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TESTS OF N. A. C. A 0009, 0012, AND 0018 AIRFOILS IN THE FULL-SCALE TUNNEL
By HARRYJ. GOET~and W. KENNETH BULLIVANT

SUMMARY

An investigation wus conducted in the N. A. C. A.
full-scale wind tunnel to determine the aerodynamic
chara.cteridiw oj the N. A. C. A. 0009, 001$, and 0018
airfoils, with the ultimate purpose of providing data to
be used ag a basisjor comparison with other wind-tunnel
data, mainly in the s+udyoj wule and $urbuknce effects.
Three ~ynunetrical6- by t16400trectangular airfoilg were
wed. The .??eynoikhNumber nznge for minimum drag
w jrom 1,800,000 to 7,000,000 and jor maximum lijt,
from 1,700,000 to ~,&iOO,W. % e$ect oj rounded tip8
was determinedjor each oj the airjm”ls. Tests were also
made of the N. A. C. A. 001g airfoil equipped un”iha
OA?OCfull-span t?plit@p hinged at 0.80c. Tuft .WW3M
were included to show the progreg~”rebreakdown of $OW
near maximum lift.

~iornenium euroey8 were made in confincthn with
Jorw meagurernentgat zero lijl as an aid in concerting
force-tat data to gection we.fkientg.

INTRODUCTION

Since the inception of wind-tunnel testing, the prob-
lem of correcting and applying test rwdts to full-scale
fight conditions has existed. Theory indicates that no
corrections are necessary when all the conditions of
dynamic similitude are satisfied. One of the condi-
tions of sindarity, Reynolds N’umber, was met by the
IV. A. C. A. variable-density tunneIj in which tests me
conducted at Reynolds ~umbers in the lo-iver flight
range; however, experiment-sstill revealed discrepancies
due in part to dissimilarities in turbulence between
wind tunnels and free air. Turbulence measurements
in the hT.A. C. A. wind tunnels resulted in the use of
the “effective ReynoIds Number” (references 1 and 2)
in an attempt to improve the precision of applying
data obtained in wind tunnek with high turbulence to
flight conditions. The data upon which the effective
Reynolds iYfumbercorrection was based were, however,
limited to conventional airfoils of medium thickness
and did not incIude the variation of the effect of
turbulence with thickness ratio and other airfoil
characteristics. In order to provide data that would
afford a.broader basis for comparison and assist in im-
proving the turbulence correction, the present in~esti-

gation vias conducted on symmetrical airfoils of 17. A
C. A. 0009, 0012, and 0018 sections. The teds were
made in the N. A. C. A. fti-scale wind tunneI, which is
known to have low turbulence and to provide a cIose
approach to free-flight conditions.

In addition to force tests of the plain airfoils, the
NT.A. C. A. 0012 airfoil was tested with a 0.20.cfull-span
split flap. The Reynolds hTumber range was from
1,700,000 to 7,000,000. Momentum measurements,
made in the wakes of all three airfoils, were used to
evaluate the drag caused by the akfoiI tips and thus to
obtain section drag characteristics. The data obtained
in this investigation are presenkd in order to make
them availabIe for comparison and analysis.

EQUIPMENTAND AIRFOILS

A description of the hill-scale wind tunnel and of its
test equipment is given in reference 3. The turbulence

FIQUEEL—The N. A. 0. A. CK112alrfdl mounted In the fulkde wind tonmel.

factor of the tunnel as determined by sphere tests is 1.1
(reference 1).

During the tests, the airfoils were mounted with the , _.
main support attached at the quarter-chord point of
the airfoils (fig. 1). The angle of attack was changed
by a vertical movement of the lower ends of the rear
3upports.
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Three 6- by 36-foot rectangular airfoils having
N. A, C. A. 0009, 0012, and 0018 symmetrical sections
were constructed for these tests.. The airfoils were of

FIWME 2.—Detachable rounded tlp .fmthe N. A.C.A. OWJekfofl.

steel-spar construction witi ribs spaced at 12-~ch ~-
tarvals. The covering was x6-tiC~ akminum sheets,
attached with countersunk screws. The seams and

FmuEE S.–The N. A. C. A. 0312elrfoIf with II* MMpm spilt flap.

the screw slots were filled and the entire surface. was
then sanded, coated with paint primer, and polished to
a glossy, wax-like. finish. Tokrances on the section
ordinates were kept within + % inch.

I)etiichable rounded tips were provided for each uir-
foil. These tips, shown in figure 2, formed one-half of
a solid of revolution, the radius at each chordwise
station being equal to one-half of the local airfoil thick-
ness.

A full-span 0.20c split fktp constructed of ~-inch
plywood was provided for the N. A. C. A; t)O1.2ai.rfoil.
Figure 3 shows the flap mounted on the airfoil.

The rack used for the momentum measurements
(fig. 4) consisted of a comb of totil-head tubes and ~~
comb .of static_ tubes. These combs were pIaced 6
inches apart and the entire assembly was mounted on
the survey carriage. The detailed spacing and the

lWuEE 4.-VIewe of the rack uwd for momentummeaeurcmmti.

dimensions of both combs are shown in figure 5. The
total-head comb consisted of 39 tubes of O.OM-inch
outside diameter by 0.036-inch inside diameter; the
static comb consisted of 13 tubes of O.125-inch outside
diameter. Each tube was conneckd to the mult.iplc-
tube, photographic-recording mrmometer.carried in the ..
survey carri~me.

TESTS

Tare and interference were evaluated by preliminary
tests of the airfoils. The tare tats to determine tho air
forces on the supports were made with the mirfoilsup-
ported independently of the bd-mco by cables. TIN
interference of the supports ou the air flow was meas-
ured b-y adding two dummy support struts, shown in
figure 6, which were free from contact with the airfoils.
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Lift, drag, and pitching moments of the airfods wit-h
square tips were measured at test velocities from 2510
11SmiIes per hour over a range of angles of attack from
–7° to 27°. SimiIarruns were made with the rounded
tips on the airfoils at a .m.fEcientnumber of speeds’ to
afford comparison with the tests of the airfoils with
square tips. The N. A. C. A. 0012 airfoiI was also
tested with a 0.20c full-span split flap deflected 15°,
30°, 45°, and 60°. Wool tufts vmre used to indicate
the progression of the stall on the upper surfaces of the
airfoils.

By means of the rack previously described, simultane-
ous measurements were made of the total and the
static pressures in the wakes of the airfoils for the zero-
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FIGURE&-Combs of total-head tubss and statfo tubes.

lift condition. The measurements were made 15 per-
cent of the chord behind the trailing edge at 27 span-
wisc locations.

RED UCTION OF ~AT~

The measured wind-tunnel data were corrected in
the following manner:

Dynamic pressurewas determined from the Mference
in static pressure between two points in the tunnel.
This difference was correlated with the free-stream
dynamic pressure at the airfoil loc~tion (jet empty);
the correlation was then moditled for the blocking effect.
of the airfoil, as outlined in reference 4.

In the computation of the coficiente for the airfoiIs
with rounded tips, the added area of the tips was not
included. All coefficients are thus based on the original
rectangular area of the square-tip airfoils.

Tare and interference coefficients were deducted
from the gross coefficients. Owing to the small por-
tions of the supporting struts exposed to the air stream,

the tare drag is only about 7 percent of the net minimum
drag of the airfoils at a test speed of 100 mik per hour.
The interference correction was larger; for the thickest
airfoil, interference drag was equal to 13 percent of the
net drag for the test speed of 100 miles per hour. A
small tare and interference correction was required
for the pitching moment-,but no correction was requind
for lift.

Pitch-angle surveys in the region of the jet occupied
by the airfoiLsshowed an average stream downflow of
0.6°. This value was corroborated by the force tests
in that the angle of zero lift was 0.6° with respect to
the tunneI axis. Because the scales measured force
components perpendicular and parallel to the tunnel
a.sis, these components were corrected to obtain true

FrGUEE6.—Dummy eapports added to the N. A. C. & 0009alrfofl set-o~ b the
interference ksts.

lift and drag components with reference to the air
stream.

The jet-boundary corrections, as evaluated for the
full-scale tunnel in reference 4, were applied.

“Coefficients for inhite aspect ratio were derived from
the corrected results of the tests of the
airfoils of aspect ratio 6 by the formulas:

rounded-tip

~here
~o is angle of attack for intite aspect ratio,

degrees.
C.U,profile-drag coefficient.
A, aspect ratio.
TJ a factor correcting the induced a&le of attack

to allow for the change from elliptical span
loading to a span loading for fin airfoil with
rcctan=gydarplan form.

..— —
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u, a factor cmrecting the induced drag h allow
for the change from elliptical span loading
to a span loading for an airfoil with rec-
tangular plan form,

Values of ~=0.176 and u= O.051 for aspect ratio 6
were obtained from &ure 7 of reference 5.

A deduction for the tip drag obtained from the
momentum measurements was also made to obtain the
true section drag. @he variation in this correction
with thickness ratio for both rounded-tip and square-tip
airfoils is shown in fig. 17.) This correction is strictly
valid only at the angle of zero lift but is assumed con-
stant throughout the entire angle-of-attack range.

No correction is required for static-pressure gradient
in the stream jet because it is so small that the resulting
decrement in drag is within the precision of the scales.

No effective Reynolds Number correction is applied
because (1) maximum J.iftcoefficients obtained on air-
planes in flight and in the fU.U-scale.tunnel are in good
agreement (references 2, 3, and 6); and (2) there are no
known corrections to be applied to profile drag for the
small amount of turbulence existing in the jet of the
full-scale wind tunnel. An investigation is now being
made in which it is planned to compare the section pro-
fle-drag coefficients obtained by the momentum method
in flight and in the tunnel.

The computation of the s@ion pro61e-drag coeffi-
cients from the momentum data was ..based on the
theory given in the appendix. The formula used was

where
His the total preeaurein the wake.
P, static pressure in the wake.
I& free-stream totaI pressure.
PO,fkee-stream static pressure,
y, verticaI displacement from the traiIing edge of

the airfoiL
c, airfoil chord,

The method of computation was as follows:
1. The valuea of H and P were determined from

faired curves of total and static pressures across the
wake profile, to which a correction was applied to
allow for the vertical gradients existing in the tunnel.
The values of Ho and POwere determined from total-
head- and static-tube readings taken well outside the
wake with a proper calibration applied to obtain the
free-stream values of tluxe quantities.

2. The quantity

was then plotted against y/c. This curve was inte-
grated, the summation being the section profile-drag
coefficient at the station of measurement.

ACCCRACY

An estimate follows of the precision of the firm! re-
dts, based upon a consideration of the accuracy of the
Measurement+of air-stream velocity, balance readings,
nd angle-of-attack setting and the probable errors in
le applied corrections.

a, +O.lO.
C.w, &o.03.

dCL
~ +0.0015 per degree.

CDO,+0.0002(0.=0).
CDO,&O.0015(CL=1.0).

c ~c~,,&o.oo3.
RESULTS AND DISCUSSION

The principal aerodynamic characteristics of the
!. A. U A. 0009, 0012, and 0018 square-tip airfoils of
Spect”-tatio6 are given in figures 7, 8, and 9 for an
verage Reynolds Number of 3,400,000. Lift and drag
}efficients for the airfoils with rounded tips are also
km. -.The corresponding section characteristics aro
resentedin figure 10. Table I givea a summary of the
wdta for the square-tip airfoils over a Reynolds Num-
3rrange from i,700,000 to 7,000,000. ‘“

TABLE I
tMPORTANT CHARACTERISTICS OF SQUARZ-TIP AIRFOILS OF

ASPECT RATIO 6

{
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I?igura 7 to 9 show a marked decrease in the shmp-
sss of the stall of the N. A. C. A. 0018 airfoil as com-
ared with the thinner sections. Figures 11, 12, and
3, which show the history of the flow in the region of
,~estall for the three airfoils, offer an explanation of
ti phenomenon. It will be noted that, for the N. A,
!.A. 0018 airfoil, the initial breakaway of flow precedes
le angle of attack at maximum lift to a greater extent
lan it does for the N. A, C. A. 0009 and 00] Z”hirfoils
nd that the spread of the staLIedregion is much more
raduaL The lack of a “hysteresis” loop for the N. A.
!. L16018 airfoil may also be explained by the fact
M the unstalled flow is more readily reestaliished on
n airfoil which stalls “gradually.” Comparisons of
]rce tests with and without tufts show negligible dif-
mmces, justifying the assumption that the tufts cause
o important change in the character of the flow.
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The eflectmf Raynokls Number on tk maximum lift
and the minimum clrag coefficients of the three airfoils
and of the N. A. C. A. 0012 airfoil with the 0.20c full-
span split flap deflected 60° is shown in figures 14 arid
15. It WI be noted that-the addition of the rounded – .-
tips to the airfoils causes a decrease iu the maximum
lift coefhoient vmying from about 2.5 percent for the
N. A. C, A. 0018 airfoil to about 1.5 percent for the
N. A. C.7A. 0009 airfoil.

The vrtriationin section profile-drag coefficient across
the spa= of. the three-rounded-tip airfoils, ii measured
at zero lift by the momentum method, is” sho~vfi‘in
iiguie K ““The over-all profle drag obttiined .by an
integration across the span of the airfoils compare9 with
that measured by force tests, as shown in table 11.

;. TABLE II
—
.-~

COMPARISON OE PROFILE-DRAG COEFFIOIENT8 FO”R THE
ROUNDED-TIP AIRFOILS OF ASPECT RATIO 8 0 TAINED AT
ZERO LITT BY THE FORCE TESTS AND THE %obfEfiTuM
METHOD. R-5,W0,1MI

f

-1 t I.*:, N.&:ti A.-:-

m7
.—

.Momgttum Force test

0.ml aixtm
ma .Oood .m
MM .C07b . m6

1 \ —
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This agreement is within the experimental accuracy of
the momentum method and is suf%cient to warrant the
conclusion that this method satisfactorily measures
profile drag at zero lift. The maximum variation of
+0.0002, wbieh will be noted in the individual seotion
coefficients across the span of the airfoils (Q. 16), is
attributed ta a combination of experimenta~error and
unavoidable differences that existed in the surfaces at
the various stations. Designers shouId note that the
airfoiIaused for this investigation, as in all wind-tunnel
investigations of airfoil characteristics, were appre-
ciably smoother than wings commonly used in airplane
construction.

The inorease in drag caused by the rounded tips,
shown in figure 16, indicates that something in excess
of the section drag is measured by the force test. A
oornparison between the over-all profile-drag coefficient
of the airfoil of aspect ratio 6 and the section profile-
drag coefficient is shown in table 111. The section
profle drag was considered the average across the air-
foil inboard of the mea afkoted by th,etips. The cor-
rection for the tip drag is thus derived from the difkr-
ence between the section and the over-all profile-drag
coefficients. The section drag is obtained by deducting
the tip correction shown in &ore 17 and given in table
III from the force-test results obtained for the rounded-
tip airfoil. No appreciable variation in tip drag was
noted over a range of Reynolds Numbers between
3,000,000 and 5,000,000.

TABLE III
TIP 00 RRECJTIONS FOR THE ROUNDED-TIP AIRFOILS OF LSPECT

RATIO 6 FROM .MOMENTUM TEST. R-5,0fM,0W

Om9

I

acon I amm I 0.ml
mlz .m .0m5 *ml
mls .Wn .ooi3 .mm I

Figure 17 aIso shows the variation of this tip correo-
tion with protie thickness for the squar~tip airfoiIs of
aspect ratio 6. The supplementary drag caused by the
square tips varies from zero for the airfoil of 9 per-
cent thickness to 13 percent of the minimum drag for
the airfoiI of 18 percent thicknees. Thus the results
for square-tip airfoils, when nncorreoted for tip drag,
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greatiy magnify the increase of drag with profle
thicknees.

Figure 18 gives the variation of seotion drag at zero
Iift with Reynolds Number, obtained by applying the ___
proper tip correction to the results given in figure 15.

The aerodymunic characteristics of the N. A. C. A. ‘-
0012 airfoiI with the full-span 0.20c split flap for flap
deflections of 0°, 15°, 30°, 45°, and 60° at a Reynolds
Number of 3,1OO,OOOare given in figure 19. Figure
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FIGurm 21.—Variation of maxfmnm lKt and @e of atteck at mdmnm lift with
Zap deflection at a Regncdda Nnmk of %103,OOOfor the aquarAip N. A. CLA.
rnn fdrkmdewed mtfo &

20 gives the corresponding section characteristics and
figure 21 shows the variation of the maximum lift
coefllcient and of the angle of attack at maximum Iift
with flap deflection.

At the present time, the data herein presented and
those availabIe from other sources are being compared
with a view toward determiningg the cause and magnit-
ude of existing discrepancies.

LANGLEY hIEMORIAL AERONAUTICAL LABORATORY,

h’ATIONAL AmmoBY COMMITTEE FORAERONAUTICS,

LANGLEY FIELD, ITA., July 98, 1998.
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APPENDIX

The computation of drag from the momentum data
was made by the method developed by B. Melvin
Jones (reference 7). A comparison was made between
the drag values given by this method and those given
by the method developed by Betz (reference 8). The
ma.xbnum difference in the profile-drag ccwfiicient was
found to be no greater than +0.0001, when the
computations were based on the same data. The Jones
method wm used because of the greater. simplicity of
the computations required.

Except for minor changes in notation, the derivation
of the Jones momentum equation, as developed in
reference 7, is as follows:

Consider an airfoil in a free stream of veIocity u,
with a drag D and no force component perpendicular
to U. The drag expmienced by the body will be
caused by the change in momentum. that the body
imposes on the free stream. Thus in a plane AA
(fig. 22), far behind the body where the static pressure

B A

‘“l ‘1
pllul

------- +----a—----—-——-=. .— --

—-— -. -—”--”--- –––---—,+-------

H, Po,il

B A

FIGUZE‘22.-Diagram of alrfdl and wake.

is equrd to that of the free stream and the velocity ia

parallel to U, the magnitude of the velocity is every-
where equal to U except in a welldefined wake region
where it is less than U. If da is an element of area in
the phme AA in the wake where the air velocity is u,
the drag D is given by the equation

D=py~u(u–u)da (1)
The actual measurenmnts are to be made. in the

plane BB, where the static pressure is in excew of that
of the free stream. Then the mass %OWacross an
element cZa1, in the plane BB, where the velocity is Ul,

is puldq (neglecting the effect of angularity, which w-iI.I
be small). If the symbol u is retained for the veIocity
of flow in this tube where it passes through plane AA,
the drag, which is eqmd to the defect of momentum
crossing the whole plane AA in unit time, is given by

D=PfJu,(U–u)da, (2)

The assumption that no loss of totalpressure occurgin
the tube~ of $OW between BB and AA permits the final
velocity u to be determined from the total pressure at
section BB and the free-stream static pressure. In
the actual flow, there is a mixing that causes a widening
out of the wake m the distance from the trailing edge
increases, The method presumes that this difference

between the real and the imagined flow does not
influence the drag.

In eider to use equation (2), it must be expresso(l in
terms of the totaI- and the static-pressure mcasuro-
ments that-wilIactually be made. Theso measurements
will be:.

H, total pressure in wake at plane B%.
K static pressure in wake at plane BB,

HO;free-stieam t.ottilpressure.-
PO,free-stream stutic pressure.
y, vertical displacement from

airfoil.
Then

HO–PO+.P

trailing edge of

H- P=;pu?

Substituting for U, Ul, and u

D=2J f “3tR–P(~~- ~!)da, (3)
..

Reduced to coefllcient form, equation (3) becomes
‘.,’

This
“~o=2c%%H%%iw

equation was usecl in the computation
the momentum data.
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