
mined. This work is one phase oj an extensive and general 
airjoil investigation being conducted in the variable-density 
tunnel and extends the pr'eviously published researches 
conceming airjoil characteristics as affected by variations 
in airjoil profile determined at a single value oj the 
Reynolds Number. 

The object oj this report is to provide means j01' making 
available as section characteristics at any jree-air value 
oj the Reynolds Number the variable-density tunnel airjoil 
data previously published. Accordingly, the various cor­
rections involved in deriving more accurate airjoil section 
characteristics than those heretojore employed are first 
considered at length and the cortections jor turbulence are 
explained. An appendix is included that covets the 
results oj an investigation oj certain consistent errors 
present in test results jrom the variable-density tunnel. 
The origin and nature oj scale effects are discussed and 
the airjoil scale-effect data are analyzed. Finally, meth­
ods ate given oj allowing jor scale effects on ai1joil section 
characteristics in practice within ordinary limits oj accu­
racy jor' the application oj variable-density-tunnel airjoil 
data to flight problems. 

INTRODUCTION 

When data from a model test are applied to a flight 
problem, the condition that should be satisfied is that 
the flows for the two cases be similar. The Reynolds 
Number, which indicates the ratio of the mass forces to 
the viscous forces in aerodynamic applications, is ordi­
narily used as the criterion of similarity. The practical 
necessity for having the flow about the model aerody­
namically similar to the flow about the full-scale object 
in flight becomes apparent from the fact that aero­
dynamic coefficients, as a rule, vary with changes in the 

Reynolds Number. This phenomenon is referred to as 
"scale effect." 

Early investigations of scale effect were made in 
small atmospheric tunnels at comparatively low values 
of the Reynolds Number and, for airfoils, covered a 
range of the Reynolds Number too limited and too 
remote from the full-scale range to permit reliable 
extrapolations to flight conditions. Attempts were 
made to bridge the gap between the two Reynolds 

umber ranges by making full-scale flight tests for 
comparison with model tests. These investigations of 
scale effect, however, proved disappointing owing 
partly to the difficulty of obtaining good flight tests 
and to tbe difficulty of reproducing flight conditions 
in the model tests and partly to the large unexplored 
Reynolds Number range between the model and flight 
tests with consequent uncertainties regarding the 
continuity of the characteristics over this range. 
Furthermore, the flight tests could not ordinarily 
include a sufficiently large range of the Reynolds 
N umber to establish the character of the scale effects 
for certain of the airfoil characteristics over the full­
scale range of the Reynolds Number, which may extend 
from values as low itS a few hundred thousand to thirty 
million or more. 

These limitations of the early investigations were 
first overcome by the N. A. O. A. through the use of 
the variable-density tunnel, which was designed to 
facilitate aerodynamic investigations over the entire 
range of Reynolds Numbers between the wind tunnel 
and flight values. Several miscellaneous and com­
monly used airfoils were investigated for scale effect 
in the variable-density tunnel dUTing the first years of 
its operation. The results indicated that important 
scale effects for some airfoils may be expected above 
the usual wind-tunnel range and even within the flight 
range of values of the Reynolds Number. Later, 
when the N. A. O. A. full-scale tUllllel was constructed, 
airfoil tests therein served to confirm the importance 
of scale effects occurring in the full-scale range and also 
provided valuable data for the interpretation of the 
variable-density-tunnel results, particularly in con­
nection with the effects of the turbulence present in the 

1 
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variable-density tunnel. The interpretation of the 
variable-density-tunnel results has consequently been 
modified to allow for the turbulence on the basis of an 
"effective Reynolds Number" higher than the test 
Reynolds Number. 

In the meantime, the investigations of airfoils in 
the variable-density tunnel had been turned to an 
extensive study of airfoil characteristics as affected 
by airfoil shape. This phase, which resulted in the 
development of the well-known N. A. C. A. airfoils, 
involved the testing of a large number of related 
airfoils, but these tests were largely confined to one 
value of the Reynolds umber within the full-scale 
range. Such a procedure expedited the investigation 
and provided comparable data for the various airfoils 
within the full-scale range of the Reynolds Number 
but, of co urse, gave no information about scale effects. 

As previously stated, the full-scale-tunnel results had 
provided information regarding the application of the 
yariable-density-tunnel data to flight. Methods were 
accordingly developed for correcting the data and for 
presenting them in forms that would facilitate their 
use as a,pplied to flight problems. Flight problems, 
however, require airfoil data at various values of the 
Reynolds umber between values as low as a few 
hundred thousand in some cases to thirty million or 
more in others. Obviously the results available from 
the tests of related airfoils at one value of the Reynolds 
Number (effective Reynolds Number=8,000,000) are 
inadequate for the purpose unless they can be corrected 
to other values of the Reynolds Number. The present 
investigation was therefore undertaken to study the 
scale effects for the related airfoil sections primarily 
with a view to the formulation of general methods for 
determining scale-effect corrections for any normal 
airfoil section so that the standQ,rd test results from 
the variable-densit,V tunnel could be applied to flight 
at any Reynolds rumber. For most practical uses it 
is considered desirable and sufficient to present airfoil 
test results in the form of tabular values giving certain 
important aerodynamic characteristics for each airfoil 
section. The primary object of this investigation, 
therefore, is to give information about the variation of 
these important airfoil section characteristics with 
Reynolds Number. 

In regard to the scope of the experimental investiga­
tion, the Reynolds umber range was chosen as the 
largest pos ible in the variable-density tunnel and the 
airfoil sections were chosen to cover as far as possible 
the l'ange of shapes commonly employed. Accord­
ingly, groups of related airfoils (fig. 1) were tested to 
investigate the following variables related to the 
airfoil-section shape: 

Thickness. 
Camber. 
Thickness and camber. 
Thiclmess shape. 

Camber shape. 
Sections with high-lift devices. 

The testing program was begun in May 1934 and 
extended several times as it became apparent that 
additional tests would be desirable. The final tests 
in the variable-density tunnel were made in September 
1935. 

TESTS AND MODELS 

Descriptions of the variable-density wind tunnel 
and of the methods of testing are given in reference 1. 

The tests herein reported were made for the most 
part for each airfoil at tank pressures of 1/4 , 1/2, 1, 2, 
4, 8, 15, and 20 atmospheres, covering a range of test 
Reynolds Numbers from 40,000 to 3,100,000. The 
1/4- and 1/2-atmosphere runs were omitted for many 
of the airfoils a,nd, in several cases, only the lift-curve 
peaks were obtained at the lower Reynolds Null' bel's. 
Runs at reduced speeds (1/5 and 1/2 the standard value 
of the dynamic pressure q) at 20 atmospheres were 
sometimes substituted for the tests at 8 and 15 atmos­
pheres. Several check tests at 8 and 15 atmospheres 
and results from some earlier investigations have shown 
that the specific manner of varying the Reynolds 
Number with respect to speed or density is unimportant 
when the effects of compressibility are negligible. For 
all the airfoils, the air in the tunnel was decompressed 
and the airfoil repolished before running the higher 
Reynolds Number tests. Tares obtained a t corre­
sponding Reynolds Numbers were used in working up 
the results. 

The airfoil models are of metal, usually of duralumin 
and of standard 5- by 30-inch plan form; the sections 
employed (see fig. 1), except for the slotted Clark Y, 
are members of N. A. C. A. airfoil families (references 
2 and 3). The slotted Clark Y model is of 36-inch span 
and 6-inch chord (with the slot closed) and was made 
to the ordinates given in reference 4. For this airfoil, 
the coefficients are given as based on the chord and area 
corresponding to the slot-closed condition. The slat 
was made of stainless steel and fastened to the main 
wing in the position reported (reference 4) to result in 
the highest value of maximum lift coefficient. This 
model was tested at a much earlier date than the others, 
and the test data are somewhat less accurate. The 
main wing of the N. A. C. A. 23012 airfoil with external­
airfoil flap is of 30-inch span and 4.167-inch chord. 
The flap is of stainless steel and is also of N. A. C. A. 
23012 section having a chord of 20 percent that of the 
main airfoil . It was fastened to the main wing in the 
optimum hinge position reported in reference 5. Data 
for this airfoil combination are given herein for two 
angular flap settings: _3 0

, which corresponds to the 
minimum-drag condition; and 30 0

, which corresponds 
to the maximum-lift condition. The coefficients are 
given as based on the sums of the main wing and flap 
chords and areas. 
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Thickness Comber shape 

~~/~~-------=======---
N.A.C.A . 

0003 C _______ ------=-

OOICC ~ ----------------

0015 C ____ --~ 23012 C 

0018C __ ~ 

4412C 

Cumber 

00/2 C ______ --======---- 43012 

2412 C _______ ====--====-_----~ 

4412 C----~-------"""" 67/2C== --
High-lift devices 

Thickness shape 

G012C: =v: 
23012~ ~. 

230lSS ==v 
2302/S ===v 
43012 ~ ===v I 

23012 C ===---------=- -----.L Ci 
c:::==- ----r- (;: & 

-3° ~;;:: 

Thickness and comber 

4409 ~ __ ---====-==-------=-------=====-. 

4412C 

4415 C ____ --~----~ 
8318C_~_ 

230/2C 
..... 
~~ 
QJ~ =====-===- .r::.~ ~ f:':::tl 

~ 30·3: 

~J 
c/arkv(/'L ~ 

With Handley-Page slot 

230/2 C 
n012-33 C 

l<'IGUltE I.- Airfoil sections employed for tbe scaJe--eITect investigation_ The sections, except for f.he slotted Clark Y, are members of N. A. C. A. airfoil familics. 
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.ACCURACY 

The accuracy of the experimental data of this investi­
gation at the highest Reynolds Number is comparable 
with that of the standard airfoil test data as discussed 
in reference 2. The systematic errors of measurement 
therein mentioned, however, have since been investi­
gated and the results are presented in the appendix to 
this report. The systematic errors of velocity measure­
ment have hence been eliminated, the errors associated 
with support deflection have been largely removed, and 
the errors associated with model roughness have been 
minimized by giving careful attention to the model 
surfaces. 

The remaining systematic errors are mainly those 
associated with the interpretation of the wind-tunnel 
results rather than the direct errors of measurement. 
These errors are associated, first, with the calculation 
of airfoil section characteristics from the tests of finite­
aspect-ratio airfoils and, second, with the correction 
of the test results to zero turbulence or free-air condi­
tions. Such errors will be IIl£)re fully treated in the 
discussion where the methods of correction, including 
the interpretation of the results as involving the effec­
tive Reynolds Number, are considered. 

The magnitude of the direct experimental errors, 
particularly of the accidental errors, increases as the 
Reynolds Number is reduced. Any variation of the 
support interference with the Reynolds Number was 
not taken into account in spite of the fact that the test 
results tend to indicate that the uncorrected part (see 
appendix) of the support interference may cease to be 
negligible at low test Reynolds Numbers. These errors 
may be judged by a study of the dissymmetry of the 
test results for positive and negative angles of attack 
for the symmetrical airfoils and l;>y the scattering of the 
points representing the experimental data. (See figs. 
2 to 24.) Such a study indicates that the results from 
tests at tank pressures at and above 4 atmospheres 
(effective Reynolds Numbers above 1,700,000) are of 
the same order of accuracy as those from the highest 
Reynolds Number tests. The drag and pitching­
moment results for effective Reynolds Numbers below 
800,000, however, become relatively ~accurate owing 
to limitations imposed by the sensitivity of the measur­
ing equipment. In fact, it appears that the accuracy 
becomes insufficient to define with certainty the shares 
of curves representing variations of these quantities 
with angle of attack or lift coefficient. Hence airfoil 
characteristics dependent on the shape of such curves, 
e. g., the optimum lift coefficient and the acrodynamic­
center position, are considered' unreliable and in most 

cases are not presented below an effective Reynolds 
Number of 800,000. 

RESULTS 

Figures 2 to 24 present the test results corrected after 
the methods given in reference 1 for approximating 
infinite-aspect-ratio charact.eristics. Ourves are given 
(for each airfoil for different test Reynolds Number) of 
lift coefficient OL against effective angle of attack ao, 
and of profile-drag coefficient ODO and of pitching­
moment coefficient about the aerodynamic center 
Oma.c. against lift coefficient OL' The x and y coordi­
nates of the aerodynamic center from the airfoil quarter­
chord point are also given where the data permit. 
Although not precisely section characteristics, character­
istics so corrected have been used heretofore as section 
characteristics because of the lack of anything more 
exact. 

Further corrections, however, to allow for the effects 
of wind-tunnel turbulence, airfoil-tip shape, and some 
of the linutations of the previous corrections based on 
airfoil theory were developed during the course of this 
investigation and, when applied, give results repre­
senting the most reliable section data now available 
from the variable-density wind tunnel. These addi­
tional corrections and their derivation are fully dis­
cussed later in this report. The more exact section 
characteristics have been distinguished by lower-case 
symbols, e. g., section lift coefficient Cll section profile­
drag coefficient Cdo, section optimum lift coefficient 
CloPI' and section pitching-moment coefficient about the 
aerodynamic center cma .c .• These values are then con­
sidered applicable to flight at the effective Reynolds 

umber, Re. 

TH,ble I presents, for various Reynolds Numbers, the 
principal aerodynamic characteristics, in the form of 
these fully corrected section characteristics, of the air­
foils tested. Oross plots of certain of these section 
characteristics against Reynolds Number are also given 
for use with the discussion. (See fig. 28 and figs. 32 
to 43.) 

DISCUSSION 

Scale effects, or the variations of aerodynamic coef­
ficients with Reynolds Number, have previously been 
considered of primary importance only in relation to 
the interpretation of low-scale test results from atmos­
pheric wind tunnels. It now appears from variable­
density and full-scale-tunnel data that important 
variations of the coefficients rou t be recognized within 
the flight range of values of the Reynolds Number, 
pa.rticularly in view of the fact that the flight range is 
continually being increased. 
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AIR FOI L SECTION CHARACTERISTICS AS AF F E CTE D B Y VAR IAT IONS OF THE REYNOLDS NUMBER 7 
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AIRFOIL SECTION CHARACTERISTICS AS AFFECTED BY VARIATIONS OF THE REYNOLDS NUMBER 9 
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Angle of affaGif for infinde aspect rolio, ct. (degrees) L if I coefficient. CL 
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s.o 9.23 -2.3S 
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1012.40 -2.34 
1514.53 -1.34 
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95 2.33 - .0.8 
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FIGURE 10.-N. A. C. A. 4415. 
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+j--2.1 - 3-r -.137 - f-

Airfai/:NA.C.A.83/8 
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Pres.(sfnd. aim) :{/ to 20 
Test: V. D. T. 124/,1. '14 
Where fesfed: L.M.A.L. 
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FIGURE ll.-N. A. C. A. 8318. 

I I I I I I I I 
I J I Test I I I 
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Results corrected to infinite aspect ralio 

a .2 .4 .6 .8 1.0 /.2 1.4 /.6 1.8 
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Sto. Up'r. L'wr. n-1Itf1mm a - a 
1.25 2.67 -/.23 
2.5 3.61 -1.7/ 
5.0 4.9/ -2.26 

5.80 7.5 -2.6/ 
10 6.43 -2.92 a 20 40 60 80 10 o 

2 .0 
15 7.19 -3.50 Percent orchard 
20 7.50 -397 
25 7.60 -4.28 
JO 7.55 -4.46 
40 7.14 -4.48 
50 6.41 -4.17 
60 5.47 -3.67 

1. 8 
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l..tl Airfoil: NA. C. A. 23012 
~ Size : 5"x30" Vel. (ff/sec):68 

LI. Pres. (sihd. aim.) : 1/4 to 20 
;W Test: V.O.T.I/67 Dafe:9-34 

Where tested: L .M A.L. 
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F IGURE 12.- . A. C. A. 23012. 

Sto. Up'r: L'w"'. H-:ltll m a - a 
1.25 1.90 - .77 
2.5 2.89 - 1./5 
5.0 4.J4 - 1.70 
7.5 5.38 -2./8 
10 6.15 -2.62 0 20 40 60 80 10 o 
/5 7.08 -3.40 Percent ofchord 
20 7. 49 -3.98 
25 7.60 - 4.30 
JO 7.55 -4.46 
40 7.11 - 4 .4 6 
50 6.52 - 4.30 
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70 4.48 -3.14 
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IDa 0 
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Airfoil : N A.C.A . 23012 -33 
d Size : 5"x30" Vel. (ff./sec):68 
'" Pr es.(s/ i?d. aim.): It020 

Tes t: V. O. T.1240 Dole: 3 -35 
Where fes/ed: L. MA.L. 
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Ai r fo i l : NA .C.A. 23012-33 
Dote : 3 -35 Tes t : V. D. T. 1240 
Results correcfed to infin ite asp ect r atio 
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Lift coefficient, CL 

F IGURE 13.-N. A. C. A. 23012-33. 



AIRFOIL SECTION CHARACTERISTICS AS AFFECTE D BY VARIATIO NS OF TH E REY OLDS U MBE R 11 

20 
5to. up'r. L'wr. 

lnllltfM 0 - 0 
1.25 2.30 -1.52 
2 .5 3.16 -2.10 
5.0 4.38 -2.76 
7.5 5 .29 -3.17 
105.98 -3.42 0 20. 40 60 80 10 o 
15 6.97 -3.74 Percent ofehord 
20 7.58 -390 
25 7.91 -3.97 
30 8.00 -4.00 
40 Z63 -3.98 
50 6.73 -3.87 
60 5.49 -3.66 
70 4.06 -3.27 I. B 
80 2.61 -2.64 
90 1.26 - /.63 
95 .66 - .95 
100 (.13. (-.13) 

?/lb 100 0 -
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Size: 5"x30." . el (ff./secJ:68 
Ii! Pres. (sfhd. afm.) : I f02D 

Test: v. O. T.!239 Dofe: 3-35 
Where tesfed : L.MA.L. 
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}'IGURE 14.-N. A. C. A. 2R,12. 
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F IGURE 15.- . A. C. A. 67 12. 
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Sto. Up'r. L'w 'r. 

0 ° ° I.i'S 1.894 -1.894 --
i'.S 2.615 =5:m --5.0 3.555 
7.5 4.200 -4.200 -,---
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1-1- Tesf : v. 0. T. 1255 Oale: 5-35 
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FIGURE J6.-N. A. C. A. 0012 with split fl ap deflected 60°. 
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flop: Size: S'x30' 
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Flap section _________ ________ ____ N. A. C. A. 23012 Flap chord, c.=O.2<. _________________ ___ ___ __ .167c 
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As an example of scale effects within the flight range, 
figure 25 has been prepared to show how the choice of 
an airfoil section for maximum aerodynamic efficiency 
may depend on the flight Reynolds Number at which 
the airfoil is to be employed. The efficiency is judged 
by the speed-range index Clmax/CdQ' Values of Clmax were 
determined for the airfoil sections (N. A. C. A. 230 
series) with a deflected 20 percent chord split flap 
and at a Reynolds Number as indicated on each curve 
corresponding to the landing condition. The cor­
responding values of CdQ were taken as the actual profile­
drag coefficients associated with a high-speed lift 
coefficient suitable to an actual speed range of 3.5, 
but corrected by the methods of this report to the high­
speed Reynolds Number (indicated landing Reynolds 
Number R times 3.5). Four curves were thus derived 
indicating the variation of speed-range index with 
section thickness for four values of the landing Reynolds 
Number: 1,2,4, and 8 million, the extremes correspond­
ing to a small airplane and to a conventional transport 
airplane. The highest value shown, 414, of the speed­
range index may appear surprisingly high, but it should 
be rem<:lmbered that the corrections to section character­
istics and for Reynolds Number, as well as the use of 
flaps, are all favorable to high values. The important 
point brought out by figure 25 is that the section thick­
ness corresponding to the maximum aerodynamic 
efficiency is dependent on the Reynolds Number. 

The most efficient airfoil for a landing Reynolds 
Number of 1,000,000, for example, is definitely not the 
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230 series sections; CIM .. taken tor airfoil with O.2Oc split flap deflected 75°; CdO taken 
for airfoil witb flap retracted (or a bigb·speed value of c, and at 3.5 times tbe R (or 
the CI".az_ 

most efficient for a larger airplane landing at a Reynolds 
Number of 8,000,000. An analysis such as that of 
the foregoing example or further analyses such as those 
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discussed in reference 8 concerning the determination 
of the characteristics of wings evidently require a 
knowledge of the variation of airfoil section character­
istics with profile shape over the practical range of 
flight Reynolds Numbers. 

DETERMINATION OF SECTION CHARACTERISTICS APPLICABLE TO 
FLIGHT 

The present analysis is intended primarily to supply 
a means of arriving at airfoil section characteristics that 
are applicable to flight at Reynolds Numbers within 
the practical flight range. This object is best ac­
complished by applying corrections to the standard 
airfoil test results from the variable-density tunnel. 

The standard airfoil characteristics at large Reynolds 
Numbers are customarily defined in terms of a few 
parameters or important airfoil section characteristics 
that may be tabulated for each airfoil section. These 
important characteristics are: 

c, , the section maximum lift coefficient. 
max 

ao, the section lift-curve slope. 
alo' the angle of zero lift. 

('do m in ' the minimum profile-drag coefficient. 
c I ,the optimum lift coefficient, or section lift co-

op t 

efficient corresponding to CdOm/n' 

Cm ,the pitching-moment coefficient about the sec-
a .c. 

tion aerodynamic center. 
a. c., the aerodynamic center, or point with respect to 

the airfoil section about which the pitching­
moment coeffiClent tends to remain constant 
over the range of lift coefficients between zero 
lift and maximum lift. 

Essentially, the general analysis therefore reduces to an 
analysis of the variation of each of these important 
section characteristics with Reynolds Number. Before 
this analysis is begun, however, it will be _necessary to 
consider how values of these section characteristics 
applicable to flight are deduced from the wind-tunnel 
tests of finite-aspect-ratio airfoils in the comparatively 
turbulent air stream of the tunnel. The variation of the 
important section characteristics with Reynolds Number 
will then be considered. Finally, consideration will be 
given to methods of arriving at complete airfoil charac­
teristics after the important section characteristics have 
been predicted for flight at the desired value of the 
Reynolds Number. 

Correction to infinite aspect ratio.-The derivation 
of the section characteristics from the test results un­
corrected for turbulence will be discussed first; the 
turbulence effects will be considered later. The reduc­
tion to Sl' '{on characteristics is actually made in three 
SuC '.!f>"",. If ~ .pproximations. First, the measured charac­
teristics for the rectangular airfoil of aspect ratio 6 are 
corrected for the usual downflow and induced drag, 
using appropriate factors that allow at the same time 

for tunnel-wall interference. These induction factors 
are based on the usual wing theory as applied to rec­
tangular airfoils. The methods of calculation are 
presented in reference 1. (Second-order influences have 
also been investigated; that is, refinement of the tunnel­
wall correction to take into account such factors as the 
load grading and the influence of the tunnel interference 
on the load grading. (See reference 6.) For the con­
ditions of the standard tunnel test such refinements were 
found to be unnecessary.) The results thus yield the 
first approximation characteristics, e. g., the profile-drag 
coefficient ODO that has been considered a section 
characteristic in previous reports (reference 2) . 

These first-approximation section characteristics are 
unsatisfactory, first, because the airfoil theory does not 
represent with sufficient accuracy the flow about the 
tip portions of rectangular airfoils and, second, because 
the measured coefficients represent average values for 
all the sections along the span whereas each section 
actually operates at a section lift coefficient that may 
differ markedly from the wing lift coefficient. The 
second approximation attempts to correct for the 
shortcomings of the wing theory as applied to rec­
tangular airfoils. 

It is well known that pressure-distribution measure­
ments on wings having rectangular tips show humps in 
the load-distribution curve near the wing tips. These 
distortions of the load-distribution curve aI;e not rep­
resented by the usual wing theory. The failure of the 
theory is undoubtedly associated with the assumption of 
plane or two-dimensional flow over the airfoil sections 
whereas the actual flow near the tips is definitely three­
dimensional, there being a marked inflow from the tips 
on the upper surface and outflow toward the tips on the 
lower surface. This influence not only affects the 
induction factors and hence the over-all characteristics 
of the rectangular wing but also produces local dis­
turbances near the tips that may be expected to affect 
the average values of the section profile-drag coefficients. 

Theoretical load distributions for wings with well­
rounded (elliptical) tips agree much more closely with 
experiment than do the distributions for rectangular­
tip wings. Local disturbances near the tips should also 
be much less pronounced. Test results for rounded-tip 
wings were therefore employed to evaluate the rectangu­
lar-tip effects and hence to arrive at the second approx­
imations. Four wings, having N. A. C. A. 0009, 0012, 
0018, and 4412 sections, were employed for the purpose. 
The normal-wing airfoil sections were employed 
throughout the rounded-tip portion of the wing but the 
plan area was reduced elliptically toward each tip 
beginning at a distance of one chord length from the 
tip. Section characteristics were derived from tests 
of these wings in the usual way but using theoretical 
induction factors appropriate to the modified plan 
form. These section characteristics when compared 
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with the first approximation ones from tests of wings 
with rectangular tips served to determine the second 
approximations. These values indicated by double 
primes were given from this analysis in terms of the 
first approximation values indicated by single primes 
as follows: 

C Lmax" = 1. 03 CLmax' 

ao" = 0.96ao' 

ao" = ao' +0.39CL ' (degrees) 

CDO" = CDO' +0.0016C/2-~(t-6)0.0002(t >6) 

where t is the maximum section thickness in percent 
chord. In some recent reports on airfoil characteris­
tics (references 3, 5, and 7) these values have been 
presented as section characteristics except that a small 
correction has in some cases been applied to the aero­
dynamic-center positions. This correction is no longer 
considered justifiable. 

These corrections are, of course, entirely empirical. 
They must be considered as only approximately correct 
and as being independent of the Reynolds Number. 
The corrections themselves, however, are small so that 
they need not be accurately known. All things con­
sidered, it is believed that through their uae the reliabil­
ity of the section data is definitely improved, at least 
within the lower part of the range of lift coefficients. 
For lift coefficients much greater than 1, however, the 
profile-drag coefficients from the rounded tip and rec­
tangular airfoil tests show di~crepancies that increase 
progressively with lift coefficient and, of course, become 
very large near the maximum lift coefficient owing to 
the different maximum-lift values. This difference 
brings up the necessity for the third approximation. 
The second approximation values may, however, be 
considered sufficiently accurate to determine the section 
profile-drag coefficient Cd

O 
over the lower lift range and 

also the following important section parameters that 
are determined la.rgely from the characteristics in the 
low lift range: 

alO 

ao 
C lopi 

CdO mIn 

Cma .c. 

a. c. 

In this runge of the lift coefficient the deviations from 
the mean of the Cl values along the span have been 
adequately taken into account. The mean values of Cl 

and Cd
O 

represent true values as long as the deviations 
along the span are within a limited range over which 
t.he quantities may be considered to vary lineally. Near 
the maximum lift, however, the deviations become 
larger and the rates of deviation increase so that the 
profile drag of the rounded-tip airfoil, for example, is 

predominantly influenced by the high Cd values of the 
. 0 

central sections which, according to the theory, are 
operating at Cl values as much as 9 percent higher than 
the mean value indicated by the wing lift coefficient CL . 

Moreover, the actual lift coefficient corresponding to 
the section stall (in this case the center section) might 
thus, in accordance with the theory, be taken as 9 per­
cent higher than the measured wing lift coefficient 
cOlTesponding to the stall. 

Several considerations, however, indicate that this 
9 percent increase indicated by the simple theory is too 
large. The simple theory assumes a uniform section 
lift-curve slope in arriving at the span loading and 
hence the distribution of the section lift coefficients 
along the span. Actually on approaching the maximum 
lift the more heavily loaded sections do not gain lift as 
fast as the more lightly loaded ones owing to the bend­
ing over of the section lift curves near the stall. This 
effect has also been investigated approximately. The 
results showed that for commonly used airfoil sections 
the center lift drops from 9 percent to 5 or 6 percent 
higher than the mean at the stall of rectangular airfoils 
with rounded tips. For some unusual sections that 
have 'very gradually rounding lift-curve peaks and with 
little loss of lift beyond the stall, this correction may 
practi.cally disappear either because the lift virtually 
equalizes along the span before the stall or because the 
maximum lift is not reached until most of the sections 
are actually stalled. Omitting from consideration these 
sections to which no correction will be applied, the 
question as to whether or not such ~ correction should 
be applied to usual sections was decided by considering 
how it would affect predictions based on the Cl max 
values. 

Maximum-lift measurements had been made for a 
number of tapered airfoils of various taper ratios and 
aspect ratios. The same airfoil section data presented 
in this report were applied (taking into account the re­
duced Reynolds Number of the sections near the tips 
of highly tapered wings) by the method indicated in 
reference 8 to predict the maximum lift coefficients of 
the tapered wings. These predictions appeared some­
what better when the section data were obtained on 
the assumption tha t the center-section lift coefficient 
at the stall of the rectangular airfoil with rounded tips 
is 4 percent higher than the wing lift coefficient. Hence 
the third approximation as regards the section maximum 
lift coefficients was obtained by increasing the maximum 
lift coefficients by 4 percent, although the value of the 
correction could not be definitely established because 
it appeared to be of the same order as possible errors 
in maximum lift measurements and preilicti,ons for 
tapered airfoils. The correction has been applied, 
however, except in the unusual cases previously men­
tioned where it obviously was not applicable, by in­
creasing the maximum lift coefficients for the sections 
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by 4 percent. With the rounded-tip correction tills 
increase makes the total maximum lift coefficient for 
the section 7 percent higher than the measured maximum 
lift coefficient for the rectangular airfoil of aspect ratio 6. 

The correction of the important airfoil section para­
meters has thus been completed, but the curve of pro­
file-drag coefficient against lift coefficient should now 
be modified at high lift coefficients owing to the change 
in Clmaz and the variation of Cao along the span. Com­
pletely corrected Cao curves are not presented for the 
various airfoils in this report. The change resul ting 
from the variation of Cdo along the span has been ap-
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influenced by the variation of Cao along the span. A 
reference to figure 26 will show the relation of these 
successive approxTInations to the original measurements 
and to the final results. 

Turbulence.- The correction for turbulence is made 
as in reference 9 by use of the concept of an effective 
Reynolds Number. Marked scale effects that have been 
experimentally observed are usually associated with a 
transition from laminar to turbulent flow in the boundary 
layer. As examples, consider the more or less sudden 
increase in the drag coefficient for skin-friction plates 
and airsillp models and the drop of the drag coefficient 
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FIGURE 26.-Airfoil section cbaracterist ics. Comparison of tbe various approximations. 

plied only in a general way in the construction of a 
generalized CdQ curve. From this curve, values of 
cdQ at any Cl may be derived in terms of the presented 
airfoil section parameters. Tills "generalized section 
polar" (see fig. 45) was derived from tests of rounded­
tip N. A. C. A. 0012 and 4412 airfoils, taking into 
account the variation of Cdo along the span. For con­
ventional airfoils of medium thickness, Cdo values from 
this generalized section polar should be more nearly 
true section characteristics than the GDo values obtained 
directly from the test data. Tills conclusion is particu­
larly important for lift coefficients above 1 where the 
second approximation correction becomes definitely 
unreliable and near Cimaz where the Gvo values are 

tl84380 ()-3~1j, 

for spheres and cylinders with increasing Reynolds 
Numbers in the critical range. The latter scale effects 
are associated with the greater resistance to separation 
of the turbulent layer. The increase of maximum lift 
coefficient with Reynolds Number shown by most com­
monly used airfoils is a similar phenomenon, The drag 
scale effect for most airfoils, moreover, is at least com­
parable with the corresponding scale effect for the skin­
friction plate. 

Tills transition from laminar to turbulent flow in the 
boundary layer, as in Reynolds' classic experiments, is 
primarily a function of the Reynolds Number but, as he 
showed, the transition is hastened by the presence of 
unsteadiness or turbulence in the general air stream. 
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Likewise, the transition in the boundary layer is 
hastened by the turbulence in the air stream of a wind 
tunnel so that transition occurs at a given point on the 
model at a lower Reynolds Number in the tunnel than 
it would in free air. Likewise the associated scale 
effects that appear in the tunnel tend to correspond 
with those that would appear in flight at a higher 
Reynolds umber. This Reynolds Number may there­
fore be referred to as the "effective Reynolds Number" 
and is, of course, higher than the actual Reynolds 
Number of the test. 

It appears that the effective Reynolds Number for 
practical purposes may be obtained by multiplying the 
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in passing from the test to the effective Reynolds 
umber, moreover, is approximately allowed for by 

deducting a small correction increment from the 
measured airfoil profile-drag coefficients. 

This correction increment was originally employed 
for tests at high values of the Reynolds Number when 
the boundary layer on an airfoil is largely turbulent. 
The correction was therefore .estimated as the amount 
by which the drag coeffi~ient representing the turbulent 
skin friction on a flat plate would decrease in passing 
from lhe test Reynolds umber to the effective 
R eynolds Number. The values of the increment thus 
deduced from Prandtl's analysis of the turbulent 
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FIGURE 27.-Variation or ed om;. with R . Comparison of N . A. C. A. 0012 airroil with skin-friction plates. 

test Reynolds Number by a factor referred to as the 
" turbulence factor." This factor was determined 
(reference 9) for the variable-density tunnel by a com­
parison of airfoil tests with tests in the N. A. C. A. 
full-scale tunnel and hence indirectly with flight. The 
value 2.64, which was thus obtained after a considera­
tion of sphere tests in the full-scale tunnel and in flight, 
agrees with a subsequent determination (reference 10) 
by sphere tests in the variable-density tunnel that were 
compared directly with corresponding tests in flight. 

An effective Reynolds Number is thus determined at 
which the tunnel results should, in general, be applied to 
flight. Flight conditions as regards the effects of the 
transition may then be considered as being approxi­
mately reproduced, but it should be remembered that 
the flow at the lower Reynolds umber cannot exactly 
reproduce the corresponding flow in flight. Both the 
laminar and turbulent boundary layers are relatively 
thicker than those truly corresponding to flight and 
both boundary layers have higher skin-friction coeffi­
cients at the lower Reynolds Number. Nevertheless 
the most important source of scale effects is taken 
into account, at least approximately, when the tunnel 
results are applied to flight at the effective Reynolds 
Number, The change in skin-friction drag coefficients 

fric tion layer, which is substantially in agreement with 
von Karman's original derivation, are as follows: 

T est Reynolds Effect ive R ey-
/led Number nolds Number 

300, 000 792, 000 0.0020 
500,000 1, 320, 000 .0017 

1,000,000 2,640,000 .0014 
2,000,000 5,280, 000 .0012 
3,000,000 7, 920, 000 . 0011 

The objection might be raised that the increments 
t:..Cd are based entirely on a turbulent skin-friction layer 
whereas the boundary layers on airfoils are actually 
laminar over a considerable part of the forward portion, 
particularly for the lower values of the Reynolds 

umber. The t:..Cd correction was nevertheless em­
ployed over the complete range of Reynolds umbers 
for several reasons: primarily for simplicity and con­
sistency, because in the practical flight range the 
turbulent layer predominates; and secondarily because 
on most airfoils the boundary layer mu t be turbulent 
over a considerable part of the surface at any Reynolds 
Number sufficiently high to avoid separation . Refer­
ence to the corrected minimum-drag results for the 
N_ A. C. A. 0012 section shown in figure 27 may 
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clarify these statements. Included in the figure are 
curves representing the variations with Reynolds 
Number of flat-plate drag coefficients for laminar and 
turbulent boundary layers and the Prandtl-Gebers 
transition curve, which represents a computed variation 
substantially in agreement with Gebel's' measurements 
of the actual variation in drag coefficient for a flat plate 
towed in water at various Reynolds Numbers. The 
computed curve is the result of a calculation of the 
average drag coeffieient for the plate when the fNward 
part of the boundary layer is laminar and the after 
part turbulent and the transition is assumed to take 
place at a fi.xed value of the surface-distance Reynolds 
Number Rz . It is apparent that the airfoil curve tends 
to parallel the actual flat-plate curve throughout the 
flight range of values of the Reynolds Number. 

In references 11 and 12 corresponding curves were 
presented for a very thin airfoil section. These results 
were uncorrected for the turbulence in the tunnel and 
hence, although they appear to parallel a transition 
curve like the present corrected results, the transition 
curve does not correspond to zero turbulence, or flight, 
but is displaced to the left. The correction increment 
could have been based on the difference between these 
two transition curves for flat plates, the one calculated 
for the tunnel and the other calculated for flight con­
ditions. Such a correction increment would have 
ceen slightly different from the one actually ~mployed, 
particularly in the range of the Reynolds Number 
below the flight range, owing to larger drag reductions 
in the laminar part of the boundary layer in passing 
to the higher Reynolds Number. Both the test 
results for the N. A. C. A. 0012 (fig. 27) and theoretical 
calculations for the same airfoil by the method of 
reference 13 indicate, however, that separation must 
occur as the Reynolds Number is reduced even in the 
case of this excellently streamlined form at zero 1ift. 
The separation is indicated by the abnormal increase 
of the drag coefficient shown by the experimental 
results below a Reynolds Number of 800,000. This 
separation may at first be a local phenomenon, the 
flow subsequently changing to turbulent and closing 
in again downstream from the separation point. In 
any case it is apparent that the flow will either be to 
a considerable extent turbulent or will separate so 
that a correction increment based mainly on a laminar 
layer would have little significance. 

The applied correction increment based on the 
turbulent layer is thus justifiable as being COIIJerva­
tive over the flight range of the Reynolds umber 
and the influences not considered in its derivation 
will henceforth be considered as sources of error in 
the experimental results. Admittedly it would be of 
interest to give further consideration to the results in 
the range of Reynolds Number below the usual flight 
range where the influences of extensive laminar bound­
ary layers and separation are of primary importance, 

but the relatively poor experimental accuracy of the 
test data for these low Reynolds Numbers and the 
lack of practical applications tend to discourage an 
extensive analysis of the low-scale data. 

The accuracy of the final results as applied to flight 
is best judged from a comparison of the results with 
those from the N. A. C. A. full-scale tunnel. Such 
comparisons have been made in references 9 and 10 . 
The agreement for both the maArimum lift and minimum 
drag for the Clark Y is easily within the accuracy of the 
experiments. For the other airfoil for which a compari­
son is possible, the N. A. C. A. 23012, the results show 
similar satisfactory agreement for maA'imum lift, within 
4 percent, and for the drag coefficient at zero lift, 
within 5 percent. The polar curve of the profile-drag 
coefficients from the full -scale tunnel, however, tended 
to show a marked drop for a small range of lift coeffi­
cients near that for minimum profile drag. Although 
the same phenomenon was apparent from the variable­
density-.tuJmel tests, it was less marked. The fact that 
the minimum drag shown by the full-scale-tunnel test 
was 17 percent lower than shown by the variable­
density-tunnel test thus appears less significant than it 
otherwise would. Furthermore, it might be expected 
that this localized dip in the profile-drag curve would 
tend to disappear at the higher Reynolds Numbers 
common to flight at low lift cofficients. In spite of the 
fact that the above-mentioned difference between the 
results is but slightly outside the limit of possible 
experimental errors, the difference does tend to show 
how much the turbulence corrections applied to the 
variable-density-tunnel data may be in error, particu­
larly for a condition like the one considered for which 
rather extensive laminar boundary layers may be 
present. Comparatively high velocities over the lift­
ing airfoil as contrasted with the flat plate may also 
tend to increa'5e the value of the correction increment 
so that all these considerations are in agreement in 
indicating that the correction incremen~ applied may be 
considerably too conservative in some instances, par­
ticularly for the lower range of flight Reynolds Num­
bers.! The greatest uncertainty, however, in regard to 
the application of the drag data to flight is due to the 
possibility tbat under certain favorable conditions in 
flight, corresponding to very smooth surfaces and to 
practically zero turbulence, the transition may be 

1 Since the writing of this report, the results of comparative experiments made in 
the less turbulent British C. A. T. on the N. A. C. A. 00!2 airfoil have come to the 
attention of the authors. For the mod~1 with the most carefully finished surface, 
the results do show lower drags over the lower range of flight Reynolds Numbers 
than the data in this report. 

Still mOre recently the results of tests from England and Germany at moderately 
large Reynolds Numbers hav~ added further support to the conclusion that the 
correction increments applied herein are too small. Furthermore, as indicated 
by the foregoing discussion, the increments should probably increase with tbe airfoil 
thickness or drag. For example, better agreement is obtained if, instead of the 
increment 0.0011 subtracted from the usual large-scale proflle-drag results, a cor­
rection as a factor applied to the measured profile drag is employed. This factor 
is 0.85, as similarly determined from the tlat plate with completely turbulent bound· 
ary layer. Final conclusions, however, must await further information on the tran­
sition as it actually occurs in tlight. 
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abnormally delayed. For example, Dryden (reference 
14) found very large values of Rx corresponding to 
transition on a flat plate. The conditions are remi­
niscent of those of super aturation in solutions. Fol­
lowing this analogy, it may be impossible to set an 
upper limit of R above which transition must occur. 
Unusually low drags would, of course, be associated 
with the presence of this type of abnormally extensive 
laminar boundary layer; but, while this possibility 
should be recognized, it is pi'obable that in most prac­
tical application" conditions such as slight surface 
irregularities, vibration, or self-induced flow fluctuations 
will operate against it. The present results may there­
fore be used in flight calculations as conservative for 
wings that are not aerodynamically rough. 

VARIATION OF IMPORTANT SECTION CHARACTERISTICS WITH 
REYNOLDS UMBER 

Maximum lift coefficient clmox.- The maximum lift 
coefficient is one of the most important properties of the 
airfoil section. It largely determines not only the max­
imum lift coefficient of wings and hence the stalling 
speed of airplanes but also, for example, influences how 
and where tapered wings stall and hence the character 
of the stall in relation to lateral stability and damping 
in roll. The maximum lift coefficient, moreover, in­
dicates the useful lift range of the section and tends to 
define the nature of the variation of profile drag with 
lift. Finally, the maximum lift coefficient is the im­
portant aerodynamic characteristic that usually shows 
the largest scale effects. 

It is not surprising to find large variations of Clmox 

with Reynolds Number because Clmox is dependent en­
tirely on the boundary-layer behavior, which in turn is 
directly a function of viscosity as indicated by the 
value of the Reynolds Number. In other words, po­
tential-flow theory alone is totally incapable of any pre­
dictions concerning the value of Clmox ' 

The following discussion traces the mechanism of the 
stall with a view to reaching an understanding of how 
the stall, and consequently the maximum lift, is affected 
by variations of the Reynolds Number. Basically, the 
discussion is concerned mainly with air-flow separation. 
The pressure distribution over the upper surface of the 
conventional airfoil section at .lift coefficients in the 
neighborhood of the maximum is characterized by a 
low-pressure point at a small distance behind the leading 
edge and by increasing pressures from this point in the 
direction of flow to the trailing edge. Under these 
conditions the reduced-energy air in the boundary layer 
may fail to progress against the pressure gradient. 
When this air fails to progress along the surface, it 
accumulates. The accumulating air thereby produces 
separation of the main flow. The separation, of course, 
reduces the lift. 

Whether or not separation will develop is dependent 
on the resistance to separation of the boundary layer. 
The turbulent layer displays much more resistance to 

separation than the laminar boundary layer. This 
dependence of separation on the character of the bound­
ary-layer flow was first observed in sphere-drag tests. 
At low Reynolds umbers separation of the boundary 
layer develops near the equator of the sphere. When 
the boundary layer on the sphere is made turbulent, how­
ever, as it is when the Reynolds Number is sufficiently 
increa ed, the separation shifts to a position considerably 
aft. 

The occurrence of separation for airfoils, as affected 
by the transition from laminar to turbulent flow in the 
boundary layer, is indicated by the scale effects on 
Clmax (fig. 28) for symmetrical Eections of varying thick­
ness. For these airfoils at any considerable lift coeffi­
cient the low-pressure point on the upper surface tends 
to occur just bebind the nose, on the leading-edge-radius 
portion of the airfoil. When the boundary layer is 
laminar behind this point, separation may be expected 
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to occur very quickly behind or almost at the low­
pressure point owing to the presence of large adverse 
pressure gradients. In fact, the von Karman-Millikan 
method of calculating the incipient separation point 
for laminar boundary layers (reference 13) has been 
applied by Millikan to estimate the position of the 
separation point and also its relation to the tran­
sition point as it is assumed to influence the scale effect 
on the maximum lift coefficient. The number and char­
acter of the assumptions involved iL such an analysis, 
however, are such that the results may be expected to 
yield only qualitative predictions. Elaborate calcula­
tions in such cases are of doubtful necessity as indicated 
by the fact that qualitative predictions, perhaps more 
reliable, had previously been reached without them. 
(See references 12, 15, and 16.) Exact methods of 
calculation are unquestionably desirable but are defi­
nitely not a matter for the present but for a time when 
much more experimental data concerning both separa­
tion and transition shall have been secured. 
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For the present discussion it is sufficient to consider 
that, jf the bOUIidal'Y layer remains laminar, separation 
will occur very close behind the low-pressure point on 
the upper surface. Incidentally, the actual separation 
point is expected, in general, to be forward of the calcu­
lated incipient separation point; that is, nearer the 
low-pressure point. It should not, however, be assumed 
that the occurrence of separation defines the maxi­
mum lift coefficient. For example, at very low Rey­
nolds Numbers, separation on the N. A. C. A. 0012 
airfoil occurs even at zero lift, which on this assumption 
would define zero as the ma}.rimum lift. Motion 
pictures have been made showing the air flow and 
separation for airfoils at low values of the Reynolds 
Number. Three photographs from the smoke tunnel 
are included in figures 29, 30, and 31 to indicate the 
position and character of the laminar separation for a 
cambered airfoil. The first two pictures show well­
developed separation even at zero aJlgle of attack; the 
third shows how laminar separation occurs just behind 
the nose at higher angles of attack. 

FIGURE 29.-Separation occurring on an airfoil at a low angle of attack. 

It is thus apparent that separation of the laminar 
boundary layer will always be present at a point near 
the nose at any moderately high lift coefficient if the 
Reynolds Number is not sufficiently high to make the 
flow turbulent at that point. This condition certainly 
exists for the results in figure 28 over the lower range 
of the Reynolds Number; that is, separation near the 
no£e must have occurred at angles of attack well below 
that of Clmaz owing to the very small Reynolds Number 
associated with the short distance from the nose to the 
laminar separation point. In this range of R the Cl 

maz 

values are of the order of 0.8 and change little with 
either R or the section thickness. (See fig. 28.) This 
value of c1maz corresponds approximately to that for a 
flat plate. 

Now consider the character of the flow as the Rey­
nolds Number is increased. The effects are shown very 
clearly by a comparison of figure 29 and figure 30. 
Figure 30 corresponds to a higher Reynolds Number and 
shows turbulence forming at a "transition point" along 

the separated boundary layer behind the laminar sepa­
ration point. Incidentally, it should be remembered 
that the transition point is not really a point but is a 
more or less extended and fluctuating region in which 
the laminar layer ii:> progressively changing to the fully 

FIGURE 3D.-Separation occlllTing on an airfoil at a low angle of attack (fig. 29) but 
at an increased Reynolds Number. 

developed turbulent layer. This transition region now 
moves forward toward the separation point as the 
Reynolds N umber is further increased. The formation 
of turbulence results in a thickening of the boundary 
layer between the dead air and the overrunning flow 
until the turbulent mixing extends practically to the 
airfoil surface. The separated flow may then be con­
sidered reestablished. This process would leave a bubble 
of "dead air" between the Eeparation point and the 
transition region, the exi tence of which was predicted 
several years ago. SubEBquently Jones and Farren 
(reference 17) have actually observed this phenomenon. 

As the Reynolds Number is further increased, the 
transition region progresses toward the leading edge, 
approaching the region of the laminar separation point. 
Consider now, for example, the flow about the N. A. 
C. A. 0012 at a value of R in the neighborhood of R e, 

the critical ReynOlds Number, where the maximum lift 

FIGURE 3J.-Separation occurring on an airfoil at 8 high angle of attack. 

increases rapidly with R. As shown in figure 28, CI:naz 

for the N. A. C. A. 0012 begins to incre!lSe rapidly with 
R at approximately R.= 1,000,000. Consider therefore 
two flows, one at R . =l,OOO,OOO just at the attitude of 
Clmaz' and the other at the same attitude but at a higher 
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effective Reynolds Number, say 1,750,000. For the 
former, separation is probably occurring near the low­
pressure point, but the turbulence is forming closely 
enough behind the separation point so that the fiow 
over the upper surface is partly reestablished. An 
increase of angle of attack fails to increase the lift, 
however, because the turbulence is forming so late that 
the local separation and its resulting adverse effect on 
the thickening or separation of the turbulent layer 
farther aft prevent a further gain of lift. Now as the 
Reynolds umber is increased the transition region 
moves to a position nearer the separation point, the 
extent of the separated region is reduced and, as shown 
by reference to figure 3, CL at the same angle of attack 
is increased from 0.85 to 1.05 (for the approximately 
corresponding test Reynolds Numbers of 330,000 and 
660,000). Furthermore, the angle of attack may now 
be increased until CL reaches 1.1 before the flow follow­
ing the upper surface fails. The failure now occurs 
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suddenly, causing a break in the lift curve, but again 
may be delayed by a further increase of the Reynolds 
Number. 

In such cases the scale effect evidently varies with 
the shape of the nose of the airfoil. If the leading-edge 
radius is reduced by making the airfoil thinner, the 
local Reynolds Number for the separation point or the 
tran~ition region, either R6 based on boundary-layer 
thickness or Rx based on the distance along the surface, 
is reduced with respect to R because the local dimen­
sions near the nose are reduced with respect to the air­
foil chord. Higher values of R are therefore required 
to reach the critical Rx or R6 values in the neighborhood 
of the nose. This result is indicated by the higher 
critical Reynolds Number Re for the N . A. C. A. 0009 
than for the N . A. C. A. 0012, as shown in figure 28. 
Likewise, the 15 and '18 percent thick airfoils show 
progressively lower values of Re than the N. A. C. A. 
0012, but the critical range tends to disappear as the 
thickness is increased. 

The range of R is limited by the wind tunnel so that 
in most instances the cale effect above the critical 
range could not be determined . It. is probable, how­
ever, that the highest maximum lift coefficients are 
reached when the Reynolds N umbel' corresponds to 
th03 occurrence of fully developed turbulence practically 
at the laminar separation point but that t,his condition 
occurs above the highest Reynolds ' umbers reached 
except possibly for the thickest airfoil, . A. C. A. 0018. 

High local Reynolds umbers at the laminar separa­
tion point could, however, be reached by employ.ing a 
thick, highly cambered airfoil. The N. A. C. A. 83 i8 
airfoil was included for this reason. The results (see 
fig. 32) indicate, as expected, a very low critical Rey­
nolds Number. With increasing Reynolds Number, 
clmax rises to a maximum at R=900,000 and then falls 
off slowly. In this instance, at the highest Reynolds 

umbers transition probably occurs ahead of any point 
at which laminar separation could occur. The ma}'-1-
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mum lift coefficient must therefore be determined by 
the behavior of the turbulent layer. The significant 
conclusion is that Cl

max 
then decreases with increasing 

R. Another signifiqant observation is that under these 
conditions stalling id progressive as indicated by the 
rounded lift-curve peaks in figure 11. This type of 
stalling corresponds to a progressive separation or 
thickening of the turbulent layer in the region of the 
trailin~ edge. 

The process of stalling in general is more complex 
than either of the two distinct processes just discussed. 
It has been compared by Jones (reference 17) to a 
contest between laminar separation near the nose and 
turbulent separation near the trailing edge, one or the 
other winning and thus producing the stall. ~~ctually 
it appears from these scale-effect data that, for com­
monly used airfoils at a high Reynolds NUlllber, the 
forward separation usually wins but that it is largely 
conditioned and brought about by the thickening' or 
separation of the turbulent boundary layer near the 
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trailing edge, which, in turn, may be largely influenced 
by the local separation near the leading edge. The 
reasons for these statements will become clear from the 
consideration of the scale effects for the different types 
of airfoil. 

Consider first the maximum lift of the conventional 
type of cambered airfoil . Where stalling is determined 
largely by separation near the leading edge, the maxi­
mum lift would be expected to be a function of the 
curvature near the leading edge and also a function of 
the mean camber because the effect of the camber is to 
add a more or less uniformly distributed load along 
the chord. At some angle of attack above that of zero 
lift the flow over the nose part of the cambered airfoil 
approximates that over the nose of the corresponding 
symmetrical airfoil at zero lift. This correspondence 
of flows at the leading edges between the symmetrical 
and cambered airfoils continues as the angles of attack 
of both are increased. If the stalling were determined 
largely by the flow near the nose, the two airfoils would 
stall at the same time, but the lift of the cambered 
airfoil would be lUgher than that of the symmetrical 
airfoil by the amount of the initial lift increment. 
Reference to figure 33 shows that this expected change 
of Cz with camber is approximately that shown by 

maX 

the results from tests in the lower range of the Reynolds 
Number. At high Reynolds Numbers, however, the 
change of CI with camber is much smaller than would 

rna'" 
be expected if the stall were controlled only by condi-
tions near the leading edge. On the other hand, some 
of the cambered airfoils show a sudden loss in lift at 
the maximum indicating that separation is occurring 
near the leading edge but, as the camber is increased, 
the lift curves become rounded. (See figs. 6,7, and 8.) 
For the N. A. C. A. 2412, which shows a sharp break 
in lift at the maximum but a small gain in cZ

max 
due to 

camber at the high Reynolds Numbers, the boundary­
layer thickening or turbulent separation must become 
pronounced near the trailing edge at the higher Rey­
nolds Numbers before the flow breakdown occurs near 
the leading edge. This alteration of the flow results 
in higher angles of attack for a given lift and con­
sequently more severe flow conditions over the nose of 
the aU·foil. These flow conditions, which really origi­
nate near the trailing edge, thus bring about the flow 
breakdown near the leading edge that finally produces 
the actual stall. It must not, however, be concluded 
that more gradually rounding lift-curve peaks with in­
creasing R should be the result; actually, the opposite 
is usually true (e. g., figs . 6, 7, and 8) . The explana­
tion is probably that increasing the Reynolds Number 
reduces the extent of the local separation near the 
leading edge, which influences the boundary-layer 
thickening near the trailing edge, at least until the 
transition region reaches the separation point. That 
Cz continues to be influencf>d by the flow conditions maX 

near the leading edge, even for highly cambered sec-

tions, is shown by the fact that the critical Reynolds 
Number is little affected by increasing the camber to 
that of the N. A. C. A. 6412 in spite of the fact that 
the actual gain in Cz throughout the critical range max 

becomes less for the more highly cambered airfoils. 
This conclusion is an important one because it can be 
extended to predict that the critical Reynolds Number 
will not be affected by flaps and other high-lift dev ces 
placed near the trailing edge, which act much like a 
camber increase. 
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Reference to figure 34 shows the correctness of this 
conclusion. It will be noted, moreover, that each scale­
effect curve representing an airfoil with a split flap tends 
to parallel the corresponding curve for the same airfoil 
without a flap. The split flap thus simply adds an in­
crement to the maximum lift without otherwise chang­
ing the character of the scale effect. In this respect. the 
behavior with the flap differs from the behavior with 
increasing camber. With the split flap, the distribution 
of pressures over the upper surface is apparently not 
affected in such a way as to increase the tendency 
toward trailing-edge stalling, otherwise the scale-effect 
variations would not be similar with and without the 
flaps. Incidentally, it is of interest to note that the 
maximum lift increment due to the split flap is not 
independent of the airfoil section shape but, for ex­
ample, increases with the section thickness. (Cf. the 
N. A. C. A. 230 series, with and without split flaps, 
table 1.) 

As regards flaps other than split flaps, recent tests 
have shown that the maximum lifts attainable are ap­
proximately equal for either the ordinary or the split 
flap. TlUs result might have been expected because the 
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results of references 18 and 1 9 had indicated that the 
flow does not follow the upper surface Of an ordinary 
flap except for small angles of flap deflection. It should 
therefore make little difference whether or not the upper 
surface of the flap is deflected with the lower. Further­
more, the same reasoning might be applied to predict 
the effects of camber, when the mean line is of such a 
shape that the maximum camber occurs near the trail­
ing edge so that the separation associated with increas­
ing camber is localized in this region. Thus it might 
have been predicted that the scale effect as shown in 
figure 35 for the N. A. C. A. 6712 airfoil would be more 
like that of an airfoil with a split flap than like that of 
the usual type of cambered airfoil. 

Another important conclusion can be deduced from 
the results in figure 35 showing the scale effects for air­
foils having various mean-line shapes. When a mean­
line shape like that of the N. A. C. A. 23012 is em-

2.0 

i 
cJ 1.8 

' .. : 
c: 1.6 
.~ 

~/.4 , 
~ 1.2 
u 

'l::: :.::: 1.0 

S .8 
.~ 
ti .6 
!; 
t .4 
:g 
lJ .2 
III 

V) 0 

r-)A.~.J ~f111 ~ 
.. 430120 r-. . 6412 'Q 

t--- .. r- 4412 0 --
i--I"'" - - -~ 

-r-- W- -j-" --/: 
~ .- - - tJl; I-':; f/ 

10 .-:::' 0.; _ 

.re::::t- -~ 

~ I- - /' 
.1P' / 

V 

0. NA.C.A. 2412 

<l tt+ . m2R
•
12 

o .. 0012 
x • 23012 
+ .. 23012 with 

external- airfoil flop set at -3° 

11 II IIII 111 
JJ II I I Ii II 6 8 

100.000 
JJJ 

2 .3 4 S 61.000.000 2 .3 4 S 10,000.000 
EffectIve fieynolds Number 

FIGURE 35.-Section maximum lift CO<\IIlcient, CIMor- Airfoils with various mean­
line share3. 

ployed-that is, one havihg marked curvature near the 
nose and a forward camber position-the effect is to 
alter the conditions of the leading-edge stall. The critical 
Reynolds Number is thus shifted to the left and the 
general character of the scale effect becomes more like 
that of the usual airfoil of 15 instead of 12 percent 
thickness. 

The opposite effect on the nose stall is shown in figure 
36 where the critical Reynolds Number is shifted to the 
right by decreasing the leading-edge radius, that is, by 
changing from the N. A. C. A. 23012 section to the 
23012-33. Thus it appears, in general, that the charac­
ter of the Clmaz scale effect, particularly in relation to 
the value of the critical Reynolds Number, depends 
mainly on the shape of the airfoil near the leading edge. 

The two remaining airfoils not covered by the previ­
ous discussion (fig. 37) have slotted high-lift devices. 
Both the Clark Y airfoil with Handley Page slot and 
the airfoil with external-airfoil flap show unusual scale 
effects. The airfoil with Handley Page slot shows an 

increasing Clmaz throughout the Reynolds Number 
range but shows a peculiar change. in the character of 
the stall in the full-scale range near R~=3,000,000. 
(See also fig. 24 .) The airfoil with the external-airfoil 
flap shows a break in the scale-effect curve. Two 
values of Clmaz were measured for the condition corre-
sponding to R.=1,700,000 (fig. 23, test R=645,000), 
one lift curve having a sharp break at the maximum 
and the other being rounded. It is believed that the 
change is associated with the action of the slot at the 
nose of the external-airfoil flap. It is particularly 
interesting because it represents one of the cases men­
tioned under the interpretation of the wind-tunnel 
data for which the failure of the tunnel flow to repro­
duce exactly at the effective Reynolds N umber the 
corresponding flow in flight becomes of practical im­
portance. A comparison of these tests with tests in 
the 7- by 10-foot tunnel (reference 5) indicated that 
such scale effects, may be due primarily to the action 
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of the slot as affected by the boundary-layer thickness 
relative to the slot width, which is a function of both 
the test and the effective Reynold.;; Number, rather 
than to the transition from laminar to turbulent flow. 
When interpreted on the basis of the test rather than 
the effective Reynolds Number as regards the occur­
rence of the break in the low Reynolds Number range, 
better agreement with the results from the variable­
density tunnel was obtained. On this basis the dis­
continuity shown in figure 37 as occurring at R.= 
1,700,000 would be expected to occur in flight at a con­
siderably lower Reynolds Number out'3ide the usual 
flight range. 

With regard to c'maz scale effects for conventional 
types of airfoils, it now appears in the light of the 
preceding discussion t; t a position has been reached 
from which the seal .!ects appear rational and suf­
ficiently regular and ,,;ystematic so that general scale­
effect corrections fifty be given for such airfoils. This 
position represents a marked advance. In a later 
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section of this report such generalized scale-effect cor­
rections for Clma" are presented for engineering uses. 

Lift variation near czmaz.- The variation of the lift 
near the maximum as indicated by the shape of the 
lift curve is of some importance because it often affects 
the character of the stall and the corresponding lateral 
control and stability of the airplane in flight. The 
character of the stall for the airfoils may be inferred 
approximately from the preceding discussion of Clma" 

and is indicated by the lift curves in figures 2 to 24 . 
The moderately thick symmetrical airfoils in the critica l 
or flight range of R show sudden losses of lift beyond 
the maximum. Efficient airfoils of moderate thickness 
and camber, for example, N. A. C. A. 2412 and 23012, 
likewise usually show sudden breaks in the lift curve 
at the maximum for the higher Reynolds umbers. 
When the influence of trailing-edge stalling becomes 
sufficiently marked as it does with airfoils N. A. C. A. 
4412 and 6412, the breaks in the lift curves disappear 
and the lift curve becomes rounded at the maximum. 
It is interesting to note that breaks occur at compara­
tively low values of the Reynolds Num er for the 
N. A. C. A. 8318. In this case the brea s appear in 
the critical range of R, where critical leading-edge 
stalling occurs, and disappear at higher and lower ey­
nolds Numbers. (See figs. 11 and 32.) 

Lift-curve slope ao.- The scale effects for ao are 
represented in figure 38. It will be note t at, within 
the full-scale range, the airfoils show little variation of 
ao with either airfoil shape or with R. In this range 
most of the airfoils show a slight tendency toward 
increasing ao with R but, for engmeerrng purposes, the 
variation of ao may usually be considered negligible 
within the flight range. The lift-curve slope, like 
several of the other section characteristics, begins to 
display abnormal variations below a Reynolds Number 
of approximately 800,000. For the -lowest values of R 
the lift curves often became so distorted that lift-curve 
slopes were not determined. (See figs. 2 to 24. ) 

Angle of zero lift a lo .- Scale-effect variations of 
alo are represented in figure 39. The conclusions with 
respect to this characteristic are almost the same as 
for the lift-curve slope ao. Symmetrical airfoils, of 
course, give alo=O at all values of R. The cambered 
airfoils, in general, show a small decrease in the abso ute 
value of the angle with increasing R above the va ue 
at which the variations are abnormal. 

Minimum profile-drag coefficient cdOmtn.-The mini­
mum profile-drag coefficient is indicative of the wing 
drag in high-speed flight and is the other important 
section characteristic, aside from CI ) that sows 

rna" 
marked scale-effect variations within the full-sea e 
range which must be ta en into account in engineermg 
work. 
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The experimental drag results are presented by means 
of logarithmic plots with the well-known laminar and 
turbulent skin-friction curves and the Prandtl-Gebers 
transition curve s own for comparison. (See figs. 
40 (a) to 40 (f).) At the higher Reynolds Numbers a 
striking simi arity exists between the minimum profile­
drag coefficients for the airfoils and the transition curve 
representmg the drag coefficient variation with R for a 
flat plate towed in water. The other stri ing feature of 
the drag curves is their departure from regularity at 
Reynolds Numbers below a certain critica value. This 
critical value of the Reynolds Number usually lies in 
the range oetween 400,000 and 800,000, but a stu y of 
the experimental resu ts will show that the critical 
value itself is irregular, that is, does not vary system­
atICa y with t e airfoil shape. 'I he results appear as 
though tWO or more drag values were possib e within 
this Reynolds umber range and accidental disturb­
ances eterrnined whether a high or a low va ue of the 
drag was measurea at a given va ue of R within this 
range. One is rerrun ed of Baker's experiments towing 
aI.l'shlp models in water in a towing oaSIn woere meas­
urements cou d not be repeated until transition was 
defimtely brought about by the use of a cord passing 
ar( nd the model near the nose. 

rhe shape of the scale-effect curve for the N. A. O. A. 
0012 airfoil at zero angle of attack (fig. 40 (a)) was 
stu ied in the light of bounaary-layer calculations. 
The results mdicated tnat the computed skIn-friction 
drag coefficients to give scale-effect vanatlOns in agree­
ment with the measured ones requITed the presence of 
ratner extensive arrunar oounaary layers in this 
critical range of the Reyno' ds Number. In fact, for 
tne N . A. O. A. 0012 airfoil, the lammar oounaary layer 
W&.S found to nave become so eXtenSive when R was 
reduced to the experImentally determinea critical va ue 
that a further reduction of R woul have reqUIred the 
laminar bounaal'Y layer to extend behinci the computed 
laminar separatlOn pomt, which wou d have inVOlved 
at least loca separation. It seems evident, thef'efore, 
that the mcreased d.rag coefficients belOW the critical 
range are the result of thIs conaition, willch is pI'obably 
associate wit iammur separatIOn and a resultmg 
mcrettse of the pI'essure or form Ol'ag 0 toe secdon. 
FortunatelY, however, tms poenomenon seems to 
appear belOW the usual flight range of R. 

When aeslgnS1'S are concer'nea With tne rrlilllmum 
drag 01 an alrIoil SeCtIOn, it is usually for hlgn-speed or 
cruising fugnt, WnlCh for moaern transport aU'planes may 
correspond to a Reynolds ' umoer of 20,000, UOO or more 
tor some of the Wlllg sections. The al'ag coeffiCients for 
the Reyno ds . "umoer range above toe highest reached 
In toe tunnel are therefore ot more Interest to an those 
wen W:thln toe experImental range. Unfortunately, 
.. , ':lIOn of the meaSUl'ementS pe1'TOlts only an 

'e aeliermmatlOn of the snape of these sca e­
. even in the hlgner experImental range of 

"()latlOnS into the higher flight range will 

necessarily be unreliab e. Nevertheless, much en­
gineering work requires a knowledge of airfoil drag 
coefficients within this range so that the engineer must 
resort to extrapolation. For this purpose the data may 
be studied in relation to the slopes of the curves for the 
various airfoils (fig. 40) in the hig est range of R 
reached in the experiments. Such a study indicates 
that the airfoils, excluding the unusual airfoils N. A. 
O. A. 8318, N. A. O. A. 6712, and the Olark Y with 
Handley Page slot, show a decreasing Cdo min with R 
that seems, in general, to parallel approximately the 
corresponding curve for the flat plate. Thus, in 
general, the slope of the Cao min scale-effect curves in 
the neighborhood of a eynolds Number of 8,000,000 
may be taken as apprOximately -0.11, which leads to 
the followmg extrapo atlOn formula: 

wnere the subscript std refers to the standard airfoil­
test resu ts from the variable-density tunnel corres­
ponding to an effective Reynolds umber of approx­
imately 8,000,000. In such extrapolation formulas, 
values or the exponent have been used between 1/5, 
taken irom Prandtl's original ana ysis of the completely 
tur ulent skin-friction layer, and 0.15, which agreed 
better with experiments with pipes and flat plates at 
very high va ues of R ana agl'ees better with von Kar­
man's recent analysis of the comp ete y turb ent layer 
in this range of R. It should be emphasized, however, 
that tnese comparatively arge exponents are not 
conservatlve and would be expected to lead to pre-

ictlOns of large-suale arag values mucu toO low, partic­
u ariy when the extrapola ion is made from measure­
ments made in the transition region; for example, in 
figure 40 (a) measurements in the range between 
1,000,000 and 2,000,000 snou d not be extrapo ated by 
such methods to 20,000,000. Extrapolations from 
R=8,000,OOO using t e comparatively low exponent 0.11 
are, however, consiael'ed reasonably conservative for 
ael'O<lynamically smooth airfoils. 

In regara to profile- rag coefficients a t lift coefficients 
other than the Optunum, figure 41 (a) shows the scale 
effects for cao at cl=0 .8 for the symmetncal series of 
ail1oHs. The drop in the scale-effect curves in the 
tranSitlOn regIOn has dlsappearea and the two thinner 
airfoils snow eviaences of the approaching stall. Ourves 
for mem'oers of the camber series of airfoils, N. A. O. A. 
0012, 2412, 4412, and 6412 at zero lift are shown in 
figure 41 (b). Here the symmetrical airfoil i3 operating 
at its optimum lift alld the departure from toe optunum 
for t e other airfoils increases with camber. A p 0-

gI'essive transition from the Cdomtn type 0 sea e effect 
to tnat of figme 41 (a) is apparent. ReSUlts (reference 
10) from other wind wnne s for the Olark Y airfoil, 
w . ch is in a Sollse simi ar to the N . A. O. A. 4412 but 
has slightly less camber, are a so indicated in figure 
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41 (b) for comparison. The comparison of the results 
from the various tunnels should serve to indicate the 
limitations of accuracy that must be accepted when any 
of the data are extrapolated to the higher full-scale 
Reynolds Numbers . 
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coefficients are presented in figure 42. This character­
istic is of importance mainly in relation to Cdo values at 
other values of C I' It is not possible, nor essential for 
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FIGURE 41.-Proftle-drsg coefficient. 

The determination of Cdo values at various lift co­
efficients in engineering work is best accomplished by 
a consideration of increments from Cdo t The 

m n· 

method of a "generalized polar" discussed in a later 
section of this report gives such increments in terms of 
the departure of Cl from Cl as compared with the 

opt 

departure of Clmox from Cl opt. 

the accuracy of the experimental data is not sufficient 
to establish the scale-effect variations with certainty. 
Nevertheless, the results show a definite tendency 
toward a decreasing Cl opt with increasing R. Thus 
values measured in small atmospheric tunnels may be 
expected to be too high. Values from the standard 
airfoil tests in the variable-density tunnel may usually 



32 REPORT NO.5 6-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

be taken as approximn tely correct within the usual full­
scale range but may be somewhat too high for the 
higher flight rango of R. 

Pitching-moment coefficient Cm a .c. and aerodynamic­
center position a. c.-The values of the pitching-
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FIGURE 42.-0ptimwn lift coefficient, c, .... 

moment coefficient and the aerodynamic-center position 
estu blish the pitching-moment characteristics of the 
airfoil section in the normal operating range between 
zero lift and the stall . In this range the pitching 
moment about the aerodynamic-center point may be 
considered constant for conventional airfoils. The 
accuracy of the low-scale data did not permit the 
evaluation of aerodynamic-center positions for values 
of R much below the flight range, and the variations 
found in the higher range showed little consistency. 
Values are indicated in figures 2 to 24 and in table I, 
but it is not considered advisable in practice to allow 
for a variation of aerodynamic center with R. The 
cma .c . values corresponding to these aerodynamic-center 
positions are plotted in figure 4:3. The values are 
nearly independent of R at high values of R but usually 
show a tendency to increase numerically as R is reduced 
toward the lower extremity of the flight range. Thus 
low-scale tunnel tests may be expected to give pitching 
moments that are numerically too large. 

PREDICTION OF AIRFOIL CHARACTERISTICS AT ANY 
REYNOLDS NUMBER FOR ENGINEERING USE 

In the consideration of methods of predicting wing 
characteristics, it should be remembered that the scope 
of this report is confined to the prediction of the airfoil 
section characteristics. Actual wing r.haracteristics are 
obtained from these section characteristics by integra­
tions along the span with suitable allowances for the 
induced downflow and the corresponding illduced drag. 

Such calculations as applied to tapered wings are fully 
discussed in reference 8. It remains therefore to pre­
dict the airfoil section characteristics at any value of 
the flight Reynolds umber. The preceding discussion 
has shown that for engineering purposes many of the 
important airfoil section characteristics may be con­
sidered independent of R within the flight rallge, so 
that for application to flight at any value of R these 
characteristics may be taken directly from the tabu­
lated values from the standard airfoil tests in the 
variable-density tunnel. There remain then the two 
important section characteristics CI and Cdo which in 

mQZ , 

general will require correction to the design Reynolds 
umber before they are employed . 
Section maximum lift.- For the prediction of the 

section maximum lift coefficient Cl
max 

at values of R 
other than the Re value for which they are commonly 
tabulated, the correction-increment curves of figure 44 
have been prepared from the data in this report. In 
this figure, curves givinbO" the corrections ~CI are 

max 

grouped in families corresponding to the measured scale-
effect variations for various types of airfoils . In gen­
eral, for normal airfoils the curves in figure 44 marked 0 
for types B, C, D, and E correspond to the symmetrical 
airfoil sections of different thickness and the curves 
indicated by increasing numbers correspond to airfoil 
sections of increasing camber. 

In practice, the particular curve to be employed for a 
given airfoil will be indicated in the standard tables of 
aU'foil characteristics such as table II of this report 
(see also reference 3) under: "Classification, SE." 
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From the curve thus designated, the correction incre­
ment is read at the design Reynolds Number. The 
required CI for the section at the particular Reynolds max 

Number is then obtained by adding this increment to 
the tabulated C1max value. 



AIRFOIL SECTION CHARACTERISTICS AS AFFECTED BY VARIATIONS OF THE REYNOLDS NUMBER 33 

·2 

a 

-.2 

-.4 

-.6 

• 
~ .2 

r,J 
<I 

o 

-.2 

-.4 

-.6 

f--

f--

f--

--~ 

·8 
7 
6 t::: 
5 ~ I--' V 
4 

~ V 3 '- I-v V 

£.1--' l- f.-
V 

V V 
If-l- f.- V 

/' 
o. l- I-

-.:;::;? ~ ;II""" "', 

E:::: ~~ ~ 
..... 

6 '" Q) 

8 ~ ~ 1/:[1 
..... 
0 

~8 Z VtV ,~ 

::::. ~ 
.0 Type B § ..... 

'" h..: 
'c:i 

:::.: 

Io;~ i--'" I--::: ..... 

~ ~ P' ~ 
j:::: ' 0 

' \.. 

r:: vV' .g 
Vv Type C § ..... 

Cf) 

'h..: 
c:i 
:::.: 

1 

8 f-- I-::::~ 
.".. 

7 - I-f- ~ ~ p
- ..... 

6 - I:::: '" f-- <I> 

5 f-- ...-r;f-": ..... 
f- :::::: 0 

~ ~ 
f-- f.--

------
~ t;::V ,~ 

~ 
I- ~ 

~ 2 ---l- V ~ Type D § 
f- .J- -- V 

.... 
r- v '" 

jJ;. ~ 
h..: 

'c:i 
~-

8 . 
~ r--.? 

r- r-- t-
~ 
~ 

c::--
~ -f- I-::: r-r--j..::::::: !---- t)-

F::::::= ~ 
r- l- f-- r-f-" r-- Q) 

f- ..... 

~ r-
~ f-I- ~ vf-' ' 0 

........ ~ ~-
~ 2 --Vr-- V r- ~ 

I=-f:1 
~ r- Type E §-

~ t-; 
..... 

'" ' h..: 
c:i-
:::.: 

f 
-.84 5 6 /'000,000 2 3 4 5 6 /0,000,000 6 /'000,000 

Reynolds Number 
2 3 4 5 6 /0,000,000 

FIGURE 44.-Scale-1llTect corrections (or C'MOZ' In order to obtain the section ma.,imum Ii(t coefficient at the desired Reynolds Number, apply to the standard-test value 

the increment indicated by the curve that corresponds to tbe scale-elTect designation o( the airfoil. 

Airfoil section drag.-In design work, values of 

the section minimum drag coefficient Cdo mi" for aerody-
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namically smooth airfoils are first obtained from the 

tabulated data by means of the extrapolation fonnula 

previously given, 

( ) (
R )0.11 

CdQ min= CdO min. SId Rd 

The Cdo values at other lift coefficients may now be 

obtained from the generalized variation of ~CdO with 

ICI-cl lid' fi 
-'--_----'-::<:01>'-='- present-e ill gure 45, where the standard 
Clm.x-Clovl 

airfoil characteristic table is again employed to find 

CIOV (' The Clmax value employed should, of course, cor­

respond to the Reynolds Number of the Cdo value being 

calculated. This procedure may involve the use of 

Cl m• x values corresponding to very high Reynolds 

Numbers. These values, 'however, may be estimated 

by extrapolating the maximum-lift scale-effect curves, 

little accuracy being required because Cl will usually 

be near C'ovl and ~CdO therefore small. A series of 

~CdO values may thus be derived for various lift coef­

ficients and Reynolds Numbers. The corresponding 

values of Cdo are ~hen obtained by adding these incre­

ments to the Cdo min value calculated from the preceding 

extrapolation fonnula for the corresponding Reynolds 

Number. In practice, a series of values of edo may 

thus be derived to form a curve of Cdo against Cl along 

which the Reynolds Number varies with lift coefficient 

as in flight. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., June 24,1936. 



APPENDIX 
INVESTIGATION OF CERTAIN CONSISTENT ERRORS PRESENT IN TEST RESULTS FROM THE 

V ARIABLE.DENSITY TUNNEL 

By IRA H. ABBOTT 

INTRODUCTION 

An investigation has been made to evaluate three 
corrections that were not applied to the data, obtained 
in the variable-density wind tunnel, and published in 
reference 2 and earlier reports. The need for these cor­
rections had been recognized, and possible errors in the 
data resulting from the lack of these corrections have 
been listed as consistent errors (reference 2) due to the 
following effects: 

1. Aerodynamic interference of the model supports 
on the model. 

2. Effect of the compressed air on the effective weight 
of mn.nometer liquids used to measure the dynamic 
pressure. 

3. Combined effects on the measured dynamic pres­
sure of blocking due to the model and to errors in pitot­
tube calibration arising from differences in dynamic 
scale and turbulence between conditions of use in the 
variable-density tunnel and conditions of calibration. 
These effects result in errors in the calibration of the 
static-pressure orifices used to determine the dynamic 
pressure. 

INTERFERENCE OF MODEL SUPPORTS 

The model supports used in the variable-density tun­
nel and the method of determining the tare forces are 
described in reference 1. The usual tare tests deter­
mine the tare forces on the supports including the inter­
ference of the model on the supports. In addition, 
the usual method of determining the balance alinement 
with respect to the air-flow direction by testing an air­
foil erect and inverted includes any interference of the 
supports on the model that is equivalent to a change in 
air-flow direction. Earlier attempts to determine any 
additional interference of the supports on the model were 
inconclusive except to show that such interference was 
small. 

Two airfoils of moderate thickness were chosen to be 
used in the present investigation, one being a symmetri­
cal airfoil (N. A. C. A. 0012) and the other an airfoil of 
moderate camber (N. A. C. A. 4412). Tests were made 
of each airfoil using three methods of supporting the 
model. Besides the method using the usual support 
struts, tests were made with the models mounted on the 
usual supports with the addition of special wire sup­
ports and with the models mounted only on the wire 
supports. The wire supports consisted of three wires 
attached to the quarter-chord point of the model at 
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each wing tip and of a sting and angle-of-attack strut 
so located as to be free from aerodynamic interference 
with the usual supports. The sting used was sym­
metrical with respect to the airfoil and was attached neal' 
the trailing edge instead of to the lower surface, as 
is usual. 

The tares due to the wire supports were determined 
from the data obtained from the tests with the models 
on the usual supports with and without the wire 
supports. Some difficulty was experienced in obtaining 
sufficiently accurate tares because of the relatively 
large drag of the wires as compared with the drag of 
the model. Sufficient accuracy was obtainable only at 
the highest value of the test Reynolds Number ordinar­
ily obtained (about 3,000,000). The profile-drag coeffi­
cients obtained for the two airfoils are plotted as solid 
lines in figures 46 and 47, together with data obtained 
from several tests made with the usual supports over 
a considerable period of time. The scattering of the 
points obtained from the tests with the usual supports 
about the solid line is within the limits of the accidental 
errors listed in reference 2, showing that there is no 
support interference within the accuracy of the results 
at high values of the Reynolds Number. 

It is evident that the data obtained can be analyzed 
in different ways. For example, the data obtained 
with the models mounted on both the usual supports 
and the wire supports can be corrected for the usual sup­
port tares and compared with the data from tests with 
the models mounted only on the wire supports. The 
comparison was made correcting the data for the change 
in air-flow direction due to the usual supports and failed 
to show any support interference within the test 
accuracy. 

Analysis of the data to determine the effects of the 
support interference on the measured pitching-moment 
coefficients was more difficult. The supp')rt wires 
stretched under the lift and drag loads, necessitating 
a correction to the measured pitching-moment coeffi­
cients, and the method of supporting the model at the 
wing tips allowed the model itself to deflect under the 
lift loads much more than when mounted on the usual 
supports. The correction due to the deflection of the 
model is difficult to evaluate with certainty because it 
involves integrations along the span after determination 
of the span load distribution. Accordingly, the effect 
of the support interference for the pitching moments 
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was determined only at zero lift where it was found 
that the measured pitclllng-moment coefficient was too 
large (algebraically) by 0.002. This same correction 
had been found previously from tests with symmetrical 
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FI GU RE 46.- Lift and drag characteristics of the N. A. C. A.OOI2 airfoil as determined 
from tests with the model mounted on the usual support struts and on special wire 
supports. 

airfoils and had been applied so that no new corrections 
were necessary. 

Ei .'ECTIVE WEIGHT OF MANOMETER LIQUIDS 

The dynamic pressure is measured by two manome­
ters connected to two sets of calibrated static-pressure 
orifices as described in reference 1. One manometer 
is filled with grain alcohol and the other with distilled 
water, the one filled with alcohol being ordinarily 

tively small buoyancy effect on the mercury was com­
puted and applied to the results as a correction. The 
effects of other factors on the mercury were considered 
negligible. In addition to the correction determined 
in this way, a further small correction was applied to 
the specific gravity to compensate for the small change 
in balance calibration with air density due to the buoy­
ancy of the air on the balance counterweights. The 
net correction at 20 atmospheres tank pressure was 
found to be 2.0 percent for the alcohol and 1.7 percent 
for the water, the dynamic pressure as measured being 
too high. It is planned to replace the manometers by 
a pressure balance in the near future. Measurements 
of dynamic pressure will then be independent of specific 
gravity. 

CALIBRATION OF STATIC.PRESSURE ORIFICES 

The static-pressure orifices used to measure the dy­
namic pressure are calibrated by making 11 velocity 
survey at the test section, using a calibrated pitot tube 
(reference 1). The calibration may be in error partly 
because of differences in dynamic scale and turbulence 
between conditions of pitot-tube calibration and of use 
in the variable-density tunnel and also because of pos­
sible blocking effects of the model. It is evident that 
a new method of calibration is necessary to eliminate 
these uncertainties. 

These uncertainties may be largely eliminated by 
calibrating pitot tubes on an airplane in flight and by 
calibrating similar pitot tubes, similarly mounted on a 
model of the airplane in the tunnel. A detailed 1/20-
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used to hold the dynamic pressure constant through­
out a test because it is more eftsily read than 
the water manometer. Readings of the water 
manometer taken during each test serve to check 
the alcohol manometer and to indicate any 
chftllge in the specific gravity of the alcohol, 
which is obtained from time to time by cftlibrating 
the alcohol manometer at atmospheric pressure 
against a head of distilled water. 
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It is apparent, as has been pointed out by 
Relf, that when the tank is filled with compressed 
air the increased density of the air reduces the 
effective weight of the alcohol or water in the 
manometers. This effect may be considered as a 
buoyancy of the air on the liquid and may be 
computed, but there is no assurance that the 
effects of other factors such as the amount FIGU RE 47.-Lil t and drag cbaracteristicsof the N.A. C. A.44 12 ai rfoil as determined Irom tests 

with the model mounted on the usual support struts and on special wIre supports. 

of air dissolved in the liquid are negligible. 
An experimental determination of the effect of the 

compressed air was made by calibrating the alcoh0l 
and water manometers at several tank pressures against 
a third manometer filled with mercury. The compara-

scale model of the FC- 2W2 airplane ~leterence 20) d 
the airplane itself were available. Truee non \ Tl ' 0 1 g 
pitot tubes were mounted on the m plane as shown ill 
figure 48. These pitot tubes were inches I lameter 



36 REPORT NO. 586-NATIONAL AD VISORY COMMITTEE FOR AERONAUTICS 

with two staggered rows of static-pressure holes. Each 
row consisted of 12 equally spaced holes 0.22 inch in 
diameter. The pitot tubes were calibrated in fligh t 
against a previously calibrated trailing air-speed head . 
Three geometrically similar pitot tubes 0.10 inch in 
diameter were similarly mounted on the model and 
calibrated in the variable-density tunnel. Great care 

Stalion I (Axis of 
tube parallel to 
axes o f tubes at 
stations 2 and 3) 

1%' .J O· 50 ' 

-_-:) 5 t'_ j 
~~ Stations I IS." l;;}" 1 

7" 0 ' 4" 9~ ' 2& 3 
Wk7g section: 
G6 ftingen 387 

---- ---25' 0"- - -

FIGURE 48,-Outline drawing showing location o( pitot tubes On tbe FC-2W2 airplane. 

was taken to make the small pitot tubes geometrically 
similar to the large ones and to mount them in the 
correct positions on the model. 

The pitot tubes Were calibrn.ted in the tunnel over 
an angle-of-attack range from _8° to 14° and over a 
range of the test Reynolds Number from 1,000,000 to 
2,500,000. Tests were made with three tail settings. 

AU pressures were measured by a multiple-tube, photo­
recording manometer using a mixture of alcohol and 
water. Ratios of pressures were obtained dircctly 
from ratios of measured deflections and are independent 
of the specific gravity of the manometer liquid. A 
test was made with the pitot tubes interchanged as to 
position on the model to check the accuracy with which 
they were made. The results checked satisfactorily. 
Surveys were made upstream from the model with and 
without the model in place using a bank of 21 small 
pitot tubes mounted on a strut extending across the 
tunnel, surveys being made on the vertical center line 
and 6 and 12 inches to one side of the center line. 
The data obtained from these surveys are used to check 
the calibration of the static-pressure orifices from time 
to time as required. Force tests were also made on the 
model with and without the pitot tubes in place and 
with several tail settings. 

The results obtained from the calibration of the pitot 
tubes are presented in figure 49. The data are pre­
sented as ratios of the dynamic pressures measured by 
the pitot tubes to the dynamic pressure as usually 
obtained from the static-pressure orifices. A fairly 
consistent variation of the results is shown with 
changes in R eynolds Number and tail settings. The 
results obtained from the calibration of the pitot tubes 
in flight are shown by outlined areas indicating the 
location of all points obtained. 

Comparisons between the tunnel and flight results 
have been made on the basis of angles of attack, cor­
rected in the case of the tunnel results for the tunnel-
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wall effect. Force tests made in the tunnel and in 
flight show that this method of comparison is very 
nearly equivalent to making the comparisons at equal 
lift coefficients. A value of the ratio q/qo was selected 
from the tunnel data to correspond as wen as possible 
to flight conditions of trim and Reynolds Number for 
each pitot-tube position at each angle of attack. The 
values obtained were, in general, higher than the flight 
values at small angles of attack. Accordingly, the 
values obtained were reduced by increasing the value 
of qo by 1.5 percent, which is equivalent to a change 
in the static-pressure-orifice calibration factor from 
1.172 to 1.190. The values of the ratio so obtained 
are plotted on the figure as solid lines, and the values 
agree reasonably wen with the flight data at small 
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angles of attack. A comparison of the hmnel and 
flight data indicates that a further correction, which 
may be due to blocking effects, may be desirable at. 
rugh angles of attack. The airplane model, however, 
had large drags at high angles of attack as compared 
with models normally used in the tunnel, making the 
application of this additional correction questionable 
for the usual airfoil tests. 

The results of the force tests of the model are shown 
by means of composite curves drawn as solid lines in 
figure 50. The curves were obtained from the test 
results by selecting, at each angle of attack, test results 
to correspond as well as possible with flight conditioils 
of trim and Reynolds rumher. The tunnel results 
have been fully corrected including corrections to the 

effective Reynolds Number. Data obtained in flight 
tests (reference 20) are shown on the figure. 

Although the model was much more detailed and 
accurate than is usual in wind-tunnel models, it was 
not considered before the tests to represent the air­
plane with sufficient accuracy and detail to give 
reliable drag results. Therefore too much emphasis 
should not be given to the good agreement of drag 
coefficients obtained in flight and in the tunnel. At 
lift coefficients less than 1.0 the agreement between 
flight and tunnel data is considered satisfactory. At 
higher lift coefficients some divergence of the tunnel 
and flight data is indicated. As previously stated, 
the results obtained from the pitot-tube calibmtion 
showed that an additional correction to the calibration 
factor of the static-pressure orifice might be desirable 
at high angles of attack. Such a correction has been 
determined from figure 49 and applied to the data. 
The results are plotted as dotted lines in figure 50 and 
show an improved agreement of the lift coefficients 
obtained in flight and in the tunnel at high angles of 
attack. 

This additional correction is not ordinarily applied to 
the data obtained in the variable-density tlmnel be­
cause it is doubtful whether the correction in most cases 
would give a better approximation to the actual condi­
tions than no correction. The pitot-tube calibration 
tests were less accurate at high angles of attack than at 
low ones and, as previously stated, the drag of the 
model was larger than is the case for the models usually 
tested. Another fact indicating that this correction is 
small is that, up to the point of maximum lift, the lift 
curves obtained in the tunnel for some airfoils are very 
nearly straight. Any appreciable correction of this 
type would result in such lift curves being concave 
upward. 

CONCLUSIONS 

1. The results of the investigation show no inter­
ference of the model supports on the model for which 
corrections had not previously been made. 

2. The investigation of the effects of compressed air 
on the effective weight of the manometer liquid showed a 
2.0 percent error in the measured dynamic pressure; the 
dynamic pressure as previously measured was too large. 

3. The investigation of the calibration of the static 
pressure orifices showed an error of 1.5 percent in this 
calibration; the dynamic pressure as previously meas­
ured was too small. 

4. The total eiIect of the investigation is a change in 
the measured dynamic pressure of 0.5 percent; the 
dynamic pressure as previously measured was too large. 
Data previously published (reference 2 and earlier 
reports) to which these corrections have not been 
applied may be corrected by changing the coefficients 
to correspond to a reduction of measured dynamic 
pressure of 0.5 percent. 
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AIRFOIL. ECTION CHARACTERISTICS AS AFFECTED BY VARIATIONS OF THE REYNOLDS NUMBER 39 

N. A. C. A. airfoil 

0012 . 

001.5 

OOlh 

23012 

4·112 

·141 .5 .. 

IType lift·curvo peak: 

TABLE I 

IMPORTANT AIRFOIL SECTION CHARACTERISTICS 

R, aI, a, c'mal: I C'opt 
(millions) (deg.) 

-------
... 8. 'liO ------- .. . .. -. .-. . ----

8.290 0 0.09 AI. 3V 0 
fi.IOO 0 .00i 'I. 28 0 
:l.410 0 . 00i " .94 0 
I. ,(iO 0 .000i " .88 0 

. ~h2 0 · ()<J6 " Ii 0 

. l4Ii 0 · 105 " 5 0 

.223 0 .117 0 .83 0 

.112 0 .104 " .78 0 

.. .3iO 0 .OW AI. G6 0 
S.450 0 .100 'I. 65 0 
0. 280 0 · Ol)i '1. 62 0 
3.040 0 .09i AI. 49 0 
I. ;40 0 . 096 '1. 18 0 
. Sil 0 .091 D .91 0 
.449 0 .0% 1) 9 0 

.010 0 .09i AI. 66 0 
;;.990 0 .096 AI. 60 0 
:J.:!.IO 0 .094 cl.4 0 
I. no 0 .093 ci. 28 0 

'7 I 0 · ()<J2 cl.Og 0 
. ·I:lX 0 .091 !) .98 0 
.222 0 .10) " 9 -.-- -----
.In 0 .13-1 D:OO ---- -----

i. 10 0 .00G AI. ;;3 0 
fl. 210 0 . 09(; A I. 53 0 
:I. :100 0 · 09(l CI. 42 0 
I. no 0 .0UO oI.2G 0 
. hun 0 .090 Cl.15 0 

· 1:10 0 .OSO AI. 03 0 
.211 0 .0<J2 " .90 0 
.10l) 0 · 114 n . 80 0 

.. 8.210 -2.0 .098 AI. 72 .14 
fl. 100 -2.1 .09i AI.08 . 14 
:1. 120 -2.0 · Ol)X Cl. sa .15 
I. no -2. I .O\lf> 01.33 .:30 

· HiU -2.1 .oun DI. 16 .22 
· I:!~ -2.0 .098 "1.08 .42 
.21X -2. 2 .102 "I. 08 .26 
.110 -1.3 -------- "1. 03 

.3iO ----- ----- ... 
8. HlO -1.2 .100 AI. 72 .0 
1i.0iO -1.2 .()<J8 At. (ii .08 
3.400 -1.2 .098 AI. 53 .05 
I. iliO -J.2 · ()<Ji "I. 41 .16 

4 -1.2 .096 "1. 28 .28 
.449 -1.3 .096 "1.19 .12 
.221 -J.6 · )09 D1. 15 .3i 

.112 -1.4 --------- 01.00 .20 

~.OOO -1.2 .097 1lJ.49 .20 
6. :390 - 1.2 .09 A I. 42 .10 
3.380 -1.2 .096 ulo 26 .23 
1. iOO -1.2 .096 "1. 12 .28 
. 000 -1.2 . 094 01. Oi .10 
.454 -1.4 .096 01.01 .40 

... ._--- 8.3iO -.6 · 0l)8 AI. 6) .10 

(i. 310 -.7 .09i "I. 55 .02 

3.010 -.7 .0<J7 °1.41 .11 
1. i70 -.8 . 095 "1.28 .23 

.1>01 - 8 .096 "I. 14 .28 

.4 :>-1 -.9 .100 OJ. 08 · :35 

.080 -3.V .090 AI. 77 .26 
5.970 -3.9 .096 1)1. 70 .26 

3. 340 -4.0 .095 cJ. 50 .34 

I. 700 -4.0 .098 oJ. 2<J .41 
• SHU -4.1 · ()<JO D1.2fi .40 
.438 -4.1 .097 "I. 23 · ;;5 
.21 -3. i .105 "I. 21 .57 

· 110 -2.5 . 115 oJ.()<J .77 

7. H2O -4.0 . 098 D1. 74 .32 
6.100 -4.1 .Ol)r, 01. 70 .22 
:1. 2iO -4.1 .OUS "I. 61 . 30 
I.f;XO -4.2 .0Ui 01. 4fi · :17 
· ~i4 --4 . 3 .00n 1)1. :lG .3G 
.4:\:3 -4.3 .OUI "1.:0 .51 
.21U -4.~ · lOll 1>1. :l2 .57 

· III -2.9 · 113 "I. 20 ... 

7.920 - ·1.0 .0Ui cl. i2 .22 

G.280 -1.0 .09;; JJI.(jG .20 
I 3.340 -4.1 · ()<JO "I. 5f) .23 

1. 730 -1.2 .095 "1.4b · 31 
2 -4.3 .094 1)1.41 .34 

.431 -4.4 .089 "I. 35 .39 

.219 -4.4 .089 "I. 31 .46 

.110 -3. I ------ .. 01.34 .68 

8. 210 -5.9 . 098 "1.82 .37 

6.020 -.1.9 · ()<J(j 01. i5 .2.> 
3.3,,0 -0.1 · ()<J7 "1.61 .38 
I. 700 -0.2 .097 "I. 04 .52 

.ll!!2 -0.3 · ()<J7 VI. 48 .60 

. 441 -6.2 .097 01.47 .55 

.219 -5.9 .106 01.4u .70 

.110 -5.4 ---------- 01. 45 ----------
- - -

a. c. 

Cd Ornin emo . c • x V 
(percent c) (percent c) 

' 0.0001 .. ----- ------------ ------------
.0001 0 l.0 5 

.0064 0 1.0 4 

.0002 0 1.8 8 

.0060 0 1.7 13 

.0049 0 ---- .- ----- ---- --- -----

. 0005 0 ------------ -------- ----

.0131 0 .. ------- ----- -------

. 0135 0 ------ ---.- --------- ---

.0009 0 .6 3 

.0009 0 .6 3 

.0073 0 .8 3 

. OOi7 0 1.0 4 

.0075 0 1.1 3 

.0065 ------------ ------- ----- --------_.--

. 0105 ------------ ------------ ------------

.0077 0 1.2 4 

.0082 0 1.1 3 

.0086 0 1.2 I 

. 0088 0 2.4 I 

.0084 0 1. 5 0 

.0079 -.---------- ----- ------- -----.------

.014\l --- --- ------ ------------ ------------

.01DS -.------ . --------- ------------

. 008l:\ 0 1.7 4-

.0092 0 1.6 3 

. 0098 0 2.2 3 

.0lOO 0 2.2 0 

.0102 0 2.4 0 
0127 0 1.8 0 

.0179 ------------ ----- ----- -- ------------

.0297 ------ ... ------ ---- -------- ----

.0071 -.013 .5 3 

.0080 -.043 1.1 3 

.0079 -.045 1.1 I 

.0089 -.015 .9 -2 

. 0085 -.004 1.8 0 

.006i .------ ... ---------.-- ------------

.0159 ----- ... --------- --- --------- ---

. 0227 ------ ... --- --------- -----_._----
3. 0071 .. .- . .- . ---.- ------------
.00iO -.00 1.2 7 
.0079 -.007 1.3 7 
.00 0 -.007 1.3 5 
.0090 - . 0)2 1.4 5 
.0084 - . 010 2.0 7 
. 0098 ---- -------- ---- ------- ._----------
. 0179 ---- ------- ------ ----- ------------
.0182 .. . ------- ----------- ---------_.-
.0071 - .010 .6 5 
. 0075 -.010 5 
.ooi6 - . 011 1.0 6 
. 0071 -.014 .9 3 
.00 4 -.011 .9 0 
.0096 -.014 .4 -1 

.0073 .005 1.0 7 

. 0078 .000 J.1 0 

.0077 . 005 1.0 4 

.0077 .002 .8 0 

.0073 -.001 1.1 0 

. 011 ------------ ------------ ------------

.0073 -.088 .0 2 

.0080 -.088 .7 1 

. 0077 -.090 1.0 -1 

.00 4 -.092 1.1 -1 

.0080 -.09 1.4 -4 

. 0097 -.---------- ------ ------ ------------

.()()9(\ ---------- ----------- ------------

.01 9 ------ .. --------- ------------

.0082 -.088 .8 2 

.0085 -.088 .9 1 

. 0087 -.()<JI 1.0 -I 

.OO<J5 -.095 1.2 -5 

.0091 -.097 1.1 -8 

.0109 ------------ ------------ ------------

.0194 .. . ... ------ ----- ------------

. 027G . ------ ... 

.OO<JO -.OS;; 1.0 I 

.0093 -.086 1.4 I 

.OO<J4 -.085 1.4 -2 

. 009!J -.0'.10 1.7 -4 

.0103 -.092 1.4 -8 

.0123 ------ ----- ------------ ------------

. 019 ---- ----- ------------ ------------

.0269 . .. -----

.0091 - . 133 .9 1 

. 0090 -.130 1.1 1 

. 0099 -.131 .8 -3 

.0104 -.135 1.0 -2 

.0096 --_._------ .-- --------- ------------

.0129 ------------ ------------ ------------

.0205 ------------ ------------ ---- -------

. 0160 . .. . - .. --- -------- - ------------

, F rom refereoce 2. 
, From reference 7. 
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TABLE I-Continued 

IMPORTANT AIRFOIL SECTION CHAR ACTERISTICS-Continued 

fl.. C. R. alo 
(millions) (deg.) 

N. A . C. A . airfoil G. 
x v 

(percent e) (percent e) 1------------1·----1--- ---____ 1 ___ ____ 1 ____ 1 ____ 1 ___ __ 1 
6712 ___ __ _________________________ _ 

8.100 
6. 120 
3.380 
J.750 
.892 
.449 
.222 
.1l2 

-7. 3 0.090 
.095 
.098 
. 103 
. J03 

8318 ___ . __________________________ _ 

00 12 ______________ . _______________ _ 
(With 'pli! lJap at 60°.) 

23012 __ ___ ______________________ . __ 
(With split lIap at 60°.) 

23012 _________________ . ___________ _ 
(With split flap at 75°.) 

23015 _______ _____________ . ________ _ 

23015 ___ ___ __ . ___________________ _ 
(With spli t flap at 750.) -

2302L _____ __ _____________________ _ 

23021 __ __ __ _______________________ _ 
(With spli t lIap at 75°.) 

43012 ________________ ___ __________ _ 

43012 _____________________________ _ 
(With split tJap at 750.) 

23012 ____________________________ _ 
(With 23012 flap 3° up.) -

23012 _______ __ ___________ __ _______ _ 
(With 23012l1ap set 300.) 

Clark Y 10 ___ _________ • ___________ _ 

(With Haodley Page slot.) 

-7. 4 
-7.4 
-7.ij 
-7.8 
- 5.7 
-4.6 
-3. 9 

.450 -7.2 . 095 
. 092 
.093 
.093 
.088 
.085 
.080 
.077 

6.420 
3.460 
J.790 
.911 
. 449 
.224 
.112 

8.110 
.5.910 
3.770 
3.430 
J. 740 
.919 
.449 

8. ISO 
5.970 
3.620 

(Average) 
J. 740 
.882 
.444 

8.100 
5. 990 
3.800 
I. 740 
.887 
. 446 

8.370 
3.880 
8.210 
5.990 
3.830 
J.8OO 
.924 
.450 

8.210 
5,940 
3. 770 
I. 720 
.892 
. 441 

. 130 
5.960 
3.800 
1.720 
.879 
. 435 

8.390 
3.890 
.449 

8. 240 
0.040 
3.830 
1. 740 
.887 
.449 

8. 210 
6. 150 
3.300 
1.680 
.858 
.430 

8.140 
6.200 
3. 410 
I. 700 
1.700 
.879 
.441 

9.900 
8. 080 
4.990 
3.090 
2.040 
1.290 
. 784 
. 520 
.261 
.135 

-7.3 
-7.4 
- 7. 6 
-8.7 
-9.0 
-9.2 
-8.0 

• -13. I '. 091 

, -11.3 '.088 

• -15. 6 '.085 

-1.1 .098 

• -16. 2 ' . 086 

-J.2 . 092 

• -16.5 '.094 

-2.3 .100 

'-17. 3 '.082 

- . 9 .101 
-.8 .100 
-.8 .100 
-.8 .097 
- . 8 .096 

- 1. 2 .096 

• -13.8 '.102 

• - 12.5 '. 103 

• - 11.9 ' .102 

-4.2 '.099 
-4. 3 '.099 
-4.2 J. 098 
-4.2 '. 097 
-4.1 '.096 
-4.1 ' .092 
-4. 1 
-4.1 
-4. 1 
-4. 3 

I See (oOLDote I, p. 39. 
• A ngle of zero lift determined from linear lift curve approxi mating exper imen tal lift curve. 
, Slope of lift curve determined from linear lift curve approximat ing experim en taJ un curve. 
, Discon t inuity p resent in the scnle etrect. 

°2.05 
01.99 
1)1.83 
°1.65 
/)1. 52 
/) J. 45 
/)1.50 
01. 41 
01. 59 

01. 67 
"I. 76 
"1. SO 
/)1. 78 
°1.40 
° 1. 02 
A2.35 
A2.35 
A2.30 
A2.21 
AI. 84 
°1.67 
°1.63 
A2.48 
A2.51 
A2.39 

A2. 24 
A2,07 
"1.92 
A2.54 
A2.52 
A2.41 
A2.21 
A2.01 
AI.90 
AI. 73 
CI.60 
A2.70 
A2.69 
A2.59 
A2.45 
A2.32 
A2. II 
IIJ. 50 
AJ. 54 
AI. 47 
oJ. 32 
D1. 26 
AI. 20 

0.35 
.32 
. 33 
.45 
. 82 
.88 

1.01 
- . 02 

.24 

.lO 

.31 

.36 

.43 

.58 

. 58 

0. 0115 
.0119 
.0120 
.0124 
.0138 
.0228 
.0283 
. 04U 
. 0127 
. 0128 
. 0128 
.0140 
.0173 
.0215 
. 0269 
.0332 

'.167 

-0.199 
-.197 
- . 198 
- . 210 

1.2 
1.1 
J.l 
1.6 

-2 
-4 
-8 

- 12. 

-----------. ------- ----- ------------

-.132 
-.132 
-.135 
-.137 

1.5 
1. 8 
1.8 
2. 1 

2 
2 
2 
3 

------------ ---------- -- -- -- -----.--

--- --------- ------------ ------------

8-.220 .6 
-------._--- ------------ ----- -------

------------ - ----------- ------------
---------- ---------.-- ------------ ------------ ------------
---------- ------------ ------------ ----- -- ----- ------------

'.166 8 -.236 1.2 
---------- ------------ ------- ----- ---- -- ------ ------ --- ---
---------- ---- ------ -. ---- -------- -------- -- -- ------------

---------- ------ ---- -- ------------ ------------ - ---- ----- --
---------- -------- -- -- ------------ -------- -- -- --- - -- -- --
-------- -- ------------ ------------ ------------ --- --- ----- -

'.201 8 -.228 1.2 
-------- - - ------- ----- ------------ ------------ ------ - -----
---------- ------- - ---- ------------ --- - -------- ------------
---------- ------------ ------------ ------------ ------------
---------- ------------ ------------ ------------ ------------
---------- - - ---------- ------------ -- ---------- --- -- ----- - -

.10 .0081 -.008 1.1 6 
---------- ------------ ------------ ------------ ------- --- --

' .198 8 -2.45 1.1 6 
---------- ------------ ------------ ----- ----- - - ------------
------- -- - ------------ ------------ --------- --- ------------
----- - ---- --- --------- ------------ ------------ ------------
-------- -- ------------ ------------ -- ---------- ------- --- --
--------- - -------- ---- ------------ ------------ - - ----------

.07 .0101 -.005 2.3 
---------- ------------ ------- ----- ------- -- --- ---------- ... -
---------- --- --------- ------------ ------- - ---- ------------
---------- --- - -------- ------------ ---------- -- ----- --- --- .. 
------- -- - ------------ ----------- - ------------ ------------
---------- --- --------- ------------ ----------- - ------------

'. 191 , - . 300 2. 3 
---------- ----- -- ----- ------------ --------- --- -- ------ ----
------ - --- ------------ ------------ ------------ ----- --- ----
---------- ------------ ----------- - ---------- - - -- ---- ------

A2.74 
A2.81 
A2.79 
A2.58 
A2.46 
A2.28 --- ------- --- --------- ------------ -- -- -------- ------------

AI. 84 
AJ. 71 
AI. 44 

A2.65 
A2.60 
A2. 47 
A2.39 
"2. 29 
A2.18 
AJ.68 
AJ. 62 
A1. 54 
AI. 39 
01. 24 
01.12 

A2.46 
A2. 40 
A2.32 

'C2. 13 
, " 1. 95 

"I. 75 
"1.66 
°2.12 
02.06 
"2.02 
° 1. 96 
°1.98 
°1.92 
"1.82 
"I. 75 
"1.60 
° 1. 41 

------- - - - ------- -- --- ------------ --- - -------- ------------
.26 .0079 -.019 1.0 '7 

--------- - -------- ---- ------------ ------- --- -- - -- ------ ---
---------- ------------ ------------ ------------ ------------

' .200 8 -.225 1.0 
---------- ------------ ------- - ---- ----- --- -- - - ------- -- --. 
---------- - -- --------- ------------ ----------- - ------------
-------- -- ------------ ------------ ------------ ------------
---------- ------------ ------------ ----------- - ------------
---------- ------------ ------------ ------------ ------------

.07 

. 15 

.19 

. 13 

.08 

.08 
.45 

.0069 

.0074 
.0078 
.0068 
.0093 
. 0119 
.0161 

. 009 

.009 
.010 
.011 

.5 
1.0 
1. 1 
1.2 

8 
9 

11 
11 

------------ --- --- - -- --- ------------
------ ------ ----- - - --- -- ------------

• -.260 .5 8 
----- -- -- - -- -- ---- ---- ------------ ------------ ------------
-- ---- ---- --- ---- -- - -- ---- -------- ------------ --- -- -------. 70 .0184 • -.260 1.2 11 

-----.-60-- -----.-o2ig-- ~~::~::::~:: :::::::::::: :::::::::::: 
-- -- ------ ---------- - - - ----------- --------- - - - --- -- ---- ---

.76 

.76 

.69 

.62 

.65 

.63 

.64 

.63 

.64 

.63 

.0242 

.0248 

.0260 

.0260 

.0264 

.0272 

.0301 

.0291 

.0322 

.0431 

-----_.----- ------- - ---- ------ -- ----
------------ --- - -------- ------------
------------ ------------ ------------
------- ----- - - - - ------ - - - - ----------
------------ - - ---------- ------------
------------ --- - -------- ------------
---------- -- ------------ ------------
------------ ------------ -- -- ------ --
------------ ------------ - - --- --- --- -
------------ ----------- - ------------

, Value of the drag that applies approximately over t he entire useful range of lilt 
coefficients. 

8 eM •. , . is taken abou t the aerodynam ic center of t he pJain lYing a nd is fairl y COn­
stant at h igh lift coeffi cients. 

, eM • . ,. is taken about t he aerod Ynamic center of tbe wing with tJap neutra I and is 
fairl y constant at high lift coefficients. 

I' Not N . A. C. A, 
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AIRFOIL SECTION CHARACTERISTICS AS AFFECTED BY VARIATIONS OF THE REYNOLDS NUMBER 41 

TABLE II 

AIRFOIL SECTION CHARACTERISTICS 

Classification 

R.' 
N. A. C. A. airfoil (Millions) 

Chord I SE ' CLm ll % 

0009 ________ - -- --- ----- --- -- ---- ---- -- ----- -- A B A 8. 2\l 
0012 _____________ ________ _____ __ __ _____ _____ A CO A 8. 37 
0015 _________________ ________ ____ _____ _______ A DO A 8. 61 
0018 __________ __________ ___ _____ __ _____ __ ___ _ A EO A 7. 84 
2412 __________ ______ _______ __ ___ __ _ ------ - --- A C2 A 8.24 

23012 __________ _ -- -- --- --- --- -- -- ---- --- -- --- A D2 A 8.16 

23012--33 _____ __ _ --- --- ------ - -- -- --- --- - --- -- A BO B 8.00 
2R,12 __________________ ______ __________ __ ___ A C3 A 8.37 

4409 _______ - -- ------ -- ------ - --- --- ---- ---- -- A B4 A 8.08 

4412 __ ___________ - --- ----- --- -- --- - -- ---- --- - A C4 D 7. 92 

4415 _________ ----- -- --- ---- --- - -- -- ---- ------ A D4 C 7. 92 

6412 _________ - --- -- - ---- - ---- -- ---- ---- -- ---- A C6 D 8. 21 
6712 ___ ________ __ ___________ ___ ______ ______ __ A C2 D 8.10 
8318 ___ ____________________ __ _____ ___________ A E8 D 8.45 
0012 with split flap at 600 _ _ __ _ ____________ _ __ A CO A 8.11 
23012 with split flap at 600 ___ _ ______ _ ___ _ ____ A D2 A 8.18 
23012 with split flap at 750 __ __ _ ____ __ _ ___ _ _ __ A D2 A 8.10 

23015 _____ ___ ---- --- ---- -- --- ---- - --- --- - -- -- A D2 A 8. 37 

23015 with split flap at 750 
-- - - - ----- -- -- - - - --

A D2 A 8. 21 
23021 ______________ _________ _________ __ ______ A E2 B 8.21 
23021 with split flap at 750 _ _ __ _ ___ ___________ A E2 A 8.13 

43012 __ ____ __ __ --- - ----- -- -- -- --- ---- -- ---- -- A D4 A 8. 39 
43012 with split flap at 750 ___ ________________ A D4 A 8.24 
23012 with 23012 flap 30 up ___ ____ ____ ________ A D2 A 8. 21 

23012 with 23012 flap set 300 
------- . -- - - -. ---

A A 8. !4 

Clark Y with Handley Page slot 10---------- B D 8.08 

I Type of chord. A refers to Q chord defined as a line joining the extremities of the 
mean linc. 

• '1'ype of scale effect on maximum lilt. 
, Type of lift-curve peak as shown in the sketches below: 

• 'rur bulence [actor is 2.64 . 
, Angle of zcro lift determined from linear lift curve approximating experimontal 

Fundamental section characteristics 

Q. c. (percent 
e from c/4) 

"'I, a.o, per 
c'",oz c'QP' CdO Min 

C 

(deg.) del!ree '" • . c: , 

Ahead Above 

--------- - -- - ----- ---

1. 39 0 0.098 0 0.0064 0 1.0 5 

1.68 0 . 099 0 . 0069 0 .6 3 

1.68 0 .097 0 . 0077 0 1. 2 4 

1.53 0 .096 0 .0088 0 1.7 4 

1. 72 -2.0 .098 . 14 . 0071 -.043 .5 3 

1. 72 -1.2 .100 . 08 .0070 - . 008 1.2 7 

1.49 -1.2 .097 . 20 .0071 -.010 .6 5 

1. 61 -.6 .098 . 10 . 0073 .005 1.0 7 

1. 77 -3.9 . 096 .26 .0073 -.088 . 6 2 

1. 74 -4.0 .098 .32 .0082 -.088 .8 2 

1. 72 -4.0 . 097 .22 . 0090 - . 085 1.0 1 

1.82 -5.9 .098 .37 . 0091 - .133 .9 1 

2.05 -7. 3 .096 .35 . 0115 -.199 1.2 -2 

1. 59 -7.2 .095 . 24 .0127 -.132 1.5 2 

2.35 1-13. 1 '.091 7 .167 .-.220 .6 3 

2.48 ' -14.3 ' . 088 7 .1G6 -.236 1.2 7 

2.64 ' -15.6 • .085 
7 .201 ,-. 228 1.2 7 

1.73 -1.1 . 098 . 10 .0081 -.008 1.1 6 

2.70 ' -16.2 • .088 
7. 198 ' - . 245 1.1 6 

1.50 -1.2 .092 . 07 .0101 -.005 2.3 7 

2.74 , -16.5 • . 094 
7 .191 , - . 300 2.3 7 

1.84 -2.3 . 100 .26 . 0079 - . 019 1.0 7 

2.65 '-17. 3 • .082 7. 200 5- • :1'25 1.0 7 

1.68 -.9 .101 .07 .0069 .009 .5 8 

2.46 ' -13.8 • .102 . 45 . 0161 .-.260 .5 8 

2.06 - 4.3 • . 099 .76 .0248 ---------- . - ------ - - --- - --

lift curve. • Slopo of lift curve determined from linear lift curve approximating experimental 
lift curve. 

1 Value o( the drag that applies approximately over the ontire useflll range of lilt 
coefficients. 

8 eM is taken ahout ,the aerodynamic center of the plain wing and is fair ly con-

stant ~tbigh Jilt t'OOfficientS. 'em is tnkon about the aerodynamic center of the wing with flap neutral (_3
0

) 

and i;i:iirly constant at high lift coefficients. 
IONotN . A. C.A . 
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