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Figure 10: The c.p. at -?.9° should be 14.9 per cent
’ instead of 4.9 per cent.

The part of the c.p. curve from ~14% extend-

Figure 20:
ing to and beyond -8°% should be concave
The true form of these and other

" upwards.
C.D.« Curves may be obtained more accurate-
ly by computing c.p. values from the curves

of Cm 0/4'
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~.i ‘= TEE AERODYNAMIC CHARACTERISTICS OF AIRFOILS
_— : AT NEGATIVE ANGLES OF ATTACK

- By Raymond F. Anderson
ST - - 'SUMMARY

4 number of airfoils, including 14 commonly wuwsed gir-
foils and 10 N.A.C.A, airfoils, were tested through the
negative angle-of-attack range in the H.A.C.4A., variable~
density wind tunnel at a Reynolds Xumber of approximately
3,000,000. The tests were made to supgly data to serve as
a basis for the structural design of airplanes in the in-
verted flight condition. In order to make the results im-
mnediately availavle for this purpose they are presented R
herein in preliminary form, ‘together with results of pre-~ -
vious tests of the airfoils at positive angles of attack.

An analysis of the results made to find the variation
of the ratio of the maximum negative 1ift coefficiént to
the maximum positive 1ift coefficient led to the following
conclusions:

1., TFor airfoils of a given thickness, the ratio

GL nax GL max tends to dqcrease as the mean:pamber is

increased.

2. PFor airfolls of & given mean camber, the ratio
qu max/+CL me.x tends fo inqrease as the thickness in-

_creases. )
INTRODUCTION

There is at present little information on the dero-
dynamic characteristics of airfoils at negative angles of
attack., In the few tests which Lave been made the Rey—
nolds Number has besn low.
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The need for additional data in this range was re-
cently experienced by the Bureau of Aeromnautics, Navy De-
partment, while they were formulating rational procedures
to be followed .in 'designing airplanes for the dive and in-
verted flight conditions. Accordingly, a number of air-
foils suggested by the Bureatn of Aeromautics and a number
of N.A.C.A, airfoils were tested at negative angles of at~
tack in the N.A.C.A, variable~density wind %unnel at a
Reynolds Number of approximately 3,000,000.

Part of the results were published in a preliminary
note {(reference 1) before the testis were completed. The
present report gives all the results, including those pubdb-
1ished in reference 1 and the results of previously un-
published tests of the airfoils at positive angles of at-
tack. . .

APPARATUS AND METHOD

A Dbrief description of the redesigned variagble-den~
sity wind tunnel and its method . of operation will be found
in reference 2. The customary 5 by 20 inch poiished du-
ralumin alrfolls were used in the tests., In reference 2
will be found a description of the method of constructing
the airfolls. The specified ordinates will be found in
Table I. -

The airfoils were tested in the usual manner (as de-
scribed in reference 2) except for the method of mounting
on the support struts. When alrfoils are tested at posi-
tive angles of attack they are mounted on the support
struts of the balance with the sting and struts attachsd
on the flat side. TFor these tests, however, the airfoils
were inverted and the sting was placed on the curved sur-
face to leave the flat surface free from obstructions that
might affect the value of the maximum negative 1ift coef-
fivient.

The measurements of 1ift, drag, and pitching moment
were made at a pressure of approxlmately 20 atmospheres
and. an air speed of approximately 70 fest per. second,
which correspond to a Reynolds Number of.3,100, 060. The
tests at positive angles of attack were made under the
same -.conditions.
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ACCURADY |

After the tests were completed) chieck tests were
made on some of the N.L£.C.A. airfoils, .The maximum 1ift
coefficients were ‘found %o be of the. order of 3 per cent:
lower than the walues obtained in the. flrst testsg., It
was suspected that the difference .might have been due te -
roughening of the hoses of the airfoils by part:cles in
the air stream. Several of the N.A.C.A. airfoils were
therefore repolished on the nose and on retest-gave val-
ues of maximum 14ift coefflciente approximately egqual to _
those obtained in the first tests. It was therefore-ap-'
parent that in order "to make accurate comparison of the-
maximum 1ift coefficients .possible, .special .care was nec=
essary in finishing the noses of the airfoils. The dif-
ferences between the surfaces of -the airfoils used .in the
tests described in this .report are not known, but it is
estimated that the uncertainty in the maximum 1ift coef-
ficients resulting from possible variations of the sur-
face texture does not extceed +3 per cent. Inasmuch as
other sources of error may amount to +1 per ‘cent, the, val-
ues. of the maximum -1ift coefficlents may be considered
accurate to within +4 per cent.

‘If the results of the present tests for the Olark Y
the M—-5, the. U.S.A. 27, and the U.S.A, 3538 alrfoile are
compared with the results for these airfoils from the '
tests -made in the original tunnel, the maximum 1ift coef-
ficiepts from the earlier tests -will be found to be lover.
(Reference 3,) Although the original tunnel differed 'in
some respects from.the present one, most of the difference
between the maximum 1ift coefficients im attribuvted to the
use of unpolished &irfoils in the original tunnel,

RESULTS AND DISCUSSION : : o t

The method used in obtaininghthe final results, in- -
cluding the correctron for the influence of the tunnel
walls, is given 1n reference 3 Valnes of GL, -Cp v~ D

Om and Ca p._are plotted againet angle of attack in

Figures 1 to+24., These curvee, together with the indi-
cated values of Cp (G when Cp, =_0), present the data

in' préliminary form w1th sufficient accuracy for’ use in
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structural design. &4 technical report will be published
later which will give these and other results in a more
complete form, including tables of the data..

‘To jndicate the scale effect on the negative range
of the 1ift curve, data on the CYH airfoil are compared
in rlgure 25.° The curve from the test at low Reynolds
Nutber shows a burble at a’ comparatively low angle of at-
tack followed by a gradual increase in 1ift. .

An effort has been made to find the variation of the
maximum negative 1ift coefficients of these girféils with
the:shapes of the profiles. TFor. thls purpose: the ratdio

-0
L max has been used. . The determinat1on of . the variation
T0L max =
of this ratio with the shape of the profile is difficult
because. of the large number of variables which determine
the‘shape.' However, a reasonably consistent variation of~

Joi
1B

the ratio —2 D8X nas been found with two shaps charac— . T
L max’ -

teristics of the proflles - the thlckness (maxlmum) and

the mean camber. .

For the purpose of thisg analysis the mean camber is
defined as the maximum departure of the mean line of the
profile. from the chord, where the chord’ is taken as the
line joining the extremities of the mean line., The mean
line is defined as a l1line midway beitween the upper and
lower surfaces of the profile, ‘where the thiCkness is
meaeured perpendicular to the mean line. '

~C
In Figure 26 L _MaX pag been. plotted against the

L max
mean camber and a line has been drawn in to represent
=01 m . : _
the variation of —= T2X ith the mean camber for pro-
L max :

files of 12 per cent thickness. The values for profiles

of approximately 12 per cent thickness lie near this

line; whereas the values for thucker and thinner pro-

files lie above and bslow it, respesctively. - The ratlos

for the 2512, the 4512,.and the 6612 (which have the

mean, camber at 0.5 of the chord and a thickness of 12

per cent) have ‘the saine trend as the general trend of the "

- .
ratios; that 1s, __E max’ decreases es the mean camber in-

C1 max-
creases. The Clark Y, the Clark Y M-15, and the
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Clark Y M-18 profiles, which have %pproximately the same

mesn camber, show an incraase of L MEX as the thickness
+01, max

is increased. , (The designation M ..means that the pro-
files were thlckened from ﬁhe mean ordinates of the ori-
ginal Clark Y.) " o

The plot may be used for making an estimate of the
value of -0y pgye for any airfoil for which data are avail-
able from a varfable-density tunhel test at positive.an-
gles of attack. The airfoil .should be located on the plot
according to its mean camber (found as described above)
and thicknegs., If the_airfoil is similar to one of those
on the plét, the 1ocat1ng of 1t will be easier.

‘The'error in the estimate is 1ikely to be large if
the profile has peculiaritiés of shape stch as a sharp
curvature of the leading or trailing sectlons,.but for .
profiles of conventicnal shape, the error 1n fhe estimate

of "=C1 "nax should not exceed 12 per cent of ' the true value.

CONCLUSIONS
l. For airfoils of a glven thickness, the ratio

“SL max
+CL max

tends to decrsase as the mean cember is increased.

2. For airfoils of a given mean camber, the ratio
-C _ _ _
L mAX {onds to increase as the thickness is increased,
+GL max

Langley Memorisl Aeronauntical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., February 26, 1932,
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TABIE I

Ordinates of the Airfoils in Por Cent of the Chora

Clark ¥ x~18

Airfoil Clark Y |  Clark Y-18 Clark ¥ M-15 U.S.h. 27
;;g;us 1.50 —— —— —— -
Stations! Upper| Lower | Upper | Tower Upper | Lower | Upper | Lower | Uyper | Lower
0 3501 3,50 5438 | 5438 | 3.50 3450 350 4 3,500 1.77) 1.77
1-1/% | 5,45( 1.93 8.38 | 2.97 5495 : 1.43 6140 981 3.80 «50
2-1/2 | 6,50 1.47 | 10.00 | 2.26 | 7.21 ! .76 7.85 11| 5,071 .36
5 7490 - 93| 12.15 | 1,43 | g.g88 - 05 | "9.78 | - J94| G.ou| 19
©T7-1/2 ) 8.85| .63 | 13.61 97 | 10.01 l - 453 11,00 | -1.58) g8.22 .10
. 10 9.60] 42| 14,76 63 | 20,89 | - .87 | 12.07 | -2.05 9.19 .02
15 10.68[ .15 1645 | .23 |12.17 | -1.3% | 13052 | -2.69 10.50 | .10
20 11.350 .03 | 17.47 .05 | 12,96 | -1.56 14411 ~3,02) 1137 ' 36
30 11.70{ © 18.0C¢ | © 13.35 | ~1.65 | 14.85 1 -3.,15] 11.97| .93
Lo 1140} o 17453 0 13.01 | -1.61 1447 | =3.07] 11.68 | 1.14
50 10.52f © 16.19 0 12.00 | ~1.hg 13.35 | -2.83} 10.85 75
60 9.15/ © 14,07 0 10.40 | -1,29 | 11,61 -2.46] 9.5u .28
70 7.35] © 11.30.| © 8.39 | -1.04 9.33 | -1.98] 8.08] .06
80 5e22| O 8.03 0 5.95 | - T4 6.62 | -l.bo| 6,10 01
90 2.80{ O 4.31 0 3.20 | - 4O 356 ] = 73] 3.9 .12
95 lhgf o 2.29 0 1.70 | - .21 1.90 | - J4o| 2.26 .33
100 12 0 .18 0 A ) - 02 15| - .03 .67 .65
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TABIE I - CONTINUED

Per Cent of the Chord - Contimued

Airfoil i U.S.A. 358 | Boeing 103 | Boeing 1034 NACA M6 NACA CYH
%;g;us ——— 1.25 0.97 — 1.50
Stations| Upper |Lower | Upper |Lower | Upper| Lower Upper| Lower| Upper |Lower
0 2,76 | 2.76 2,56 | 3.56 | 2.92 | 2492 0 1 0 3450 | 3450
1-1/4%} 5.5 | 1.03 5.10 2.26 5,00 | 1.80 1.97‘-1.76 5,45 | 1.93
2-1f/2| 6.1 63 1 77| 1473 5687 142 2.81‘—2.20 6,50 | 1.47
5 7.52 | .28 | 8.56 | 1l.22} 7.0l | 1.00 4,03l -2.73 | 7.90 | 93
7-1/21 8.65 AU 1 9455 B8 1 T7.82 J2 | B.9U4{=3.03 | 8.85 53
10 915 | .07 |10.35 6ul gug | .52 | 5.7l -3.24 960 M2
15 10.56 00 | 11.53 321 9.k 26 6.82] ~3.47 1 10,58 .15
20 11.28 05 112,28 .15 | 10.00 .12 7.55|=3.62 | 11436 .03
25 8,01} ~3.71
30 11.76 .15 {12.70 .02 { 10.40 .02 8.22]=3.79 | 11.70 o}
iTy) 11.42 .28 | 12.l42 0 10.17 0 8,05} ~3.90 | 11.40 o}
50 10433 239 | 11.56 02| 9.47 .02 7.26}-3.,94 {10.52| ©
50 3.81 A5 110.21 1] 8.36 .08 5.03%1=3.82 { .15 0
65 8.30] ©
70 7008 | e | 838 | .25 6.86 | 17 | w.sgl-sus| 7| .06
80 5.02 35 6.26 L6 | 5413 30 3,06|=2.83 | 5.62 .38
90 2.72 «20 7484 JL | 3.18 L5 1455 =177 | 384 1.02
95 1450 12 2.50 851 2.14 53 .88l -1,03 | 2.93| 1.ho
100 25 00 | 1.11 | 1.00 87 «87. 26]= 26 2,05| 1.85
e e 0405 0.25 — -
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il TABLE I — CONTINUED

Ordinates of the Alrfoils in Per Cent of the Chord - Centinued

Airfoil ﬁ 22 c 72 Boeing 106 i GYtt. 398
e - 1.4%0 0.70 ——
Stations Upper| Lower | Upper Lower Upper | Lower Upper | Lower
0 3.37] 3.37| 3.191 3.49 2.98 | 2.98 | .7 | 374
11/ 5.58] 1.70 | 5.55| 1.92 E 5.26 1 leB4 | 6.20 | 1.89
v 2-1/2 6.661 1.15 | 6.51| 1.47 .1k |° 1.0 | T7.40 § 1.28
5 : g.25| .62 T7.89] 93 7.54 Jde | 9.17 .69
7-1/é 9.33 32| 8.85 64 8.56 Ol | 10.37 .35
10 10.13 .16 9.601 .43 g4 | - 28| 11.25 .18
15 11.28 .03 | 10.69 .16 10.62 | - .64 | 12.53 .03
20 12.01 o 11.36 .03 i 11.34 | - .90 13.34 o]
30 12.42 051 11.73 0 11.83 | -1.18| 13.80 .05
40 12,01 .15 | 1i.u1} .2 11.54 | -1.28 13. 34 17
50 11.Ch L4} 16.53 .59 10.5% | ~1.30}| 12.27 .27
60 9.57 .30 9.15 .85 9,08 | -1.22| 10.63 .33
70 7.68 321 7.36 .91 7.18 | - .98} 8.53 .35
80 .51 24 5.23 .72 4,96 | - .72| 6.12 .27
90 3.06{ .12| 2.80 40 o.5h | - 2| 340 213
95 1.731 05| 1l.52{ .21 1.29 | - .23} 1.92 | .96
100 ol oo 10 0 B¢ A .40 C
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TABLE I — CONTINUED ;
Ordinates of the Airfoilsin Per Cent of the Chord - Continued

Airfoil WACA 2409  @ACA 2412  [NACA 2415 |waca Wil |maca 2212

;;i;us 0.887 L 1.576 2. 460 1.576 1.576

Siope of

eyl I 2/20 2/20 I/ 20 2/10

end of chord b . :

Stations Upper | Lowsr | Upperi Lower | Upper] Lower | Upper|Lower | Upper |Lower
0 - | 0,00 =~ i“o.oo - o.co} - | 0.00f =~ | 0.00
1-1/4 1.62 | -1.23 2.15i-1.65 2.71:-2.06 ol -1.h3| 2.4|-1.46
o-1/2 2.27 | -1.66 | 2.991=~2.27 3.71!~2.86 3.391-1.55! 3.35{-1.96
5 3,20 | ~2.15 u.13§_3.01 " 5.07i =3.84 | 4.73j-2.49| L4.62{-2.55
7-1/2 - 3.87 | -2.uk | .96 -3.u6i 6.06 447! 5.76|-2.T4| 5.55[-2.89

10 .43 | -2.601 5.63 -3.75[ 6.83 -4.90! 6.59|-2.86| 6.27|-3,11
15 5.25 | =2.77 ] 6.61 —M.loi 7.97 -5.h2] 7.89]-2.88| T7.25|-3.44
20 | 5.8L1-2.79 ] T7.26 4,237 8.700-5.66| 8.80[-2.TH| T.TH[-3.74
25 5.18 | -2.74 | 7.67%;u.22§ 9,17/ -5.70| 9.411-2.50] 7.93}-3.94
30 ! 6.38 | ~2.62 7.88,=4.12: 9.38 -5.62 9.76{-2.26| 7.97|-4.03
Lo i 6.35 | =2.35| 7.8 -3.80% '9.25 -5.25| 9.80|-1.80| 7.68{-3.92
50 | 5.92 | -2.02| 7.24 ~3.34) 8.57-1.67| 9.19l-1.M0| 7.02[-3.56
€0 5.22 1-1.63 6.36 ;2.76§ 7.500 -3.90 | 8.14{-1.00| 6.07[~3.05
70 b.27 F-1.2u 5.181-2.1&% 6.10 =3.05 | 6.69|- .65. 4.90{-2.43
80 2,10 {'~ .85 1 3.75/-1.50% N.ll-2.15] L.89|- .39| 3.52 -1.74
90 1.721- 471 208 - 82| 2.9 -1.17] 2.7a- .22| 1.93|- .97
95 .ok i- .28 1.1&%- Qg 1.3 - .68 1.47(- .16 1.05/- .56
- 100 (+10)| (~.10) (13 (-13) (16} (-26) (13{(-.13) (13)[-13)
100 - l ool - | .ol - | woof - | .00f - | .00
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TABLE I - CONTIRUED

412

11

Ordinates of the Ajrfoils in Per Cent of the Chord - Continued

WACA 4509

Airfoil WACA 2512 | NACK 6512 NACA U512  {JACA L51g
;ﬁ;ua 1.576 1.576 0.887 1.576 3,645
Slope of ‘
foe ey | @/25 6/25 /25 4/ 25 4/ 25
end of chord | i
Stations Upper| Lower | Upper] Lower |Upper; Lower | UpperiLower |Upper |Lower
0 ~ ] o006 - |c00} - 000! - }0.00] - |0.00
1-1/b 2.09| -1.70 | 2.57 _1l3u 1.75 -1.12 | 2.33|-1.51 | 3.56{-2.25
e-1/2 2.91} -2.33 | 3.56{-1.82 | 2.471-1.50| 3.22{-2.07 | ¥4.79 ~3.16
5 4,020 -3.09 | 5.02|-2.26 | 3.54 -1.8% } L4.50i-2.67 | 6.49}-k.27
7-1/2 4.83 -3.59| 6.130-2.u3 | k.36 -1.99 5.&6!-2.99 7.74}-}.96
10 5.460 ~3.92 | 7.06{-2.45 5.oui-2.d5 6.25i~3.18 | S.7T4{-5. 41
15 6.4C -4.30 | 8.58|-2.27 { 6.12 -1.96 | T.u45{-3.28 [10.25|-5.89
20 7.03 =443 9,691-1.91 | 6.89 -1.75 | 8.3%{-3.17 |11.27}-6.01
25 7.40 <4 .40 | 10,501 -1.47 r.uq -1.k7 { 8.95]-2.95 |11.96}{-5.91
30 7.69 4,33 | 11.07{- .98 | 7.859 -1.16 | 9.37/-2.66 [12.37|-5.68
40 7.7é -3.90 | 11.56{~ .06 | 8.19 - .52 | 9.6W-1.97 |12.53|-%.89
50 7.2% -32.29§12.29f .71} 7.97 .C3 ! 9.29}-1.29 [11.94|-3.9Y4
60 649 -2.63110.35] 1.20 | 7.271 L2 | 8.43 - .70 |10.72}-2.98
70 5.35 -1.97 { 8.76] 1.3% | 5.13 .62 7.06{~ .23 | g.852{-2.11
80 . 3.93 -1.33| 6.54] 1.24 | L.58 .60 | 5.23 - .CH | 6.57i-1.34
90 2.18 - .72 3.68] .72 | 2.58 .35, 2.931 .00 | 3.59|- .71
95 1.19 - 42} 2.00] .33 | 1.3 .15 | 1.58 - .Ch | 2,01}- .44
100 (.13) (=.13) (.12)| (-.12)} (.09}(=.09) |(.12)|(=12) [(.19){-.19)
100 - 00 - .00 | - 00| - .00 | - .00
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21 and 8/31.

L

V.D.T7 tosts, D72 and G46.
%

Reynold's Number 3,100,000,
Tummsl wall correction applied. Dates,

N.A.C,A. 4518,

Aspect ratio, 8.

Fig. 22 Airfoil,
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Fig. 26 Veriation of .,—.—-'—*c with the mean camber and thickness of the profiles.

Mean camber, per cent chord.
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