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AIRFOIL SECTION CHARACTERISTICS AS AFFECTED BY VARIATIONS OF THE
REYNOLDS NUMBER

By EAWIWANN. JACOBSand ALBERTSHFIR~AN

SUMMARY

An invedigation oj a 8y8t&tiy cho8enrepre8enta--
tive group of relutedaizjoih was math in the N. A. C. A.
curiabl.e-d.en.dywind tunnel over a wide range oj the
Reynolds Number &ending d into tlw ylight range.
The te8Lswere mudeto provide informationjrom which the
variution.soj aiq%i.!8ectioncharaeteridicswith c?umgtxin
the Reyno.MsNumber could be injerred and metlwdaoj
cdlawingjor thae cariatiorw in practice could be oMer-
mined. Thixworkix onephiweojan extm”ve andgen.end
aijoil invixtigation being conduciedin the vurialie-den.sdy
tunnel and ezL9uis the previously publidwd Te#earch@
conwrning airjoil charactenkticsas a$ecied by variuiiom
in airjOiJprojih oktennined ai a tingle value of the
Reynolds Number:

The object oj this report h to provide meaw jor making
available as seciim characfei%tia at any jree-air value
oj the Reynolds Number the variablederwiiy-tunnelairjoil
data previously Publtibd. Accordingly, the variow cor-
rection-sinvolvedin a%iving more accurate airjoi? seetion
characteristi.a than those hereiojore employed are jint
consz”deredat length and the correction jar turbulence are
eqx?m%wd. An appendix ?k heluded that wi3rs the
results oj an invedgation oj certain comisteni ‘errors
pre9ent in test resuti8 jrom the variabhihwity tunnel.
The origin and nature “oj scale e$ect8 are diwu88ed and
the airjoi.1wxzle-e~ectdaia are anu.?yzed. FinuLly,metho-
ds are given oj dewing jor 8cu.feeffeet8on airjoi.1section
churacten”8tiixin practice wiihin ordinury limi?s oj a.ccw
raq jor t)w application oj variuble+iewi-ty-tunnelai~m”l
data tojlight problenw.

INTRODUCTION

When clntnfrom n model test nre applied to a fright
problem, the con&ion that should be mtisiied 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 nbout the model aerody-
namically similnr to the flow about the full-scale objeet
in flight becomes apparent from the fad that. aero-
dynamic coefficients, as a rule, vaqv with changes in the

Reynolds Number.
‘(scale effect.”

This phenomenon is referred to as

Early investigations of scale effect were made in
small atmospheric tunnels at comparatively low values
of the Reynolds Number and, for airfok, 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
Number ranges by making full-scale flight tests for
comparkon with model tests. These investigations of
scale effect, however, proved disappohting owing
partly to the difficulty of obtaining good Ilight tests
and to tbe dMculty 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.
I?urthennore, the flight tests could not ordinarily
include a sufficiently large range of the Reynolds
Number to establish the character of the scnle effects
for certain of the airfoil characteristics over the full-
scale range of the Reynolds Number, which may extend
from values as low as a few hundred thousand to thirty
million or more.

These limitations of the early investigations were
@t overcome by the N. A. C. A. through the use of
the variabledensity tunnel, which was designed to
facilitate aerodynamic investigations over the entire
range of Reynolds Numbem between the wind tunnel
and flight VOh.18S.Several miscellaneous and com-
monly used airfoils were investigated for scale effect
in the variable-density tunnel during the tit years of
its operation. The results indicnted that important
male 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. C. A. full-scale tunnel was constructed,
airfoil tests therein served to conii.rm the importrmce
of scale effects occurring in the full-scale range and also
provided valuable data for the interpretation of the
variabledensity-tunnel results, particularly in con-
nection with the effects of the turbulence present in the
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variabledensity tunnel. The interpretation of the
variabledensity-tunnel results has consequently been
modified to allow for the turbulence on the basis of an
“effective Reynolds Number” b“gher than the test
Reynolds Number.

In the meantime, the investigations of airfoiIs in
the variabledensity tunnel had been turned to an
extensive study of airfoil characteristic as rdlected
by airfoil shape. This phase, which resulted in the
development of the well-known N. A. 0 A. airfoils,
involved the testing of a large number of related
airfoils, but these tests were largely cordined to one
value of the Reynolds Number within the full-scale
range. Such a procedure expedited the investigation
rmd provided comparable data for the various airfoils
within the full-scale range of the Reynolds Number
but, of course, gave no information about scale effects.

& previously stated, the full+xde-tumel results had
provided information regarding the application of the
variabldmsity-tunnel data to flight. Methods were
accordingly developed for correc~” the data and for
presenting them in forms that would facilitate their
use m applied to ~Wht problems. Flight problems,
however, require airfoil data at V~OUS V~U~ of the
Reynolds Number between values as low as a few
hundred thousand in some cases to thirty million or
more in othe~. Obviously the results mailable 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
determiningg scab-effect corrections for any normal
airfoil section so that the standard test rewlts from
the vnriabledensity tunnel could be applied to flight
at any Reynolds Number. I?or most pmctic~ US@ it
is considered desirable and sufficient to present airfoil
test results in the form of tabular values giving certain
important aerodynamic characteristics for each a~ail
8ectwn. 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 inveAga-
tion, the Reynolds Number range was chosen as the
largest possible in the vmiable-density tunnel and the
airfoil sections were chosen to cover as far as possible
the range of shapes commonly employed. Accord-
ingly, groups of related airfoils (@g. 1) were tested to
investigate the followi.qg variables related to the
airfoil-section shape:

Thickness.
Camber..
Thickness and camber.
Thicknem 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 des~ble, The @al tests
in the variabl+density tunnel were made in September
1935.

TESTSAND MODELS

Descriptions of the variabl~deusity wind tunnel
and of the methods of testing are given in reference 1.

The teats 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 l/2-atmosphere runs were omitted for many
of the airfoils and, in several cases, only the lift-curve
peaks were obtained at the lower Reynolds Numbers.
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 16 atmospheres
and results from some earlierinvestigations 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. l?or
all the airfoils, the air in the tunnel was decompressed
and the airfoil repolished before
Reynolds Number tests.

running the higher
Tares obtained ~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 @. 1), except for the slotted Clark Y,
me 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 sloixlosed condition. The slat
was made of stainless steel and fastened to the main
wing in the position reported (refercuce 4) to result in
the highest value of maximum lift coei%cient. This
model was tested at a much earlierdate 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 m the
opt&mm hinge position reported in reference 6. Dat~
for this airfoil combination are given herein for two
angular flap settings: –3°, which corresponds to the
minimumdrag condition; and 30°, 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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ACCURACY

The accuracy of the experimental data of this investi-
gation at the highest Reynolds Number is comparable
with that of the stmdad airfoil test data as discuss.ed
in reference 2. The systematic errors of measurement
therein mentioned, however, have since been investi-
gated and the results are presented in tho appendix to
this report. The systematic errors of velocity measure-
ment have hence been eliminated, the errors associated
with support deflcdion 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 seciion characteristics from the tests of iinite-
rmpecbratio airfoils and, second, with the correction
of the test results’ to zero turbulence or free-air condi-
tions. Such errors will be more 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. by 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 Numbem. 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 by the scattering of the
points representing the experimental data. (See figs.
2 to 24.) Such a study indicatea that the results bm
tests at tank pressures at and above 4 atmospheres
(effective Reynolds Numbem 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 inaccurate 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 shapes
of curves representing variations of these quantities
with angle of attack or lift coetlicient. Hence airfoil
characteristics dependent on the shape of such curves,
e. g., the optimum lift coefficient and the aerodynamic-
ccnter 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
i.niinite-aspect-ratio charactmistics. Curves are given
(for each airfoil for diilerent test Reynolds Numbers) of
lift coefficient CL against effective angle of attack aoj
and of profile-drag Codicient 6’Do ~d of Pi~~%
moment coefficient about the aerodynamic center
c.=-C.againstlift coefficient CL. 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 gectionchurucidics, 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 limitations 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 m-ailfible
from the variabledensi~ wind tunnel. These addi-
tional corrections and their derivation are fully dis-
cussed later in this report. The more e--act gectim

characteristics have been distinguished by lower-case
symbols, e. g., section lift coticient cl, section profle-
drag coefficient c%, section optimum lift coefficient
czo,,, and section pitching-moment coefficient about the
aerodynamic center % .C.. These values are then con-
sidered applicable to flight at the effective Reynolds
Number, R..

Table I presents, for various Reynolds Numbemj the
principal aerodynamic characteristics, in the form of
these fully corrected section characteristics, of the &-
foils tested. Cross plots of certain of these section
characteristics against Reynolds Number are also given
for ‘We with the discussion. (See fig. 28 and @s. 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-stile test results from rLtmos-
pheric wind tunnels. It now appears from variable-
density and full-scale-tunnel data thnt important
variations of the coefficients must be recognized within
the flight range of values of the Reynolds Number,
particularly in view of the fact that the flight range is
continually being increased.
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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 motion for msximum aerodynamic efficiency
may depend on the flight Reynolds Number at which
the airfoil is to be employed. The eiiioiency is judged
by the speed-range index c~c~O. Values of Ck 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 ss indicated on each curve
corresponding to the landing condition. The cor-
rcaponding values of cmwere taken as the actual proiile-
drag coefficients associated with a high-speed lift
coefficient suitable to an aotual speed range of 3.5,
but corrected by the methods of this report to the high-
speed Reynolds Number (indicated landing Reynolds
Number R times3.5). Four curvw were thus derived
indicating the variation of speed-range index with
se&on thiclmcss 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 tmmsport
airplane. The highest value shown, 414, of the speed-
range index may appear surprisingly high, but it should
be remembered that the cmreotions to section character-
istic and for Reynolds Number, as well as the use of
flaps, are all favorable to high values. The important
point brought out by &u.re 25 is that the section thick-
ness corresponding to the msxirnurn aerodynamic
efficiency is dependent on the Reynolds Number.

.
Liff coefficient G

hrldky Poge SIOL

The most e.flicient airfoil for a landing Reynolds
Number of 1,000,000, for example, is definitely not the

FmuEE 25.-Afrfcdl spedmgelndcxes for varfons Reynokb NrunkerR N. L O. A.

230 r.erk swtfcm$ C/UZ taken for drfti with O-ZOC.?PIltfkP d~wtsd 76”:cd hkm
for afrfoflvrfth Cap rotrwtd for a M@@ vafae of et and at 3.6 tfnm tho R for
the CI.u.

most efficientfor a larger airplanelanding at a Reynolds
Number of 8,000,000. An rllltdyti such tlS

the foregoing example or further analyses such
tht of
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 sectti character-
istics with profile shape over the practical range of
flight Reynolds Numbe~.

DE1’ERMINATION OF SECTION CHAR.kCPERISTICSAPPLICABLETO
FLIGHT

The present analysis is imtendedprimarily to supply
a mermsof arriving at airfoil swtwn characteristics that
are applicable to flight at Reynolds Numbem within
the practical flight. range. This object is best ac-
complished by applying corrections to the standard
airfoil test results from the vrukbledensity tunnel.

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

Clma=,the section maximum lift coefficient.
ao) the section lift-curve slope.

a,o, the angle of zero lift.
cd,~i~, the minimum profiledrag coefficient.

clop,)

cm=~,. .

a. c.,

the optimum lift coefficient, or section lift co-

efficient corresponding to c%~i~.
the pitching-moment coefficient about the sec-

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

the airfoil section about which the pitcbing-
moment coefficient 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 me deduced from the wind-tunnel
tests of finite-aspect-ratio airfoils in the comparatively
turbulent airstream of the tunnel. The variation of the
important seclioncharacteristicswith Reynolds Number
will then be considered. Finally, consideration will be
given to methods of arriving at complete airfoil charac-
teristics after the important wction characteristics have
been predicted for flight at the desired value of the
Reynolds Number.

Correction to infinite aspeot 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 section characteristics is actually made in three
succe~ive appro.ximations. First, the measuredcharac-
teristics for the rectangular airfoil of aspeot ratio 6 are
corrected for the usual downilow and induced drag,
using appropriate factors that allow at the same time

;or tunnel-will interference. These induction factors
we based on the usual wing theory as applied to rec-
tangular airfoils. The methods of calculation are
ymsentedin reference 1. (Second-order influencw have
&o been investigated; that is, reihraent of the tunnel-
wall correction to take into account such factors as the
loadgrading and the influence of the tunnel interference
m the load grading. (See reference 6.) For the con-
ditionsof the standard tunnel test such refinementswere
!ound to be mmecessmy.) The results thus yield the
bmt approximation characteristics, e. g., the proiiledrag
=efficient CDOthat has been considered a section
?hamcteristic in previous reports (referauce 2).

Th=e first-approximation section characteristics are
unsatisfactory, fit, bemuse the airfoil theory does not
represent with suiiicient accuracy the flow about the
tip portions of rectangular airfoils and, second, because
the measured coefficients represent ave~~e values for
all the sections along the span whereas each section
actually operates at a section lift coefficient that may
difTer 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 rect@ar tips show humps in
the load-distribution curve near the wing tips. These
distortions of the load-distribution curve are 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 all-sets the
induction factors and hence the over-all characteristics
of the re@nggar wing but also produces local dis-
turbances near the tips that may be expected to affect
the average values of the section profile-drag coefliciants.

Theoretical load distributions for wings with well-
rounded (elliptical) tips agree much more closely with
experiment than do the distrib&ions for rectangular-
tip wings. Local disturbances near the tips should also
be much leaspronounced. Test results for rounded-tip
wings were therefore employed to evaluate the rectangu-
Im-tip eifeciwand hence to arrive at the second approx-
imations.’ l?OW figs, hming N. A. C. A. 0009,0012,
0018,and 4412 sections, were employed for the purpose.
The ncmnal-wing airfoil sections were employed
throughout the rounded-tip portion of the wing but the
plan area was reduced elliptically toward emh 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 modiiied plan
form. These section characteristics when compared
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with the first approximation ones from tests of wingE
with rectanguku 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 primw
as follows:

C.m” =L03C-’

G“=O.96@’

a“=w’+o.39G’(dw@
.

C%’’= C%’+0.0016CJ’-; (6)0)0002(tS6)6)

where t is the mnsimum section thickness in percent
chord. In some recent reports on airfoil characteris-
tics (references 3, 5, and 7) these valuea have been
presented m section charact&stics except that a small
correction has in some cases been applied to the aero-
dynamic+mter positions. This correction is no longer
considered justiilable.

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. AU things con-
sidered, it is believed that through their use the reliabd-
ity of the seciion data is definitely improved, at least
within the lo~~i part of the range of lift coefficitmts.
For Liftcoefficients much greater than 1, however, the
profle-dmqg coefficients tim the rounded tip and rec-
tangular nirfoil tests show discrepancies that incrense
progressively with lift coefficient rind,of course, become
very lmge nenr the maximum lift coeiiicient owing to
the different mmimum-lift value-s. This d-iiference
brings up the neces+ for the third approximation.
The second approximation values may, however, be
considered sufficiently accurate to determhe the section
profle-dmg coefficient c% over the lower lift range and
&o the following important section parameters that
are determined largely from the characteristics in the
low lift range:

ab
a.
Clmt

Qomk
Cma.c.
a. c.

In this range of the lift coficient the deviations from
the mean of the c1 values along the sprm have been
adequately taken into account. The mean values of cl
and c% represent true values as long ns the deviations
along the span are within a limited range over which
the quantities may be considered to vary lineally. Near
the mrmirnum lift, however, the deviations become
larger and the rates of deviation increase so that the
profiIe drng of the rounded-tip nirfoil, for example, is

predominantly irdluenced by the high c% values of the
central sections which, according to the theory, are
operating at cIvalues as much as 9 percent higher thnn
the menn value indicated by the wing lift coefficient CA.
Moreover, the actual lift coetlicient corresponding to
the section stall (in this cnse the center section) might
thus, in accordance with the theory, be taken ns 9 per-
cent higher than the measured wing lift coefficient
corresponding to the std.

Several considerations, however, indicate thnt this
9 percent incrense indicated by the simple theory is too
large. The simple theory w+sumw a uniform section
liftamve slope in arriving at the span loading and
hence ‘the distribution of the section lift coefficients
along the span. Actually on approaching the mmimum
lift the more heavily loaded sections do not gnin lift ns
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 thfit
have very gradually rounding lift-curve peaks and with
little loss of lift beyond the stall, this correction muy
practically disappear either because the lift virtunlly
equalizes along the span before the stall or because the
mmimum lift is not reached until most of the sections
are actually stalled. Omitting from consideration these
sections tQ which no correction will be applied, the
question ns to whether or not such a correction should
be applied to usual sections was decided by considering
how it would tiect predictions ba+ed on the cl~d=
values.

Maximum-lift measurements had been made for u
number of tapered airfoils of various taper ratios nnd
aspect ratios. The same airfoil section data premntcd
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 indicoted in
reference 8 to predict the mnxinmm lift coefficients of
the tapered wings. These predictions appenred somew-
hat better when the section data were obtnined on
the assumption that the center-section lift coefficient
at the stall of the rectanguhu nirfoil with rounded tips
is4 percent higher than the wing lift coefficient. Hence
the third approximation asregards the section maximum
lift coefficientswas 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 ns possible errors
in maximum lift measurements nnd predictions for
tapered airfoils. The correction hns been applied,
however, except in the unusual crisespreviously men-
tioned where it obviously was not applicable, by in-
mxwing the maximum lift coefficients for the sections
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by 4 percent. With the rounded-tip correction this
increase makes the total maximum lift coefficient for
the section 7 percent higher than the measuredmaximum
lift coefficient for the rectanguhw 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 modi.iiedruthigh lift coefficients owing to the change
in cl~czand the variation of Ca along the span. Com-
pletely corrected COcurves are not presented for the
various airfoils in this report. The change resulting
from the variation of Cq along the SIMUhm been ap-

2.8
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-8-404 8/2/620242832

influenced by the variation of Ca along the span. A
reference to figure 26 will show the relation of these
successive approximation 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-inthe boundary
layer. As examples, consider the more or less sudden
imcreasein the drag coefficient for skin-friction plates
and airship models and the drop of the drag coefficient

Angle of attack far inf%’ife aspecf rofio, % (degrees)

~GWBE 26.-Airf0ll 5@h3n 0h81WbIiStkS

plied only in a general way in the construction of a
genmdized c~Ocurve. From this curve, values of
C~Oat any c1may be derived in terms of the presented
airfoil section pamunetem. This “generalized section
polar” (see fig. 45) was derived horn tests of rounded-
tip N. A. C. A. 0012 and 4412 airfoils, taking into
account the variation of c~Oalong the span. l?or con-
ventiomd airfoils of medium thiclmess, cmvaks from
this generalized section polar should be more nearly
true section characteristics than the 0~0values obtied
directly from the test data. This conclusion is particu-
larly important for lift coefficients above 1 where the
second approximation correction becomes definitely
unreliable and near Cl_ where the cm vaka are

Imm Air fbil: N. A.C.A. 4412 1
I I I I I I I I

-.6 -.4 -.2 0 .2 .4 .6 .8 1.0 /.2 f.4 1.6 1.8 2.0
Secfti IITf coefficimf

Oompadmnd thevariousapprodmotkom

for spheres and cylinders witi’ increasing Reynolds
Numbers in the critical range. The latter scale effects
are associated with the greater rmistmce 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.

This immsition 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 generil 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 3ight at a higher
Reynolds Number. 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 appeam that the effective Reynolds Number for
practical purposes may be obtained by multiplying the

in passing from the test to the effective Reynolds
Number, 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 aa the amount
by which the drag coefficient representing the turbulent
skin fiction on a flat plate would decrease in passing
from tie test Reynolds Number to the effective
Reynolds Number. The values of the increment thus
deduced from Prandtl’s analysis of the turbulent

o.—, . .
fffecf~ve Reynolds #umber -

Fmum 27.-VdnLi0n of c+o.,. dth R. C%mprkon of N. L C. A. IKIIZ akfofl with skin-trfction plate%

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.o4, 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 -iy&bledensity tunnel that were
compared directly with corresponding tests in flight.

An effeetive Reynolds Number is thus determined at
which the tunnel resultsshould, in general, be applied to
flight. I&ht 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 Number cannot exactly
reproduce the corresponding flow in &cht. Both the
Iamhmr and turbulent boundary layers are relatively
thicker than those truly corresponding to flight and
both boundary layers have l@her skin-friction coeffi-
cients rit 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

friction layer, which is substmtially in agreement with
von K6rm&n’s original derivation, are as follows:

~
m.am m&d%%$2g zffl~m . cm14

hx!ml . W11!4
3,m, m 7, m, cm .aoll

L

The objection might be raised that the increments
Ac~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
Number. The Act correction was nevertheless em-
ployed over the complete range of Reynolds Numbers
for several reasons: prinmrily for simplicity and con-
sistency, because in the practical flight range the
turbulent layer predominates; and secondarily because
on most airfoils the boundary layer must 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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ckify these statements. Included in the figure are
curves representing the vmiations with Reynolds
Number of flat-plate drag coefficients for laminar and
turbulent boundary layem and the Prandtl-Gebers
trartaitioncurve, which represents a computed variation
substantially in agreement with Gebers’ 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 coefficient for the plate when the forward
part of the boundmy layer is laminar and the after
part turbulent and the transition is assumed to take
place at rtfied value of the surface-distance Reynolds
Number R=. It is apparent that the airfoil curve tends
ta 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 ilight,
but is displttcedto 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
been slightly different from the one actually employed,
particularly in the range of the Reynolds Number
below the flight range, owing to larger drag reductions
in the huninar 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
ccdculations for the same airfoil by the method of
reference 13 indicate, however, that sepmation must
occur as the Reynolds Number is reduced even in the
case of this excellently streamlined form at zero lift.
Tho sepmation 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 rtt first be a local phenomenon, the
flow subsequently changing to turbtient and closing
in again clownstream from the separation point. In
any case it is apparent that the flow will either be to
rLconsiderable extent turbulent or will sepmate so
that a correction increment baa~d mainly on a laminar
Inyer would have little significance.

The applied correction increment based on the
turbulent layer is thus justifiable aa being conserva-
tive over the flight range of the Reynolds Number
and the influences not considered in its derivation
will henceforth be considered as sources of error in
tlm experimental results. Admittedly it would be of
interest to give further consideration to the results in
the range of Reynolds Number IW1OWthe usual flight
range where the influences of extensive laminar bound-
ary layers and separation are of primary importance,

3sG4s-~17

but the relatively poor experirmmixdaccuracy of the
test data for th~e low Reynolds Numbem 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 horn 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 maximum lift and minimum
drag for the Clark Y is easily within the accuracy of the
experiments. l?or the other airfoil for which a compmi-
son is possible, the N. A. C. A. 23012, the results show
similar satisfactory agreement formtiurn lift, within
4 percent, and for the drag coefficient at zero lift,
Within 5 percent. The polar curve of the proiile-drag
coefficients horn 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-tunnel tests, it was lcsa 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 s~cant than it
otherwise would. Furthermore, it might be expected
that this lo&ed dip in the proiile-drag curve would
tend to disappear at the higher Reynolds Numbers
common to flight at low lift coefficients. In spite of the
fact that the above-mentioned ~erence between the
results is but slightly outside the limit of possible
experimental errors, the difference does tend to show
how much the turbulence correctiork applied to the
variable-density-tunnel data may be in error, particu-
larly for a condition like the one considered for which
rather extensive laminm boundary layers may be
present. Comparatively high velocities over the lift-
ing airfoil as contrasted with the flat plate may also
tend to increa~e the value of the correction increment
so that all these considerations are in agreement in
indicating that the correction increment applied may be
considerably too conservative in some instances, par-
ticuhdy 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 that under certain favorable conditions in
flight, corresponding to very smooth surfaces and to
practically zero turbulence, the transition may be
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abnormally delayed. For example, Dryden (reference
14) found very large values of R= corresponding to
transition on a flat plate. The conditions are remi-
niscent of those of supersaturation in solutions. Fol-
lowing this analogy, it may be impossible ta 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
kuninar boundaq layer; but, while this possibility
should be recognized, it is probable that in most prac-
tical applications, 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 &aht calculations aa conservative for
wings that are not aerodpamically rough.

VARIATION OF IMPORTANT SECTION CHARACPEWTI~ WITE
REYNOLDS NUMBER

Maximnm lift aoefflcient cti-The maximum lift
coe5cient is one of the most important properties of the
airfoil section. It largely determinesnot only the max-
imum lift coaflicient of wings and hence the stalling
speed of airplanesbut also, for example, influancw how
and where tapered wings stall and hence the character
of the stall in relation to lateral stabili~ and damping
in roll. The maximum lift cmflicient, moreover, in-
dicates the useful lift range of the section and tends to
define the nature of the variation of proiile drag with
lift. Finally, the mtium lift coefficient is the im-
portant aerodynamic characteristic that usually shows
the largest scale effects

It is not surprisii to fid large variations of c*_
with Reynolds Number because c- is dependent en-
tirely on the boundary-layer behatior, which in turn is
directly a function of viscosi~ as indicated by the
vahe of the Reynolds Number. In other words, po-
tential-flow theory alone is totally incapable of any pre-
dictions concerning the value of c-

The following discussion traces the mechanism of the
stall with n view to reaching an understanding of how
the stall,and consequently the maximum lift, is rdlected
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 bj a
low-pressurepoint at a small distance behind the leading
edge and by increasing pressures from this point in the
direction of flow to the trailing edge. Undar these
con&ions the reduced-energy air in the boundary layer
may fail to progress against the pressure gradient.
When this air fails to progr- 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 sepmation will develop is dependent
on the resistance to separation of the boundary layer.
The turbulent layer displays much more resistxmceto

separation than the laminar boundrq layer. This
dependence of separation on the character of the bound-
aqy-layer flow was first observed in sphere-drag tests.
At low Reynolds Nnmbem separation of the boundary
layer develops near the equator of the sphere. When
theboundarylayer on the sphereis made turbulent, how-
ever, as it is when the Reynolds Number is sufficiently
increased, the separation shifts to aposition considerably
aft.

The occurrence of separation for airfoils, as aifected
by the transition from laminar to turbulent flow in the
bonndq layer, is indicated by the scale effects on
c,- (fig. 28) for symmetrical sections of varjing 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
Iaminar behind this point, separation may be expected

Effecfive Reynolds Number
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to occur very quickly behind or ahnost at the low-
pres.surepoint owing to the presence of large adverse
pressure gradients. In fact, the von K&rn6n-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 in 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, if the boundary layer remains laminar, separation
will occur very close behind the low-pressure point on
the upper surface. Incidentally, the aotual separation
point is espected, in general, to be forward of the calcu-
lated incipient separation point; that is, nearer the
low-pressurepoint. 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 deiine zero as the maximum 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
me included M figures 29, 30, and 31 to indicate the
position and character of the lam.inarseparation for a
cambered airfoil. The first two pictures show well-
developed separation even at zero angle of attack; the
third shows how Iaminar separation occurs just bebind
the nose at higher angles of attack.

FIOIJBE !N.-Safuratfon oomrrfng on anafrfoflatn lowangleofattack.

It is thus apparent that separation of the laminar
boundary layer will always be present at a point near
the nose at any moderatdy high lift coefficimt 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
nose must have occurred at angles of attack well below
that of C~m= owing to the very small Reynolds Number
associated with the short distance from the nose to the
lrunimr separation point. In this range of R the Ck
w-dues are of the order of 0.8 and change little with
either R or the section thiclmws. (See fig. 28.) This
value of Clm=corresponds approximately to that for a
flat plate.

Flow 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 &“transition point” along

the separated boundary layer behind the lm”nar sepa-
ration point. lkcidentally, 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 is progressively changing to the fully

FIGURE ?J1.-Sop+fon @mrrfng on an afrfoff at a low angle of attaok (13g. 29) but

at an fnmmsed Reynolds Nnnhr.

developed turbulent layer. This transition region now
moves forward toward the separation point as the
Reynolds Number is further increased. The formation
of turbulence results in a thickening of the boundary
layer between the dead air and the ove~ g flow
until the turbulent mixing extands practically to the
airfoil surface. The separated flow. may then be con-
sidered reestablished. This proccs would leave a bubble
of “dead air” between the separation point and the
transition region, the existence of which was predicted
several years ago. Subsequently Jones and I?arren
(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 lamimr separation point.
Consider now, for example, the flow about the N. A.
C. A. 0012 at a value of R in the neighborhood of Rc,
the critical Reynolds Number, where the maximum lift

FIIXTFLB31.—fMmratfon ccaurtng on an afrfoff at a high angle of attsck

increases rapidly with R. As shown in figure 28, crm~=

for the N. A. C. A. 0012 begins to increase rapidly with
R at approximately R,= 1,000,000. Ckmsidertherefore
two flows, one at R.=1,000,000 just at the attitude of
cIma,and the other at the same attitude but at a higher

4
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effective Reynolds Number, say 1,750,000. l?or 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 flow
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 locnl separation and its resulting adveme effect on
the thickening or separation of the turbulent -layer
farther aft prevent a further gain of lift. Now as the
Reynolds Number is increased the transition reggon
moves to a position nearer the separation point, the
estent of the separated reggonis reduced and, as shown
by reference to ii.gure3, C. 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 smgle of attack may now
be increased until CLreaches 1.1 before the flow follow-
ing the upper surface fails. The failure now occurs

fiQURE32.-S+ctiOnmaximum IlftMdenk c,- Camlwr and tldckness SE&U.

suddenly, caus~~ 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 leadihg-edge
radius is reduced by making the airfoil thinner, the
local Reynolds Number for the separation point or the
transition region, either .R~based on boundary-layer
thickness or R. based on the distance along the surface,
is reduced with respect to R because the local dimen-
sions near the nose me reduced with respect to the air-
foil chord. Higher values of R are therefore required

. to reach the critical B. or Radues in tho neighborhood
of the nose. This result is indicated by the higher
critical Reynolds Number R. for the N. A. C. A. 0009
than for the N. A. C. A. 0012, m show-nin figure 28.
Likewise, the 15 and 18 percent thick airfoils show
progressively lower values of R. 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 scale effect above the criticrd
range could not be determined. It is probable, how-
ever, that the highest maximum lift coefficients are
reached when the Reynolds Number corresponds to
the occurrence of fully developed turbulence practically
at the laminar separation point but that this condition
occurs above the highest Reynolds Numbers reached
exwpt possibly for the thickest airfoil, N. A. C. A. 0018.

High local Reynolds Numbers at the lmnirmrsepara-
tion point could, however, be reached by employing o
thick, highly cambered airfoil. The N. A. C. A. 8318
airfoil was included for this reason. The results (see
iig. 32) indicate, as expected, a very low critical Rey-
nolds Number. With increasing Reynolds Number,
c%= rises to a maximum at R=900,000 and then falls
off slowly. b this instance, at the highest Reynolds
Numbers transition probably occure ahead of any point
at which laminar separation could occur. The mmi-

00
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mum lift coefficient must therefore be determined by
the behavior of the turbulent layer. The significant
conclusion is that Clm=then decreases with incroming
R. Another &ni.&mt observation is that under these
conditions stalling is progressive as indicated by tho
rounded lif&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
trailing edge.

The process of stalling in general is more complex
than either of the two distinct processes just discussed,
[t has been compared by Jones (reference 17) to ~
contest between kun.inarseparation near the nose and
turbulent separation near the trailing edge, one or the
Dtherwinning and thus producing the stall. Actually
it appears from these scale-effect data that, for com-
monly used airfoils at a high Reynolds Number, the
forward separation usually wins but that it is largely
wnditioned and brought about by the thickening or
~eparation 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 ailfoil.

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 n 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 cambwed airfoil
ttpproxinmtes that over the nose of the corresponding
symmetrical rLirfoi.1at 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 increaaed. 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 higher than that of the symmetrical
airfoil by the amount of the initial lift increment.
Reference to figure 33 shows that this expected change
of Clm with camber is approximately that shown by
the results from tests in the lower range of the Reynolds
Number. At high Reynolds Numbers, however, the
chrmgeof cl- with camber is much smaller than would
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,
tho lift curves become rounded. (See figs. 6,7, and 8.)
I?or the N. A. C. A. 2412, which shows a sharp break
in lift at the maximum but a small gain in Cb due to
camber at the high Reynolds Numbem, the boundmy-
Iayer 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 airfoil. These flow conditions, which really origi-
nate near the hailing edge, thus bring about the flow
breakdovm near the leading edge that finally produces
the actual stall. It must not, however, be concluded
that more gradually rounding Ii.Wcurve 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
loading edge, which i.nfluenccs the boundary-layer
thickening near the trailing edge, at least until the
transition region reache9 the separation point. That
Clma=continues to be influenced by the flow conditions
nem 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 ~. A. C. A. 6412 in spite of the fact that
the actual gain in c~ throughout the critical range
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 hTumber
will not be affected by flaps and other high-lift devices
placed near the trailing edge, which act much like a
camber increase.

I Et

3.0

2.8

2.6

$
f/ectfx/ @“l I I

I I

$ 1.8
$. II

El

11111 I I 1111111111

i:

.2

/2 m
Effective Reynolds Number

FmuEE34.-Swtlon maxlnmm M @den& CI- AJrfolls wltb and without flaw

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 pdel the corresponding curve for the same airfoil
without a flap. The split flap thus simply adds an in-
crement to the maximum lift without othetie chang-
ing the character of the scale effect. In this respect the
behavior with the flap diflers from the behavior with
increasing camber. With the split flap, the distribution
of prewures over the upper surface i9 apparently not
affected in such a way as to increase the tendency
toward trailing-edge stall.iag,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 I.)

As regards flrLpsother than split flaps, recent tests
have shown that the maximum lifts attainable are ap-
proximately equal for either the ordinary or the split
flap. This result might have been expected because the
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results of references 18 and 19 had indicated that the
flow does not follow the upper surface of an ordinary
flap except for small angles of flap deflection. It should
thereforemake little di.threncewhether or not the upper
surface of the flap is deflected with the lower. Further-
more, the same reasoning n@ht 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
fiawre35 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 @pe of cambered airfoil.

Another important conclusion can be deduced from
the results in @gum 35 showing the scale effects for air-
foils having various mean-line shapes. When a mean-
line shape like that of the IT. A. C. A. 23012 is em-
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ployed—tlmt is, one haviqg marked curvature near the
nose and a forward camber position-the efhct is to
alter the conditions of the leading-edge stall. The critical
Reynolds NJumberis thus shifted to the left and the
general character of the scale effect becomes more like
that of the usual airfoil of 15 insti of 12 percent
thickness.

The opposite effect on the nose stall is shown in @e
36 where the critical Reynolds ~umber is shifted to the
right by decreasing the leading-edge radius, that is, by
changiqg from the IN. A. C. A. 23012 section to the
23012–33. Thus it appeam, in genend, that the charac-
ter of the cl- scale effect, particularly in relation to
the value of the critical Reynolds ~umber, 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 l%ge slot and
the airfoil with external-airfoil flap show unusual scale
effects. The airfoil with Handley I?age slot shows an

increasing c1= throughout the Reynolds Number
range but shows a peculiar change in the character of
the stall in the full-scale range near l?,=3,000,000.
(See also @. 24.) The airfoil with the external-airfoil
flap shows a break in the scale-effect curve. Two
values of cl= were measured for the condition corre-
sponding to RC=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
intarwting because it represents one of the casea 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 Number the
corresponding flow in flight becomes of practical im-
portance. A comparison of these tests with twta in
the 7- by 10-foot tunnel (reference 5) indicated that
mch 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 Reynolds Number, rather
than to the transition from laminar to turbulent flow.
When interpreted on the basis of the test rather thcm
the effective Reynolds Number as regards the occur-
rence of the break in the low Reynolds Number range,
better agreement with the rcmdts from the variable-
density tunnel was obtained. On this basis the dis-
continuity shown in fignre 37 as occurring at R,=
1,700,000 would be expected to occur in flight at a con-
siderably lower Reynolds Number outtide the usual
f@ht range.

With regard to cl= scale effect9 for conventiontd
types of airfoils, it now appears in the light of the
preceding discussion that a position haa been reached
from which the scale effects appear rationall and suf-
ficiently regular and systematic so that general scale-
effect corrections may be given for such airfoils. This
position represents a marked advance. In n later
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section of this report such generalized scale+ifect cor-
rections for cl~~%are presented for engineering uses.

Lift variation near cl_.—The variation of the lift
near the maximum as indicated by the shape of the
lift curve is of some importance because it often aifects
the character of the stall and the corresponding lateral
control and stability of the tiplane in flight. The
character of the stall for the airfoils may be inferred
approximately from the preceding discussion of c~=
and is indicated by the lift curves in figures 2 to 24.
The moderately thick symmetrical airfoils in the critical
or flight range of R show sudden losses of lift beyond
the masimum. Efficient airfoils of moderab thiclmess
and camber, for example, N. A. C. A. 2412 and 23012,
likewise usually show sudden break in the lift curve
at the maximum for the higher Reynolds Numbers.
When the influence of t@ling-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 bre+iksoccur at compara-
tively low values of the Reynolds Number for the
N. A. C. A. 8318. In thiscase the breaks appear in
the criticrd range of R, where critical leading-edge
stalling occurs, and disappear at higher and lower Rey-
nolds Numbers. (See @gs. 11 and 32.)

Lift-curve slope ~.—The scale effects for aO are
represented in ilgure 38. It will be noted that, within
the full-scale range, the airfoils show little variation of
~ with either airfoil shape or with R. In thisrange
most of the airfoils show a slight tendency toward
increasing ~ with R but, for engineering purposes, the
varitition of ~ 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.)

bgle of zero lift alO.-Scsle-effect variations of
a10are represented in figure 39. The conclusions with
respect to this characteristic are almost the same as
for the lift-curve slope ~. Symmetrical airfoils, of
course, give a%=0 at all valuea of R. The cambered
airfoils, in genemd,show a small decrease in the absolute
value of the angle with increasing R above the value
at which the variations are abnon.md.

Minimum proffle-drag ooefflcient c% f*.—The mini-
mum profile-drag coefficient is indicative of the wing
drag in high-speed flight and is the other importsmt
section characteristic, aside from Cr-, that shows
marked scale-effect variations within the full-stile
range which must be taken into account in engineering
work.
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The experimental drag results are presented by means
of logarithmic plots with the well-known lwni.nar and
turbulent skin-friction curves and the Prandtl-Gebers
transition curve shown for comparison. (See figs.
40 (a) to 40 (f).) At the higher Reynolds Numbers a
strihqg similmity exists between the minimum proflle-
drag coe5cients for the airfoils and the transition curve
representing the drag coefficient variation with R for a
flat plate towed in water. The other striking feature of
the drag curves is their departure from regularity at
Reynolds Numbers below a certain critical value. This
critical value of the Reynolds Number usually lies in
the range between 400,000 and 800,000, but n study of
the experimental results will show that the critical
value itself is irregular, that is, it does not vary system-
atically with the airfoil shape. The results appear as
though two or more drag values were possible within
this Reynolds Number range and accidental disturb-
ances determined whether a high or a low value of the
drag was mensured at a given value of R within this
mnge. One is reminded of Baker’s experiments towing
airship models in water in a towing basin where meas-
urements could not be repded until transition was
definitely brought about by the use of a cord passing
around the model near the nose.

The shape of the scale-effect curve for the N. A. C. A
0012 airfoil at zero angle of attack (iig. 40 (a)) was
studied in the light of boundwy-layer calculations.
The results indicated that the computed skin-friction
drag coefficients to give scale-effect variations in agge-
ment with the measured ones required the presence of
rather extensive Iaminar boundary layers in this
critical range of the Reynolds Number. In fact, for
the N. A. C. A. 0012 airfoil, the laminar boundwy layer
was found to have become so extensive when R TVaS
reduced to the experimentally determined critical vahe
that a further reduction of R would have required the
Iaminar boundary layer to extend behind the computed
laminar separation point, which would have involved
at least local separation. It seems evident, therefore,
that the increased drag coeilicients below the critical
range are the result of this condition, which is.probably
associated with laminar separation and a resulting
increase of the pressure or form drag of the section.
I?ortunatdy, however, this phenomenon seems to
appear below the usual flight ramgeof R.

When designers are concerned with the minimum
drag of an airfoil section, it is usually for high-speed or
cruising fight, which for modern transport airplanesmay
correspond to a Reynolds Number of 20,000,000 or more
for some of the wing sections. The drag coefficients for
the Reynolds Number range above the highest reached
in the tunnel are therefore of more interest than those
well within the experimental range. Unfortunately,
the precision of the measurements permits only an
approximate determination of the shape of these scak-
eilect curves even in the higher experimental range of
R so that extrapolations into tie higher flight range wi.11

necessarily be unreliable. Nevertheless, much en-
gineering work requires a knowledge of airfoil drag
coefficients within this range so that the engineer mud
resort to extrapolation. l?or this purpose the data may
be studied in relation to the S1OPWof the curves for the
various airfoils (fig. 40) in the highest range of 1?
reached in the experiments. Such a study indicates
that the airfoils, excluding the unusual airfoils N. A.
C. A. 8318, N. A. C. A. 6712, and the Clark Y with
HandIey Page slot, show a decreasing c%~~~with 1?
that seems, in general, to parallel approximately the
corresponding curve for the flat plate. Thus,. in
general, the slope of the c~O~{~ scale-effect ourvea in
the neighborhood of a Reynolds Number of 8,000,000
may be taken as approximately —0.11, which leads to
the following extrapolation formula:

where the subscript 8td refers to the standard airfoil-
tast results from the variabledensi~ tunnel corres-
ponding to an effective Reynolds Number of npprox-
ilnlltdy 8,000,000. In such extrapolation folmmlas,
values of the exponent have been used between 1/6,
taken from Prandtl’s original analysis of the completely
turbulent skin-friction layer, and 0.15, which agreed
better with experiments with pipea and flat plates at
very high valuea of 1? and agrees better with von K6r-
mfin’s recent analysis of the completely turbulent layer
in this range of R. It should be emphasized, however,
that these comparatively huge exponents are not
conservative amd would be expected to lead to pre-
dictions of large-scale drag values much too low, partic-
ularly when the extrapolation is made from measure-
ments made in the transition region; for example, in
figure 40 (a) measurement in the range between
1,000,000and 2,000,000should not be extrapolated by
such methods to 20,000,000. Extrapolations from
R=8,000,000 using the comparatively low exponent 0.11
are, however, considered reasonably conservative for
aerodynamically smooth airfoils.

In regard to profik+drag coefficients at lift coefficients
other than the optimum, iigure 41 (a) shows the scale
effects for cdOat CI=0.8 for the symmetrical series of
airfoils. The drop in the scale-effect curves in the
transition region has disappeared and the two thinner
tioils show evidences of the approaching stall. Curves
for members of the camber seriesof airfoils, N. A. C, A.
]012, 2412, 4412, and 6412 at zwo Zifl are shown in
lgure 41 (b). Here the Symrnetricd airfoiI is operating
it its optimum lift and the departure from the optimum
!or the other airfoils increases with camber. A pro.
yessive transition from the c%~~%type of scale effect
n that of figure 41 (a) is apparent. Results (reference
10) from other wind tunnels for the Clark Y airfoil,
which is in a sense similar to the N. A. C. A. 4412 but
UM dightly Iess camber, are also indicated in figure
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41 (b) for comptin. The compmison of the results Optimum lift coefficient cZm~.—The optimum lift
from the various tunnels should serve to indicate the coefficients are presented in figure 42. This character-
limitations of accuracy that must be accepted when any istic is of importance mainly in relation to c% values at

of the data are extrapolated to the higher full-scale other values of cl. It is not possible, nor essential for

Reynolds Numbem. thiEpurpose, to evaluate c1,P, very accurately. h fact,
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The determination of Cd. values at various hft co-
efficients in engineering work is best accomplished by
rL consideration of increments from c%~i~. The
method of a “generalized polar” discussed in a later
section of this report give9 such increment9 in t8rms of
the departure of c1 from Clvl as compared with the
departure of cl- from Clat.

the accuracy of the experimental data is not sticient
to establish the scale-effect variations with ,certainty-.
Nevertheless, the results show a definite tendency
toward a decremiug c1~, with increasing R. Thus
values measured in small atmospheric tunnels may be
expeckd to be too high. Values horn the standard
airfoil tests in the variabledensity tunnel may usually
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be taken as approximately correct within the usual fuU-
scnle range but may be somewhat too tigh for the
higher flight range of l?.

Pitohing-moment Coefficient c.. -=.and aerodynamic.
center position a. c.—The values of the pitching-
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moment coefficient and the aerodynamic-center petition
establish 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 mrodynamic+enter 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 f@ght range, and the variations
found in the l@her 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 vrmiation of aerodynamic center with R. The
cm=~ values corresponding to these aerodynamic-center
positions are plotted in figure 43. The values are
nearly independent of R at high values of R but usually
show n tendency to increase numerical~ as R is reduced
toward the lower e.xtremi~ of the flight range. Thus
low-scale tunnel tests may be expected to give pitching
moments that are numerically too large.

PREDI~ON OF AIRFOILCHARAC1’ERISTIC!$AT ANY
REYNOLDSNUMRERFOR ENGINEERINGUSE

In the consideration of methods of predicting wing
chnractariatics,it should be remembered that the scope
of this report is codined to the prediction of the aitioil
section characteristics. Actual wing characteristic are
obtained from these section characteristics by integra-
tions along the span with suitable allowances for the
induced dotvnflow and the corresponding induced drag.

Such calculations as applied to tnpered wings are fully
discussed in reference 8. It remains therefore to pre-
dict the airfoil wction characteristic at any value of
the flight Reynolds Number. The preceding discussion
has shown that for engineering purposes many of tho
important airfoil section chmncteristica may be con-
sidered independent of R within the flight rauge, so
that for application to tit at any value of R those
characteristics may be taken directly from the trtbu-
lated values from the standard airfoil tests in the
varkbledensity tunnel. There remain then the two
important seciion characteristics cI~z rind c%, which in
general.will require correction to the design Reynolds
Number before they are employed.

Section maximum lift.—For the prediction of the
section maximum lift coefficient cl= at values of R
other than the R. value for which they are commonly
tabulated, the correction-increment curves of @e 44
have been prepared from the data in this report. In
this iigure, curves giving the corrections Acl~U me
grouped in families corresponding to the measured scule-
effect variations for vaxious typw of airfoils. In gen-
eral, for normal airfoils the curves in figure 44 marked O
for mea B, C, D, and E correspond to the symmetrical
airfoiI sections of different thickness and the curves
indicated by increasing numbers correspond to airfoil
sections of increasing camber.

b practice, the particular curve to be employed for n
given airfoil will be indicated in the standard tables of
airfoil characteristics such as table ~ of this report
(see also reference 3) under: “Classification, SE.”

t , a , , # , , , 1iI

.%9~ -.20

8A..2.2
/oo,cwo 2 3 4 56 @OO,OOQ 2 3 4 5 /0,000,000
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FIom 43.-FYtcbing-moment melEeient about the aerdynwnlo csnter, c=,,, ,

From the curve thus designated, the correction incre-
ment is read at the design Reynolds Number. Tho
required cl= for the section at the pmticuhr Reynolds
Number is then obtained by adding this increment to
the tabulated Cb value.
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Airfoil section d.rag.-lh design work, values of
the sectwn minimum drag coefficient Cdo mix for aerody-
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nrtmicallysmooth airfoils are fit obtained from the
tabulated data by means of the extrapolation formula
previously given,

The C% values at other lift coefficients may now be
obtsined from the generahzed variation of Acdo with

-r p esented in figure 45, where the standard
Clm.lz—Clqt
airfoil chsxacteristic table is again employed to iind
C,m,. The c,.= value employed should, of course, cor-
respond to the Reynolds Number of the C~ovalue being
calculated. This procedure may involvo the use of
cl== values corresponding to very high Reynolds
Numbers. These values, however, may bo estimated
by extrapolating the msxinmm-lift scale-effect curves,
little accuraoy being required becauso c1 will usually
be near Clo, and Ac% therefore small. A series of
Ac% values may thus be derived for various lift coef-
ficients and Reynolds Numbers. The corresponding

values of cdo are then obtained by adding these incre-
ments to the Cdo .3= value calculated from the preceding
extrapolation formula for the corresponding Reynolds
Number. In practice, a series of values of Cdo may
thus be derived to form a curve of c% against c1 along
which the Reynolds Number varies with lift coefficient
as in flight.

LANGLBYMEMORIAL&ONAUTICAL LABORATORY,
NATIONALADVISORYCo mm-mm FoR bRONAUTICS,

LANQLEYFIELD,VA., June fi4, 1936.
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APPENDIX

INVESTIGA~ONOF CERTAINCONSISTENTERRORSPRESENTIN TEST RESULTSFROM THE
VARIABLE-DENSITYTUNNEL

By IRAH. ABBC’PP

JNTEODUGTION

An investigation has been made to evaluate three
corrections that were not applied to the data, ob~ed
in the variabledensity wind tunnel, and published in
reference 2 and earlierreports. The need for these cor-
rections had been recognized, and possible errom 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 interferauce of the model supports
on the model.

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

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

INTllEP13EENCEORMODELSUPPOliTs

The model supports used in the varkbledensity tun-
nel and the method of determining the tare forces are
described in reference 1. The usual tare teats deter-
mine the tare forces on the supports including the inter-
ference of the model on the supports. In addition,
the usual method of determiningg 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 ch~~e 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 amairfoil of
moderate camber ~. A. C. A. 4412). Teds 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 snp-
ports and with the models mounted only on the wire
supports. The wire supports ecmsisted of three wires
attached to the quartar+hord 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 aerodynmnic interference
with the usual supports. The sting used was sym-
metrical with respect to the airfoil and was attached near
the tmiling edge instead of to the lower surface, as
is usual.

The tams due to the wire supports were determined
from the data obtained from the tests with the models
on the usual supports with and without tha wire
supports. Some difiicul~ vm.sexperienced in obtaining
sufficiently accurate tares because of the relatively
large dng of the wires as compared with the drag of
the model. Sticient 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 obtoined
tim several tests made with the usual supports over
a considerable period of time. The scattering of tho
points obtained from the tastawith the usual supports
about the solid line is within the limits of the amidental
errors listed in reference 2, showing that there is no
support interference within the accuraoy of the results
rutl@h values of the Reynolds Number.

It is evident that the data obtained can be analyzed
in diflerent 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
coef%cienta was more dii%cult. The support wires
stretched under the lift and drag loads, necessitating
a correction to the measured pitching-moment coeffi-
cients, md the method of supporting the model at the
wing tips rdlowed 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 diilicult to evaluate with certainty because it
involves integrations along the span after determination
Df the span load dishibution. Accordingly, the effect
of the support interference for the pitding moments
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was determined only at zero lilt where it was foond
that the measured pitching-moment coefficient was too
large (algebraically) by 0.002. This same correction
had been found previously from tests with symmetrical
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airfoils and had been applied so that no new corrections
were necessary.

ZFFEC1’IVEWEIGHl?OFMANO=ZR LIQUIDS

The dynamic pressure is measured by two manome-
ters connected to two sets of calibrated static-pressure
oriiicesM described in reference 1. One manometer
isfdledwithgrainalcohol andtheotherwith distilled
water, the one fdled with alcohol being ordinarily
usedto hold the dynamic pressureconstant through-
out rLtest because it is more easily read than
the water manometer. Readings of the water
manometer taken during each test serve to check
the nlcohol manometer and to indicate any
change in the speciiic gravity of the alcohol,
which is obtained from time to time by calibrating
the alcohol manometer at atmospheric pressure
against a head of distilled water.

It is apparent, aa 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
of air dissolved in the liquid are negligible.

An e.sperimental determination of tie effect of

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.o 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 pressurewill then be independent of specific
gravi~.

CALIBRATIONOFSTATIGPR=UREOEIFIOZS

The static-pressure orificw used to measure the dy-
namic pressure are calibrated by making a velocity
survey at the test section, using a calibrated pitot tube
(reference 1). The calibration may be in error partly
because of di.fbrences in dynamic scale and turbulence
between conditions of pitot-tube calibration and of use
in the variabledensity 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 uncertaintks may be largely eliminated by
calibrating pitot tubes on an airplane in ~~ht and by
calibrating similar pitot tubes, similarly mounted on a
model of the airplane in the tunneL A detailed 1/20-

V.D.T. Dofe Condition T-t R,

compressed air was made by calibrating the alcohol
and water manometers at several tank pressuresagainst
a third manometer filled with mercury. The compara-
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the ] scale model of the l?C-2W2 airplane (reference 20) and
the airplane itself were mailable. Three nonswiveli~~
pitot tubes were mounted on the airplane as shown in
figure 48. These pitot tubes were 2 inches in diameter
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with two staggered rows of static-pressureholes. Each
row consisted of 12 equally spaced holes 0.22 inch in
diameter. The pitot tubes were calibrated in flight
against a previously calibrated tmiling air-speed head.
Three geomehkd.ly similar pitot tubes 0.10 inch in
diameter were aimiIarly mounted on the model and
calibrated in the variable-densi~ tunnel. Great care

SYuficnI(Axisof
fube parallelfo
axes of tubes 0+
stofions2 and 3J

lx, P) 0; 50’

was tnken 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 calibrated in the tunnel over
fin rmgle+f-attack range from —8° t.o 14° and over a
mnge of the test Reynolds Number from 1,000,000 to
2,500,000. Tests were made with three tail settings.

m

Allp rewures were measured by a multiple-tube, photo-
recording manometer using a mixture of alcohol and
water. Ratios of pressures were obtained directly
from ratios of measured deflections and are independent
of tho speciiic gravity of the manometer liquid. A
test w-asmade with the pitot tubes interchanged as to
petition on the model to check the accuracy with which
they were made. The rcs.dts checked satisfactorily.
Surveys were made upstream from the model with and
without the model in place using a bank of 21 smaII
pitot tnbw 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-prwsure orifices from time
to time as required. l?orce tests were also made on the
model with and without the pitct 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 -&cm the static-pressure ori.iices. A fairly
consistent variation of the results is shown with
changes in Reynolds Number and tail settings. The
results obtained horn the calibration of the pitot tubes
in fright 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-

1 Ion wing chord) Stabilizer ong la Ele vo tor angle
.23” 10”

.
~

@
:a
9
*
QJ

$+*
$

&
b

t

$
t\
o

>?

$

,4ngIe of of fack, a, degrees

IUBE49.—Calfbmtfon of pitot M mmmti on the FC-2W2 afrplann fn ilfght and on the FC-2W2 ah-plane mcdel fn the varfabkhnsftg wind tunnel. RW!JMS

mrmclexf for tnnnel-wfdl effect.
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wall effect. Force teats 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 g/qOwas selected
from the tunnel d~ta to correspond M well as potible
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
valuea at small anglea of attack. Accordingly, the
values obtained were reduced by increaskg the value
of go by 1.5 percent, which is equivalent to a change
in the static-pressure-orifice calibration factor from
1.172 to 1.190. The valuea of the ratio so obtained
me plotted on the figure as solid lines, and the values
agree reasonably well with the tlight data at small

1.6 ..32

/.4 .28

1.2 .24

--
&g/e of affack, d, degrees

k’IOUEEHJ.-Compufsm of data obtained In CJght and in the variabledem$ity wind

tonml for tbe FC-2W2 akplane and model.

angles of attack. A comparison of the tunnel and
Ilight data indicates that a further correction, which
may be due to blocking effects, may be desirable at
high anglea of attack. The airplane model, however,
had large drags at high angles of attack as compared
with models normrilly used in the tunnel, making the
application of this additional correction questionable
for the usual airfoil tests.

The results of the force teats of the model are shown
by means of composite curv~ drawn as solid lines in
figure 50, The curves were obtained from the test
results by selecting, at each angle of attack, test resuMs
to correspond as well as possible with flight conditions
of trim and Reynolds Number. The tunnel results
hove 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 teds to represent the air-
plane with suiiicient accuracy and detail to give
reliable drag results. Therefore too much emphasis
hould not be given to the good agreement of drag
coefficients obtained in flight and in the tunnel. At
lift coefficients leas than 1.0 the agreement between
flight and tunnel data is considered satisfactory. At
higher lift cdlicients some divergence of the tunnel
md i3ight data is indicated. As previously stated,
the results obtained from the pitobtube calibration
showed that an additional correction to the calibration
factor of the static-pressure ori.iicemight be desirable
~t 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
wttack.

This additional correction is not ordinarily applied to
the data obtained in the variabl-density tunnel 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 mgles of attack than at
low ones and, aa previously stated, the drag of the
model ma 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 resuh 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 aspreviously measured was too large.

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

4. The total effect of the investigation is a change in
the measured dynamic pressure of 0.5 percent; the
dynamic prwsure as previously measured was too large.
Data previously published (reference 2 md earlier
reports) to which these corrections have not been
applied may be corrected by c.h-~ the coefficients
to correspond to a reduction of measured dynamic
prmwre of 0.5 percent.
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TABLE I

IMPORTANT AIRFOIL SECTION CHARACTERISTICS
—

N. A. C. A. aicfo41

m..- .. ....-----. .. ... ... ... .. .

W12-----------------------------

c4J15.._ . . ..__. __.. _....__.

mu-----------------------------

2412 _._.. _... __.__ -------

mu.. -... -... --.-. -.-– . . . ------

ma-s -------------------------

2R1r2 . . . ..__. .._. _.__._-..

am----------------------------

4412------------------------------

1416------------------------------

Ha------------------------------

& 470
8.233
0. 10I
3.410
L 760
.ES2
.440
.!ZM
.142

%370
am
O.m
3.E40
L 740
.871
.49

8.610

Hll
1.730
.874

:E
.113

7.340
IL240
X&x
1.m
.EQ9
.4S3
.214
. ma

8.240
0. Mm
3.420
LZ36

:2
.218
.110

W
0.070
3.4m
L7WI
.s34
.449
.221
.112

am
&3W
3.%30
L 760

%

8.370
a 310
1540
L 770
.W4
.454

awl
S.670
3.340
L7KI
.Sm

:E
.110

:!%
am
L6WI
.674
.433
.219
.111

7. m
O.m
2340
L730
.SS1
.431
.219
.110

8.210
O.Crm
3.3m
L7@I
.ssl
.441
.219
.110

-------
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

:
0
0
0
0
0
0

8
–2 o
–21
–z o
–21
–21
–2 o
–22
–L 3

-------
–L 2
-L 2
–L 2
-L 2
–L 2
–L 3
–L 6
-L 4

–L2
–1. 2
–L 2
–L 2
–L 2
–L4

—. 6
—. 7
—.

i
28
—. 9

–3. 9
–3. 9
-4.0
-4.0
-4.1
–4. 1
–3. 7
–26

–4. o
-4.1

3;
-4,3

z:
-2 ‘a

-4.0
-4.0
-4.1
-4.2
–4. 3
-4.4
+4
–3. 1

-h 9
–h 9
-e% 1
–6. 2
-0.3
–&2
–h 9
–5. 4

%,,,

.-------
0

:
0

;
o
0
0
0
0
0
0

!
o
0
0
0
0
0

.—-----

o
0
0
0
0

:
0
.14
.14
.U

:Z
.42
.ZJ

--..---
.as
.as
.Cs
.16
.2a
.12
.27
.m

.m

.10

.23

.2%

.10

.40

.10

.02

.11

.!22

:a
.23
.23

:2

::
.67
.n

.32

%
.37
.35
.’51
.b7

.22

.m

.22

.31

:%
.40
.69

:Z

%

::
.70

%.f.

10,W1
.m
.W
.Wi2

:%%
.W
.0131
.0123

.Wi9

.WJ3

.mn

.W77

.0376

:E
.Im77
.OK1
.@35
.m
.W84
.mn
.0149
.Olhs
.B38
.W92
.m
.0103
.ola4
.0427
.0179
.U207
.W1
.W@I

:E
.W!J
.0337
.Olm
.0m7
*.m
.@mo
.Im79
.WJ3
.Wm
.ms4
.WB3
.0179
.0162

. mm

.m75

.0)76

.mn

:%!!
.m
.m
.0377
.m
.m
.OHS
.Wi3

:%’
.W34
.m

:l%x
.Olw

.m

:%%
.W
.ml
. Olw
.0184
.G276
.Cwo
.Cm3
.W4
.Wxl
.0103
.0423
.01%3
.OmB
.ml

%%
.0104
.W
.0129
.0205
. Olm

c -..,.

----------
0
0
0
0
:
0
0
0
0
0
0
0

.—-------
0
0

I
0

.------.--

.——-----

0
0

8
0
0

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

–. 043
–. Cu3
-.045
–. 045
–. 034

----------
–. m
–. m
–. 037
–. 012
–. 010

,---- ..---,
,. --.-.-.-,
,--------

–. 010
–. 010
–. 011
-.014
-.011
-.014

.W

.033

.m

–: E
---------

–. ass
-. m
–. m
–. Q32
–. w

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

–. w
-. cm
–. 091
–. 0a5
–. m

----.---- .

---------.
–. C&5
–. am
–. mu
–. 093
–. 092

.--------

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

–. 133
–. m
–. 431
–. 135

NUMBER

—,
a. L I

&t@ &t c)

-------.—.-_.-.--_--
LO
LO :

H :
-.. .--. -.— --__.-----
----------- ----------
----------- ----------
---------- --------- -

.6 3

.6 3
3

i; 4
LI 3

- —-------- -.—_____
---------- —.----.-..-

L2 4
L1 3

1
k:
L6 :

---------- — ---------
--.---..-.- ----._.----
----------- -----------

L7 4
8

:: 3
0

:! o
0

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

.5 3
3

ii
–:

ii 0---.--.---- ---------------------- -----------
---.--..--- ------------
-----------------------

7
H 7

5
i:
20 ;

---------- . -----------
---------- . ----------
.— ------- . -----------

.6 6
5

i;
.9 :
.9
.4 –?

LO 7
L1
LO :

0
i! 0

. . . . . . . . ..- - ..-. -.. —..

.6 2

i; –i
L1
L4 z.

. . . . . . . . ..- - .——. -----
----------- _ _______
.- .-.-—.- - . . . . . . . ..- .

.8 2

i! -;
L2 –5
L1 –8

----------- - --------
.--- .. -—-- _ -------- .
----------- - --. ..-. —..

LO 1
L4
L4 –:
L7 -4
1.4 –8

----------- . —.--- .— --
---------- . .—--------
---------- - -----------

1
i?

–;
i; –2

---------- -- ---- ——. .
,.------. — -. ----------
---------- _ ----.--— .
----------- - --------- .

/A/B/c/.
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TABLE I—Continued

Important AIRFOIL SECTION CHARAC1’ERISTIC3 -Continuei

N. A. C. A. alrfdl

me------------------------

so-----------------------

me--------------------------
fwkb Splfttip atm.)

me-----------------------
fwithaplfttip at@)O.)

m12--------..---.. -.--–...––
mkh SPlft flap at 75”.)

ala-------------------------

m15----------------------
(wfth splft tip at7s0.)

ml---------------------

ml..–----.–_---. --_--.-.-,
miti alift film at 75”.)

mu––..---—..----–-----.–.

m12..-..-..-–-__ ._--. __.-.
miti .mlft tip at 75”.)

w12-----------------------
(with 2w2 llflp w Up.)

E.TW!-.._-__.__ .__. -----
(with 236r2 flap set m.)

X3rkY 10--------------------
(Vi’IthHfmdleYPage slot.)

&ml

:%
L 7S9
.S22
.449
.222
.112

& 4m

;g

:911
.449
.224
. m

8.110
5.910
am
3.433
L 740
.919
.449

ILlm

%!
(Ax

.8s2

.444

8. Ifn

H%’
L 740
.S37
.446

Km
km

8.210

w
L8@
.924
.4m

& 210

:%J

:H

8.124

w
L~
.m
.423

am
Lmo
.449

&240

%
L 740
.857
.449

& 210
~ lm
33m
LtS6

%

8.140
&m
% 410
L~
L7@l
.m
.441

9. m
&m
4m
3.frm
2 C40
L2M

:%
.261
.135

(d=$.)

–7. 3
–7. 4
–7. 4
–7. 6
–7.8
–h 7
-46
-3.9

–7. 2
–7. 3
–7. 4
–7. 6
–K 7
–9. o
–9. 2
–&o

—l& 1
--------
.--- —-.

am
.Qa5

:E
.103

--------
-— -----
--- —...

.035

i%
.Ca3
.U3

:%
.077

J. am
.-— —.
--------

–14. 3 $.m

–1& 6

–L 1

–16. 2
--------

.—-----

?WI

---------

.0$3

s.ma
.. . . . . . . .
--. . . . . .

–L 2
,—--...,

.032
.. . . . . . . .

........
–16. 6
,.. ——-,
.--—---
.—----
. . . . . . . .
,—. . ..-.

–23
--------
-- —--- .
–17. 3
------. .
-—-----
-. —---
.. —---
-------

—.Q
—.
—.:
—.8

––i :
–13.8
——----
--------
–12 .5
.—-—--
–11.9
--------
-4.2
43
-4.2
-4.2
-4.1
-41

2;
-4.1
+.a

~.0a4
.------- .
.—----- .
--------
--------
---------

. KrJ
.-.-.-.--
..-.---—

J.ma
.—------
---------
.—--. —.
.—-.---
.----——

.101

. lMI

. Im

.0a7

%%
J.102

-------
.—------

J.la3
,-.-----

S.la
,—--——

$.m
J.m
~.m
~.m
J.IB3
J.m

.--.-..--
--------
,--------
.--——-

%*PC

0.3!
.%
.?i
.C
.%

i:
-.m
.24
.1(
.31
.3f
.a

::

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

.......
.10

------

.07
------
,—.---
,------
-------
------
. ....
—----
-----
------,
.-.---,
... -—.

.a3
-------
------,
------.
------
-. .-.-,
-. ----,
------.
-------

.07

.15

.19

.13

:~

.45
------.
-------

.70
-------

.IK1
------.

.76

.76

.69

:8
.a

::
.64
.@

a. c. I
u o .{. %&

(Pa-c%d (wA C)
I I I I

: y;: -o. lWJ L 2 -2
–. 197 -4

.0120 -. K@ ii -8

.0124 –. 210

. Ola . ... ... ... .. .--1:.. ...-..!!..

.Ui3 ------------ .. .. .. .. .... .. ... .. ... ..

.Oim ------------ .... .. .. ... . .. .. .. .... ..

.0411 . . . . . . . . . ..- . . . . . . . . . ..- . . . . . . . . . . . .

.0127 -.132 L 5 2

.01Z3 –. Ha

.Olm –. 133 ;: :

.0140 –. 137

.Ol?a . . . . . . . . . . . . . . . ..J!.. ..-. -..:-

.0215 . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .

.02.m ------------ . . . . . . . . . . . . . . . . . . . . . . . .

.Im2 ------------ ------------ . . . . . . . . . . . .
~.167 1-4~ .6 a

------------ . . . . . . . . . . . . . . . . . . . . . . . . --------- . . .
.--. .. —---- ---------- .- . . . . . . . . . . . . . . . . . . . . . . . .
------------ ---------- -. . . . . . . . . . . . . . . . . . . . . . . . .
------------ ------------ ----------- . . . . . . . . . . . . .
----------- . . . . . . . . ..- - . . . . . . . . . . . . . . . . . . . . . . . .
------------ ------------ . . . . . . . . . . . . . . . . . . . . . . . .

7.169 $_.~ 1.2 7
------------ ------------ ------------ . . . . . . . . . . . .
------------ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

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

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

7.201 s—.= L 2 7
.. . . . . . . . ..- . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . . . .
.. . . . . . . . . . . ------------ . . . . . . . . . ..- . . . . . . . . . . . .
------------ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
.- —-------- ------------ . . . . . . . . . . . . . . . . . . . . . . . .
..-. .-—---- ---.-.----.- . . . . . . . . . ..- . . . . . . . . . . . .

. 03S1 –. m 1.1 6
------------ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.m 1—.245 1.1 6
.. . . . . . . . . . . . . . . . . . . . . . . ------------ . . . . . . . . . . . .
.---------.- ------------ . . . . . . . . . . . . . . . . . . . . ..- .
----------- . . . . . . . . . . ..- ------------ . . . . . . . . . . . .
.. . . . . . . . . . . . . . . . . .._ . . . . . . . . . . . . . . . . . . . . . . . .
----------- ------------ . . . . . . . . . . . . . . . . . . . . . . . .

.0101 –. m 23 7
.. . . . . . . . . . . . . . . . . . . . ..- ----------- . . . . . . . . . . . . .
. . . . . . . . ..- ------------ . . . . . . . . . . . . . . . . . . . . . . . .
----------- ------------ . . . . . . . . . . . . . . . . . . . . . . . .
---—----- . . . .. —------ . --------- -. . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.191 1 —.~ 23 7
-.-..-.---- ------------ . . ------- --- . . . . . . . . ----
----------- . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . .- . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . ..- ------------ . . . . . . . . . . . . . . . . . . . . . . . .

.m –. 019 1.0 7
----------- . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .

1.m s—. ~ 1.0 7
. . . . . . . . . . . .— A----- - . . . . . . . . . . . . . . . . . . . . . . . .
----------- - ----------- . . . . . . . . . . . . . . . . . . . . . . . .
----------- - . . . . . . . . ..- . . . . . . . . . . . . - . . . . . . . . . . .
----------- . . . . . . . . . ..- - . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . ..- . . . . . . . . . ..- . . . . . . . . . ..- . . . . . . . . . . . .

.We9 .m .6 8

. m74
:%’

9
.m ;::
.WS .011 H
.OxQ ------------ . .._..!.:_ . . . . . . . . . . . .
.0119 .. . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .
.0161 $—.~ .5 8

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

.0184 1-. @-J L 2 11
. . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-

.W8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.0242 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.0249 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.0230 ------------ . . . . . . . . . . . . . . . . . . . . . . . .

.O.wl ------------ . . . . . . . . . ..- . . . . . . . . . . . .

.0264 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.W2 .. . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .

.ml . . . . . . . . . . . . . . . . . . . . . ..- . . . . . . . . . . . .

. oml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.m . . . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . .

.M81 .-- . . . ..–- . . . . . . . . . . . . . . . . . . . . . . . .

1&e footnDtal,& 39.
‘Weofzm td~~mtimtme apmmbmtfw~ti

7V81W ofthedrfgthat8ppfk9approximately over the entire umfuf rango of 11!1

Uft ma
CmJ6dents

J Slope of Ifft cnrm determfnd from lfnmr Ifft un-ve appmxfmatlng -anti
-..,. fe taken about the wm@namfo cantea of the Plafn wfng and k fafrly con.

llft ~
~et at M@ liftddan~

*Dfawntinnfty premnt fn the @e offti . . .. . fs taken abcmt tbe aaredynamfo center of the wing w4th nap neutral and Is
fdrf mutantatbkh Ifft tidenb.

IO%ot N. A. O. A.
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TABLE II

SECTION CHARACI’ERISTICS

I OkuffkMon

N. A. C. A. afrfoff

OhordI

ao9 . . . . . .._.. .-_ . . . . . . . . ..___ .-_.__.
am . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
W15-----------------------------------------
mls-----------------------------------------
%12.. . . . . . . ..- . . . . . . . -----------------------
23012.. . . . . . . . . .._ . . . .._. _-.-. __ . . ..__
ml%33.._ . . . .._. __ . . . . . . . . _________
2R112.- . . . ..-_ -_ . . . . . . . . . .._.. _....._-
Mm-----------------------------------------
u12.._.._.__.-. .-.__ . . . . . . . . ..___ . .
4416-----------------------------------------
6412_... _... -_._ . . . . . . . . . . . . . . . . . . . . . . .
m12----------------------------------------
m18-----------------------------------------
wm Mth split tip at w“--------------------
2X112Wltb eput Imp at w..-. _________
mlz Wltb 2put Ilap at 76”------------------
m16----------------------------------------
23015Wftb aput tip at 7P-.. __________
We-...-.- . . . . . . ..-.. --.. -.-. . . . . . . . . . . . . . .
23021wfth splft flnp at 7b0_._ . . . . .._-.-_
WIL--------------------------------------
4W2 Withqllfttipat 760_. -... -----------
mlz Wftb Z301zflap3“ rip___________
ZJI12 Wltb ZJ312 de aet m—..._._..._.-

&Cfazk Y wfth Han ey Page slot 1o------.

SE 2 c’ . ..

R, ~
(znfflfons)

8.29
a37
&61
7.84
&24
&16
arm

Hl!
7.92
7.92
a 21
&10
a45
&11
am
a 10
&37
a 21
&21
&Is
azu

:2
8.14
am

Funds.nzantel.wMon chaiaotdstks

o
0
0

–i o
–L2
–L 2

-–i :

2:
–5. 9
–7. 3
–7. 2

–12 1
–14. 3
–lh 6
–L 1

–le. 2
–L 2

–16. 5
–23

–17. 3

-Ti :
-4.3

am
.Ow
.W7
. fm
.039
. lIN
.Qa7
.C@s
.02a

:%
.W3
.@J6
.W5

@.wl
4.W4
O.@s

.0%3
d.a36

.092
6.094
. lfm

O.m
.101

4.102
O.m

o
0
0
0
.14
.a3
.20
.10
.%
.32
.22
.37
.35
.24

-------
-------I-------

.10
-------

.07
-------

.26
.. . ..-.

.07

.45

.76

Lm&

.mn
S&

.Cc170

:%%
.W-3

:$%.ml
.0115
.0127
.167
. lGS
.231
.ml

1.1fr3
.0101

T.191
.W76

r.m
.W
.0161
.0248

I

e=
..&

o
0
0
0

–. 6f3
–. cm
–. 010

–: E
–. w
-. 0s.5
–. la
–. 169
–. 132

‘–. ZO
‘–.230
l_. ~
–. m
–. 245
–. W5
–. m
–. 019
–. 225

–: E
.-- . . ..—

a. L @rcent
c from@)

1.0

i!
L7

i:

i;
.6

Jj

1.2
Lb

i;

H

k:
23
LO
LO
.5
.5

-------

AbovI

b

:
4
3
7
6

;
2
1

–;

;
7
7
6
6
7
7

:
8
8

-------1

meannm. @t310M 0[ Ilft cnrve dekmnfned from ffnmz lfft orzrve appmxfmntfng axperfmanhl
~ Type of Me affact on mazinmm Mt. Ilft me.
j Type of Uftimrve x m shown fn the sktim below: 7Ve,fne of the drag that applfw approxfrzmtaly over the autfre nzafrd range of IUt

~.~’/:-p ~:~.ft.dm.

.,,. Is taken about the rIer@mamfa mntw of the pkdn wfng and Is fafdy con.

~0- fe tien about the aanxfymemfa cent8r of the * wfth tip neutral (–??)

and k fafrly mnstant at hfgh Ifft tidant&

t Tnrbulenm ferlor fs 264.
10NOt N. A. C. A.

JAngla of zero lfft detamfned from lfnaar Mft URVe appmzfznetfng ezperfmentaf


