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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol
: Abbrevia- Trs Abbrevia-
Unif tion Unit tion
Length______ l metens it Ul Sah R m foot(orimile) i me 900 ft. (or mi.)
Time o o2 E t SeEORA LT ar iy e R e s second (or hour)_______ sec. (or hr.)
HOrcers -5 F weight of 1 kilogram_____ kg weight of 1 pound_____ 1b.
Power. . =i_ B horsepower (metric) - ___|__________ horsepower_ __________ hp.
o o v {kilometers per hour______ k.p.h miles per hour________ m.p.h.
g e e meters per second_______ m.p.s feet per second________ f.p.s.
2. GENERAL SYMBOLS
Weight=mg ; : v, Kinematic viscosity
Standard acceleration of gravity=9.80665 ), Density (mass per unit volume)

m/s? or 32.1740 ft./sec.?
T
Mass=—
g

Moment of inertia=mk? (Indicate axis of
radius of gyration k£ by proper subscript.)
Coeflicient of viscosity

Standard density of dry air, 0.12497 kg-m™“s? at
15° C. and 760 mm; or 0.002378 1b.-ft.~* sec.?

Specific weight of ‘standard” air, 1.2255 kg/m?® or
0.07651 1b./cu. ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing

Gap

Span

Chord

Aspect ratio

True air speed

Dynamic pressure=% pV?

Lift, absolute coefficient C’L=q£s

Drag, absolute coefficient 0D=q_%

Profile drag, absolute coefficient C’Do=q%°,
Induced drag, absolute coefficient 0"‘=q28"
4

Parasite drag, absolute coefficient ODp=q—D§

Cross-wind force, absolute coefficient 00=q—6:s,

Resultant force

Zwl

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where [ is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-

responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s., the corresponding
number is 274,000)

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

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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TESTS OF N. A. C. A. 0009, 0012, AND 0018 AIRFOILS IN THE FULL-SCALE TUNNEL

By Harry J. Gorrr and W. KeNnNern BULLIVANT

SUMMARY

An investigation was conducted in the N. A. C. A
SJull-scale wind tunnel to determine the aerodynamic
characteristics of the N. A. C. A. 0009, 0012, and 0018
airfoils, with the ultimate purpose of providing data to
be used as a basis for comparison with other wind-tunnel
data, mainly in the study of scale and turbulence effects.
Three symmetrical 6- by 36-foot rectangular wirfoils were
used. The Reynolds Number range for minimum drag
was from 1,800,000 to 7,000,000 and Sfor maximum lift,
Sfrom 1,700,000 to 4,500,000. The effect of rounded tips
was determined for each of the airfoils. Tests were also
made of the N. A. C. A. 0012 airfoil equipped with a
0.20¢ full-span split flap hinged at 0.80c. Tuft surveys
were included to show the progressive breakdown of flow
near maximum Lift.

Momentum surveys were made in conjunction with
force measurements at zero lift as an aid in converting
force-test data to section coeflicients.

INTRODUCTION

Since the inception of wind-tunnel testing, the prob-
lem of correcting and applying test results to full-scale
flight 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 similarity, Reynolds Number, was met by the
N. A. C. A. variable-density tunnel, in which tests are
conducted at Reynolds Numbers in the lower flight
range; however, experiments still revealed discrepancies
due in part to dissimilarities in turbulence between
wind tunnels and free air. Turbulence measurements
in the N. A. C. A. wind tunnels resulted in the use of
the “effective Reynolds Number” (references 1 and 2)
in an attempt to improve the precision of applying
data obtained in wind tunnels with high turbulence to
flight conditions. The data’ upon which the effective
Reynolds Number correction was based were, however,
limited to conventional airfoils of medium thickness
and did not include 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 investi-

oation was conducted on symmetrical airfoils of N. A.
C. A. 0009, 0012, and 0018 sections. The tests were
made in the N. A. C. A. full-scale wind tunnel, which is
known to have low turbulence and to provide a close
approach to free-flight conditions.

In addition to force tests of the plain airfoils, the
N. A. C. A. 0012 airfoil was tested with a 0.20¢ full-span
split flap. The Reynolds Number 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 airfoil tips and thus to
obtain section drag characteristics. The data obtained
in this investigation are presented in order to make
them available for comparison and analysis.

EQUIPMENT AND AIRFOILS

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

FIGURE 1.—The N. A. C. A. 0012 airfoil mounted in the full-scale wind tunnel.

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
supports.

1




2 REPORT NO. 647—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Three 6- by 36-foot rectangular airfoils having
N. A. C. AL 0009, 0012, and 0018 symmetrical sections

were constructed for these tests. The airfoils were of

FI1GURE 2.—Detachable rounded tip for the N. A. C. A. (€69 airfoil.

steel-spar construction with ribs spaced at 12-inch in-
tervals. The covering was Ys-inch aluminum sheets, }
[
\

attached with countersunk screws. The seams and

FIGURE 3.—The N. A. C. A. 0012 airfoil with 0.2¢¢ full-span split flap.

the screw slots were filled and the entire surface was
then sanded, coated with paint primer, and polished to

J A S m .
a glossy, wax-like finish. Tolerances on the section
ordinates were kept within - %, inch,

Detachable rounded tips were provided for each air-
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 0.20¢ split flap constructed of %-inch
plywood was provided for the N. A. C. A. 0012 airfoil.
Figure 3 shows the flap mounted on the airfoil.

The rack used for the momentum measurements
(fig. 4) consisted of a comb of total-head tubes and a
comb of static tubes. These combs were placed 6
inches apart and the entire assembly was mounted on

the survey carriage. The detailed spacing and the

FIGURE 4. —Views of the raek vsed for momentum measurements.

| dimensions of both combs are shown in ficure 5. The

total-head comb consisted of 39 tubes of 0.065-inch
outside diameter by 0.036-inch inside diameter; the
static comb consisted of 13 tubes of 0.125-inch outside
diameter. Each tube was connected to the multiple-
tube, photographic-recording manometer carried in the
survey carriage.
TESTS

Tare and interference were evaluated by preliminary
tests of the airfoils. The tare tests to determine the air
forces on the supports were made with the airfoil sup-
ported independently of the balance by cables. The
interference of the supports on the air flow was meas-
ured by 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 airfoils with
square tips were measured at test velocities from 25 to
118 miles per hour over a range of angles of attack from
—7° to 27°.  Similar runs were made with the rounded
tips on the airfoils at a sufficient number of speeds to
afford comparison with the tests of the airfoils with
square tips. The N. A. C. A. 0012 airfoil was also
tested with a 0.20¢ full-span split flap deflected 15°,
30°, 45°, and 60°. Wool tufts were 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-

To multiplé-
fube
manometer

7o mul f/p/é/;
fube
manometer

%"

125" 0.0
Comb of static tubes

065" 0.0, x .036" 1.0
Comb of total-heod tubes

FIGURE 5.—Combs of totel-head tubes and static tubes.

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

wise locations.
REDUCTION OF DATA

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

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

In the computation of the coefficients for the airfoils
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,

108739—39—— 2

the tare drag is only about 7 percent of the net minimum
drag of the airfoils at a test speed of 100 miles 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 required
for lift.

Pitch-angle surveys in the region of the jet occupied
by the airfoils showed 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 tunnel axis. Because the scales measured force

components perpendicular and parallel to the tunnel
axis, these components were corrected to obtain true

FIGURE 6.—Dummy supports added to the N. A. C. A. 0009 airfoil set-up for the
interference tests.

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 infinite aspect ratio were derived from
the corrected results of the tests of the rounded-tip
airfoils of aspect ratio 6 by the formulas:

aU:a—%li (147)57.3

(G55
CDO:OD_W-A (1+U)
where .
, is angle of attack for infinite aspect ratio,

degrees.
Cp , profile-drag coefficient.
A, aspect ratio.
7, a factor correcting the induced angle of attack
to allow for the change from elliptical span
loading to a span loading for an airfoil with

rectangular plan form.
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o, a factor correcting the induced drag to allow
for the change from elliptical span loading
to a span loading for an airfoil with rec-
tangular plan form.

Values of 7=0.176 and ¢=0.051 for aspect ratio 6
were obtained from figure 7 of reference 5.

A deduction for the tip drag obtained from the
momentum measurements was also made to obtain the
true section drag. (The 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 lift coeflicients obtained on air-
planes in flight and in the fu'l-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-
file-drag coefficients obtained by the momentum method
in flight and in the tunnel.

The computation of the section profile-drag coeffi-
cients from the momentum data was based on the
theory given in the appendix. The formula used was

o H—P< Jﬁ—Po>
oA Sl N )
O f JE—F\  JE—P. S
where

I is the total pressure in the wake.

P, static pressure in the walke.

H,, free-stream total pressure.

Py, free-stream static pressure.

Y, vertical displacement from the trailing edge of
the airfoil.

¢, airfoil chord.

The method of computation was as follows:

1. The values 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 I, and P, were 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 these quantities.

2. The quantity

2 HE(,_JEEE)
" VHy— P, VH,—P,

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

ACCURACY

An estimate follows of the precision of the final re-
sults, based upon a consideration of the accuracy of the
measurements of air-stream velocity, balance readings,
and angle-of-attack setting and the probable errors in
the applied corrections.

a, £+0.1°.
Cr. s £0.03.

Al 5)

do
Oy £0.0002 (CL=0).
Oy, £0.0015 (C,=1.0).
(Y,,,r“, +0.003.
RESULTS AND DISCUSSION
The principal aerodynamic characteristics of the
N. A. C. A. 0009, 0012, and 0018 square-tip airfoils of
aspect ratio 6 are given in figures 7, 8, and 9 for an
average Reynolds Number of 3,400,000. Lift and drag
coefficients for the airfoils with rounded tips are also
given. The corresponding section characteristics are
presented in figure 10. Table I gives a summary of the
results for the square-tip airfoils over a Reynolds Num-
ber range from 1,700,000 to 7,000,000.

TABLE I

IMPORTANT CHARACTERISTICS OF SQUARE-TIP AIRFOILS OF
ASPECT RATIO 6

Reynolds c | aat | dc,

, £0.0015 per degree.

N.A.C. A.airfoil | Number I3 Cp sl Cy . (£>
(millions) === e de Pmin \\D/mas
l 1.8
3.0
0000 -—=-—-—=- 1 50
A
l 1.8
3.0
(B e 1 5.0 |~
(RO SRR
I 1.8
3.0
0018~ 1 5.0
0 e
1o
0012; 60°, 0.20¢ 2.2
splitflap-_ - ‘ 3.0
4.0

|
|

Figures 7 to 9 show a marked decrease in the sharp-
ness of the stall of the N. A. C. A. 0018 airfoil as com-
pared with the thinner sections. Figures 11, 12, and
13, which show the history of the flow in the region of
the stall for the three airfoils, offer an explanation of
this phenomenon. It will be noted that, for the N. A.
C. A. 0018 airfoil, the initial breakaway of flow precedes
the angle of attack at maximum lift to a greater extent
than it does for the N. A. C. A. 0009 and 0012 airfoils
and that the spread of the stalled region is much more
gradual. The lack of a “hysteresis” loop for the N. A.
C. A. 0018 airfoil may also be explained by the fact
that the unstalled flow is more readily reestablished on
an airfoil which stalls “gradually.” Comparisons of
force tests with and without tufts show negligible dif-
ferences, justifying the assumption that the tufts cause
no important change in the character of the flow.
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FIGURE 9.—Characteristics of the N. A. C. A. 0018 airfoil of aspect ratio 6.
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FIGURE 11.—The N. A. C. A. 0009 airfoil. FIGURE 12.—The N. A. C. A. 0012 airfoil. FIGURE 13.—The N. A. C. A. 0018 airfoil.

FIGURES 11 T0 13.—Stalling contours of three N. A. C. A. airfoils with rounded tips. Approximate test velocity, 84 f.p.s. Cross-hatched areas indicate stalled region.




TESTS OF N. A. C. A. 0009, 0012, AND 0018 AIRFOILS IN THE FULL-SCALE TUNNEL 7
2.4 .0110 s
. [T T waea T 1 |
@ & o——— 0009, square tips~|
22 Q\ 0100 O—— « ,rounded r __|
X // T ~——— 00/2, square
— .0 X—-—— » ,rounded " __|
-::’ o o——— 00/8, square
20 &<.0090 +—--— v, rounded r —]
9 e g
Q |
S 4 \\’\D‘ —
1.8 80080 — = b
S i e o 0 0 O O e
y § T
E > s
IS 1.6 &.00 70 = \%m\k‘“#
S E oG Gt
S = ST —oore2 | il T
G/t = 5 .0060 i 1=00q
S e e . : | : i )
P B <o sl B By ] 0 / Z <) 4 5 6 7 x/0°
3 12 Mk“//ﬂ:’/_‘ = Reynolds Number
LS 0/) = FIGURE 15.—Variation of minimum drag with Reynolds Number for the N. A. (', A. 0009, 0012,
8 = and 0018 airfoils of aspect ratio 6.
1.0 =
§
X
(8]
= 8
’ NA.CA.
o 0008, square tips
St = « ,rounded * .0/120
.8 ~——— 00/2, square 7 = ‘L I
X———  » ,rounded * & NACG‘OOS
o——— 00/8, square T o el S |
4 O—--— + ,rounded " E,-U/OU Iz‘ Z - gg//g = ,
vw———— 00/2, square -, ’7 0 ' 2
with’ 0.20c full-span BN i i
split flap deflected 60° ©.0080 1Y oy
e 8 )‘\ ,L/L\\~"/‘>__—’°_'—‘A—/- ,/f—"‘\ ,—(J,
&= T
Y ¥&x——x——_ _ﬂe—_j—‘_’/"x —\‘("—_’-\\‘—‘ e M —3
1 1 “f § '0050 I bo‘( I =] ¥\( ™ —o—
0 / 2 3 4 5x/0° i
Reynolds Number Q
FIGURE 14.—Variation of maximum lift with Reynolds Number for “5'0040
the N. A. C. A. 0009, 0012, and 0018 airfoils of aspect ratio 6. E\
3.0020
)
()
2 o
o E el ey ot /16 2 8 4 ¢ 4 8 2 /16
C,, square tips; A=6-1~ 3 /
0080 Cj, er A _]( : J Distance from center line of span, ft.
Section c;—— }
1
0070 et / E '
5 ] suppor suppor
Ptz | P
: %/ = FIGURE 16.—Variation of section profile-drag coeflcient across the spans of three rounded-tip
.0060 airfoils of aspect ratio 6 at zero lift.
0.0050
<
?
5.0040
N~
S.o030 S NA.CA:
5 S.oos0 00/8
s $ J 090 J T |
0020 Qo)i{ d //Ogﬁ)“’ = F=J_ —t | G |
0% .0070 41— == —
J r o 00/2\\ B
7ip correction,AC, square tipsa | | Q 8 0009 ~— — S i [ ==
-0010 . ” AC, rounded ' | |] 59 Ll R
| T — o N 0060 —
' kS B e
) =
6 Cin e TR 8 0050 . . .
Maximum thickness, percent chord Ui 0 / 2 3 4 5 6 7x/0%

FIGURE 17.—Eflect of thickness on profile-drag coeflicient and tip
correction for airfoils of aspect ratio 6 at zero lift and at a
Reynolds Number of 5,000,000.

Reyriolds Mumber

FIGURE 18.—Variation of section drag coefficient with Reynolds Number for three airfoils of aspect

ratio 6 at zero lift.



REPORT NO. 647—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

8
T2 I B e I Ty
0 o o (Plairy airfoil) l |
/5 a--——- A A
Z2— % o
(B} =—=——13] ]
| deg. Zg T AA\,‘
4—---—2u
2»0._— § '{ ]
18— F—=80c— ]| s, =
\ f .;(E.ﬁ aaﬁ‘ [
N Y17 I
16 20c™N" f e i st
i a2 V;L g/& ,\\‘Ed : \Il.‘ A
14 A/ 5\;\ ! 'I‘UH}‘ L
' AR W pgﬂﬁ &)
& L A T 3
*E‘I'Z ‘ )i ’\:L S jl 'GR?
y /, s / s ’I ——\J_ T
g K F VX 2 TATS 5§
:\Q\) I 7 7 KR i 7R 1 Ng
0 -6 ’ b )d =17 — .4
- A N g
f“: 6 ) p (/ : 3 9
SO WA LA L e | [0y
41/ ¥ a4 s 25
2 P s F L1 s ! :
v e —
2 HEL T L st T/
f—n—’[" Jé + - ¥
o BT ol ¢ HG| 0
/ Airforl: N.A.CA.00/2 with 0.20c full-
i o |spar split flap. Size: 6'x 36 'square
=A== tips. Average R : 3./ x10¢
Average fest velocity: 80 f.p.s.
1 Corrected for wind-tunnel effects.
g = 0 4 8 2 6 20 24 28

Profile-drag coefficient, Cay

.060

Angle of affack, a , deg.

IS
2 L ' M‘d},deg.{‘ - .
- | ———0-(Plain airfoil)
T 15 —-——45] |
2 T [——3%0 779 1
8% W |
2t T | ]
28 190 O o o i 0 N 2 A
t" —‘Z [_‘ ‘_‘-_ T T i \\\—)F’MC/T‘
i
g HEEE N
243 % 20 : SN -—Jt
. | i el L
zaé*é 70| \/ [t \*‘{,,_,L/Jc‘:p.
=) c P [ 7 [ ]
N/6g g 60 S T ==
& =9 | rA/] | | s 0
0/2 \D.) [} 80 ‘ | /‘/ ‘ I i** ‘ S0 )
IR I I 7 O O 2 5 i NEENE
S L T 1 1Al | AnAEER
s 8% PO T T UEFT TR T T T
S { }"L Ir‘f,——-j___ = \‘ﬂ_‘ = ‘ i
S 4 P o T RN B
2 1A J 0 s
~ 7 | | | il
e’ HENEENN ]
EREEERSECESS
| l O
. EEENEEEENE
8 /2 16 20 24

Angle of attack, a ,deg.

Fia ure 19.—Characteristics of the square-tip N. A, C. A. 0012 airfoil of aspect ratio 6 with a 0.20¢ full-span split flap.

[
‘|7@9I»fz|>/alfn [a/rfo//),l; +

location -

“1 | Aheaod | Above

chord

< —0.023(:__106'6 c

A

]

R

®

e
N

“ la.c.
T [ of c/4
BEEEECE T
160 L ot
EEREEEEN
S

/40 - ‘lv ——
L = L
1201— T e

4b/

100

. ) | T 0
.080 - —

Y
Q

N

(@]

.090 i VAV
020 i l,_ﬁﬁl .':}7/,*, ‘i, l‘
‘_ | i 1= \'#~ ]

R I == £ 1A | [
E o lALL N T[] ] ]
Y / LA AXL N
S g e == ‘
SN ’_)_{\ i el o x\l |
&9 7 AL -.__b‘

=2 e A S
%% a N 3:tr'*—":r_':.l.\ !
£8° % 0 # & 72 16 20 24

FIGURE 20.—Section characteristics of the N. A. C. A. 0012 airfoil with a 0.20c full-span

Lift coefficient, ¢,

split flap at a Reynolds Number of 3,100,000.

Angle of aftack for infinite aspect ratio, d, ,deg.

The effect of Reynolds Number on the maximum lift
and the minimum drag coefficients of the three airfoils
and of the N. A. C. A. 0012 airfoil with the 0.20¢ full-
span split flap deflected 60° is shown in figures 14 and
15. It will be noted that the addition of the rounded
tips to the airfoils causes a decrease in the maximum
lift coeflicient varying from about 2.5 percent for the
N. A. C. A 0018 airfoil to about 1.5 percent for the
N. A. C. A. 0009 airfoil.

The variation in section profile-drag coeflicient across
the span of the three rounded-tip airfoils, as measured
at zero lift by the momentum method, is shown in
figure 16. The over-all profile drag obtained by an
integration across the span of the airfoils compares with
that measured by force tests, as shown in table TI.

TABLE II

COMPARISON OF PROFILE-DRAG COEFFICIENTS FOR THE
ROUNDED-TIP AIRFOILS OF ASPECT RATIO 6 OBTAINED AT
ZERO LIFT BY THE FORCE TESTS AND THE MOMENTUM
METHOD. R=05,000,000

Cllo
N.A.C.A.
airfoil M
Momentum Vocies
Fost Force test
0009 0. 0061 0. 0060
0012 . 0066 . 0065
0018 . 0075 . 0076




TESTS OF N. A. C. A. 0009, 0012, AND 0018 AIRFOILS IN THE FULL-SCALE TUNNEL 9

This agreement is within the experimental accuracy of
the momentum method and is sufficient to warrant the
conclusion that this method satisfactorily measures
profile drag at zero lift. The maximum variation of
+0.0002, which will be noted in the individual section
coefficients across the span of the airfoils (fig. 16), is
attributed to a combination of experimental error and
unavoidable differences that existed in the surfaces at
the various stations. Designers should note that the
airfoils used for this investigation, as in all wind-tunnel
investigations of airfoil characteristics, were appre-
ciably smoother than wings commonly used in airplane
construction.

The increase 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
comparison between the over-all profile-drag coeflicient
of the airfoil of aspect ratio 6 and the section profile-
drag coefficient is shown in table III. The section
profile drag was considered the average across the air-
foil inboard of the area affected by the tips. The cor-
rection for the tip drag is thus derived from the differ-
ence between the section and the over-all profile-drag
coefficients. The section drag is obtained by deducting
the tip correction shown in figure 17 and given in table
11 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 II1

TIP CORRECTIONS FOR THE ROUNDED-TIP AIRFOILS OF ASPECT
RATIO 6 FROM MOMENTUM TEST. R=5,000,000

N.A.C.A. C ¢ Rounded-tip
airfoil Dy dy drag, AC),
0009 0. 0061 0. 0060 0. 0001 ‘
0012 . 0066 . 0065 . 0001
0018 . 0075 | . 0073 . 0002 ‘
, |

Figure 17 also shows the variation of this tip correc-
tion with profile thickness for the square-tip airfoils 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 airfoil of 18 percent thickness. Thus the results
for square-tip airfoils, when uncorrected for tip drag,

greatly magnify the increase of drag with profile
thickness.

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

The aerodynamic characteristics of the N. A. C. A,
0012 airfoil with the full-span 0.20¢ split flap for flap
deflections of 0°, 15°, 30°, 45°, and 60° at a Reynolds
Number of 3,100,000 are given in figure 19. Figure
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FIGURE 21.—Variation of maximum lift and angle of attack at maximum lift with
flap deflection at a Reynolds Number of 3,100,000 for the square-tip N. A. C. A.
0012 airfoil of aspect ratio 6.

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

At the present time, the data herein presented and
those available from other sources are being compared
with a view toward determining the cause and magni-
tude of existing discrepancies.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NATIONAL Apvisory COMMITTEE FOR AERONAUTICS,
Lancrey Fiewp, Va., July 28, 1938.
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APPENDIX

The computation of drag from the momentum data
was made by the method developed by B. Melville
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
maximum difference in the profile-drag coefficient was
found to be no greater than +40.0001, when the
computations were based on the same data. The Jones
method was 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 velocity [/,
with a drag D and no force component perpendicular
to (7. The drag experienced 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
e H, P, u,
@ T
H P,lu
B A

FicurEe 22.—Diagram of airfoil and wake.

is equal to that of the free stream and the velocity is
parallel to U/, the magnitude of the velocity is every-
where equal to (7 except in a well-defined wake region
where it is less than (/. If da is an element of area in
the plane AA in the wake where the air velocity is u,
the drag D) is given by the equation

D=p ) Su(U—u)da (1)

The actual measurements are to be made in the
plane BB, where the static pressure is in excess of that
of the free stream. Then the mass flow across an
element da,, in the plane BB, where the velocity is u,,
is puyda, (neglecting the effect of angularity, which will
be small). If the symbol u is retained for the velocity
of flow in this tube where it passes through plane AA,
the drag, which is equal to the defect of momentum
crossing the whole plane AA in unit time, is given by

D=p S Su(U—w)da, 2)

The assumption that no loss of total pressure occurs in
the tubes of flow 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 as 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 order to use equation (2), it must be expressed in
terms of the total- and the static-pressure measure-
ments that will actually be made. These measurements
will be:

I, total pressure in wake at plane BB.
P, static pressure in wake at plane BB.
Hy, free-stream total pressure.
Py, free-stream static pressure.
1y, vertical displacement from trailing edge of
airfoil.
Then

79

pU?

1
1]1)*‘1)02 '2

Pt

1S
H— Py=- pu*

Substituting for U/, u,, and u

D=2f fVH=P(NH=—Py—H-—-P,)day, (3

Reduced to cceflicient form, equation (3) becomes

JE=F 'H—P
=2 | X 1Y 0 )d(y/e 4
Cao f \‘H(,—P‘,( \11,,—P0>' wie) @

This equation was used in the computation of drag
from the momentum data.
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Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis | Angle Velocities
Force
g (%)aralle)l S . 5 - (Linear
. . ym- | to axis . . ym- ositive esigna-~ ym- | (compo-
Desigration bol | symbol | Designation | “hop | girection Hion || bol |nentalong | XDSUAL
axis)
Longitudinal - _ __ _ X X Rolling_____ L Y—Z ROl o~ ¢ P
Laterals oo ssa. e ¥ Pitching____| M Z—X Pitoh__-_|" <0 v q
Normals w5 = Z VA Yawing_._._..| N X—>Y Yaw. ot v w r
Absolute coefficients of moment Angle of set of control surface (relative to mneutral
i b o =M o N position), 8. (Indicate surface by proper subscript.)
" gbS RgeS " gbS
(rolling) (pitching) (yawing)
\
| 4. PROPELLER SYMBOLS
D, Diameter : 15
oAy absol =—
p, Georiotrio pioh P Power, absolute coefficient (_jp_ TP
p/D, Pitch ratio o S S
; eed-power coefficient=+/%5—
V’,  Inflew velocity 2 i 3 2 Pn?
V,, Slipstream velocity LB Efficiency
3 T n, Revolutions per second, r.p.s.
T, Thrust, absolute coefficient Cr=—; D ! : Vv
oL ®, Effective helix angle=tan“(2ﬂ_m)
Q, Torque, absolute coefficient Cq=;n—?ﬁ

1 hp.=76.04 kg-m/s=550 ft-lb./sec.
1 metric horsepower=1.0132 hp.

1 m.p.h.=0.4470 m.p.s.

1 m.p.s.=2.2369 m.p.h.

5. NUMERICAL RELATIONS

1 1b.=0.4536 kg.

1 kg=2.2046 1b.

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






