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THER AVRODYWANIC CnARAC"ERIS”ICS 0“ AIRVOILS

AT IEGATIVE AuGLES oF AP“ACK

By Raymond F. Anderson
SUMILARY

- A nunmber of airfoils, including 14 commonly used air-
foils end 10 ¥.,1.C.A, airfoils, were tested through the "
negative angle-of-attaclk range in the W.A.C.4., variable-

] density wind tunnocl at a Reynolds Fumber of approximately

3,000,000, The tests were made to supply data to serve as

] a basis for the structural desigh of airplanes in the in-

] verted flight condition, 1In order to nake the results im-
uediately avalladle for this purpose they are presented
terein in preliminary form, together with results of pre-

¢ °* vious tests of the airfoils at 0031t1ve ansles of attack.‘

An analvsis of the results rade to find the variation

¢ of the ratio of the maximum negative lift coefficient to
tie maximum positive 1ift coefficient led to the following
conclusions:

- 1. For airfoils of a given thickness, tne ratio
—-CL max/+CL ma x tends to degrease as the mean gamber ??
increased,

1 2. TFor airfoils of a given mean camber, the ratio
-Cy, max/+CL na x tends to incresse as the thickness in-

crcases.,

INTRODUCTIOX

There is at present little information on the aero-
drrnanic characteristics of airfoils at negative angloes of _
attack., - In the few tests which hiave been made the Rey-
nolds Number has bYeen low.
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THE AERODYWA¥IC CHARACTERISTICS OF AIRFOILS AT

PEGLTIVE ANGLIS OF ATTARZ
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Tigure 103 The c.p. at =7. 9% should be 14.9 per cent
instead of 4.9 per cent,.

Figure 20: The part of the c.p. curve from -14° extend-
ing to and beyond -8% should be concave
upwards. The true form of these and other
c.p. curves may be cbtained more accurate-
ly by computing c.p. values from the curves

of Cm C/4.
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The need for additional ‘data in this range was re-
cently exrerienced by the Bureau of ‘Aeronautics, Mavy De-
partment, while they were formulating rational procedures
to be followed -in-designirng airrlanes for the dive and in-
verted flight conditious. Accordinglj, a number of alr-
folls suggested: by :the Pureau of ‘Aeronautics and a number
of N.A,C.A, airfoils were tested at neeative angles of at-
tack in the N,A,C.A, variable-density wind tunnel at a
Reynolds Number of approximately 3,000,000, ~

Part of the results vere published in a pleliminary
note (reference 1) before the tests were completed. The
present report gives all the results, including those pudb-
+ished . in reference 1 and tae results of previously un-
published tests .of the airfoils at positive angles of at-
tach.:f~- N T T T TN g, S N T
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”-: A brief descriptlon of the redesigned variable den~
sity wind tunnel and ‘¥ts cethod of operation will be found 5
in reference 2, The customary 5 by 30 inch polished du-

;ralumin airfoils were used in the tests, In reference 2

will ‘be found a descri ptivn of the method of constructing o

-the girfoils.  The specifiecd ordinatea will be found in
Table I, .

The airfoils were tested in the .usual manner (as de-
scribed in .reference 2). ex-ept for the method of mounting
on the support struts, Wzern airfoils are tested at vosi~-
tive angles of attack they are mounted on the suppert
struts of the balance wit: the sting and struts attached
on the flat side. For these tests, nowever, the airfoils
were inverted and the sting was rlaced on the curved sur-
face to leave the flat surface free from obstructions trat
might affect the value of the maximum negative 1ift coef-
ficient, Coa

The measurements of 1ift, draz, ond pitching moment
vere rade at a pressuyre c approxinately 20 atmospheres
and an air $peed of at“rcv‘;etelv 7C feet per seCOnd

‘ wh1ch correspend to a Beyrnolds Tunmbder cf 3,100,000. The

tests at pOSltlve ansles cf attack were rade ?nder.the
sane conditions, ‘ . S Do .
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After the tests were cowpleted check tests were )
nade on somé of the N.A.C. A, airfoils, ‘The waximam 11f¢t
coefficients ‘were found to be of the order of 3 per cent |
lower than the values obtained in the first’ tests. Iy
was suspected: that the difference might have ‘been due to”!:;;
roughening of the noses of the airfoills by rarticles in :
the air stream. Several of the N.A.C.A. airfoils wenre
therefore rerolished on the nose and on retest gave. vale"
ues of maximum 1ift coefficlents approyimately ‘egual to
those obtairned in the first tests. It was therefore ap- :
parent that in order to make accurate cowparison of the
maximum 1ift. coe;ficioﬂts possiole, speclal care. was nec—
essary in’ finish‘ng the Lases of thre’ airfoils. The dif-
ferences betreén the surfaces of the airfoils used in the
tests described in this report are notl knOWn, but it is
estimated that the uncertainty in the maximun 1ift cocf-
ficients resulting from possible variations of thie sur-
face texture does not excecd +3 per cent., Inasmuch as

_other sources of error may amountto +1 per ceat, the vel-

ues of the maximum lift coefficients nay be considered
accurate to within +4 rer cent, -

- If the results of the present tests for the Clark Y
the ¥-6, the U.S.A, 27, and the U.S.A, 353 airfolls are’
compared with the results for these airfoils from the
tests made in the original tunnel, the maximum 1ift ccef-
ficients from the earlier tests will be found to be lover,
(Reference 3,) Although the original tumnnel differed in
some respects from the rresent one, most of the differeics
between the maximum 1ift ccefficients is attridbrted to the

~use of unpolished airfoils in the original tunnel.

RESULTS AND DISCUSSION

The method used in odbtaining the final results, in-
cluding the correction for the influence of the tunnel
walls, 1s given in reference %, Valmes of CL' CD, CD

Crm / and c.p. are plotted against azgle of attaclk 1n

Figures l to 24, These curves, together with the indi-

cated vslues of Cmo (cC.. vhen CL = 0), preseat the data
‘ltc 4

in preliminary form with sufficient accuracy for use in
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L

structural desizn., A technical report will be published
later which will give these and other results in a more
coxplete form, including tables of the data, :
; l
To indicate the scale effect on tbe negative range _
of the 1ift curve, data on the CYH airoill are compared
in Tigure 25. The curve from,the. test at low Reynolds

Nunbér shows a burble at a_ comparatively low angle of até-
tack followed by a gradual increase in lift

) An effort ‘has been made to find the#variation of the

mqtirum negative 1‘ft coefficients of these airfoils with
the shape’s of the profiles. Tor this’ purpose the ratio

- aX has been used. The deternination of the variation
of this ratio with the shape of the profile is difficult
beceuse of the larze numter of variables which determine-
the srare. qowever.,a reasonably consistent variation of

the ratio __L max pgg been found with two shape charac-

L max o o
teristics of the profiles - the thickness (maximum) and
the mean camber. e N - .. '

‘.

For th° purp0se of this analysis the mean camber is
defined as the maximum departure of the mean line of the
profile from the chord, vhkhere the chord is taken as the
line joining the extremities of the mean line, The mean
line is defined as a line midway betveen the upper and
lo~+er surfaces of the profile, where the thickness is
measured rerpendicular to the mean line,

~-C. :
In Figure 28 ——2-338% ha5 teen plotted against the

L max
Tean cawber and a line Las been drawn in to represent
C
the var iation of _-L_max vith the mean camber for pro-
L max :

files of 12 per cecnt thickness., The values for profiles
of arrroximately 12 per cent thicliness lie near tals
line; whereas the values for thiclier and thinner pro-
files lie above and below it, respectively. ' The ratios
for the 2512, the 4512, and the 6512 (which have the
nean canber at 0.5 of the chord and a thickness of 12

per cent) have the same trend as the general trend of the

...CL

ratios; that is, fw__ﬂii decreases as the mean camber in-
' L max
crinsss,

The Ciarx’'Y, thsz Clarx Y *-15, ard the
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Clarkx Y }¥-18 profiles, which have approxiﬁately the same _

mean camber, show an increase of $6§_3§§ as the thickness

L max =
is incréased. (The designation* V '‘Feans that the pro--
files —ere thickened from the mean ordinates of the ori-
giual Clark Y. ) T : , ’ﬁ

it
|

A . . 1, L -" Y - -

The plot may be used for malzing an estimate of the
value of =Cy po, for any airfoil for which data ‘are’ aVail—w;'s,
able from a varfable derisity tunnel test at poaitive an-
gles of attack., The airfoil showld be locatedron the plot_
accord*ng to 1ts mean camber (found as described aboveg 'A

and . thickness, If the asirfoil 4s similar to one of those.
on- the plot the locating of it will be easier.

The error in the estimate is liLely to ‘be large if
the profile has peculiarities of shape such as a sharp

curvature of the leading or trailing sectiops, but for *

profiles of conventional shape. the error in the''estimate
of "CL max should not exceed 12 per cent of the' true value,

CONCLUSIONS

1. TFor airfoils of a given thickness, the ratio

-~C ) .
——L MaX teonds to decresase as the rean caember is increased.

+CL max
2. Tor airfoils of a giventmean camber, the ratio
-C
L maX tonas to increase as the thickress is increased,
+CL max

Langley Memorial Aeronantical Laboratery,
National Advisory Committee for Aeronauntices,
Langley Field, Va., February 26, 1932.
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TABIY - 1

412

Ordinates of the Airfoils in Por Ceni of the Chord

Airfoil i Clark Y Clark Y-1¥ i Clark ¥ M;iﬁ Clark Y ¥~18
L.E, | 1,50 o . o —
Radius | * .
Stationé?fpper Lower { Upper Lowef Upoer | Lower Upver | Lowsr | Upper | Lower
Y 250 3450 | 5438 | 5.38 | 3.50 | 3450 3-§0 3,501 1,77 1.77
-1/4 | 5,450 1,93 | 8.38 | 2.97 | 5.95 ; 1.43 6.40 S8 3,801 .50
2-1/2 | 8,50 147 | 10,00 | 2,25 | 7.20 0 W76 | 7.65| .11 s.07| .36
5 70901 493 | 12.15 | 1.43 8.88 | -~ .05 .78 | - LU S.6Y4 .19
7-1/2 ' 8.85] 83| 13,61 .97 | 10,01 | - 453 11,00 | -1.58} 8,22 .10
10 ' 9,60 Ju2 | 14,76 05 | 10,89 | - .87 12,07 | =2.05( 9,13 .02
15 10.68] .15 15,45 23 112,17 | -1,3Y 13.52 | =2.59] 10,50 .1C
20 11.35] .03 | 17.47 05 | 12,46 | -1.56 kb1 ~3,02] 11.%7 35
30 11.70} © 18,00 0 12,35 | =1.05 1L,85 1 -2,15] 11,¢7 .23
Lo 110 © 17.53 0 13,01 ~1.61 WwLu7 1 ~3,07( 11.68 | 1.14
50 10,521 0 16.19 0 12,00 | -1.lhg 13,35, -2.831 10,85 .75
60 9.15{ © 14,07 0 0.4 | -1.29 11,51 | -2,L6f 9,34 28
70 7.33] © 11,30 | © 8439 | =1.04 9.33 | -1.92| .08 b
80 5.22| © 8403 0 5455 | - o4 5.62 1 <1.40] 6.0 W01
90 2.80] © b1} ¢ 3.0 | ~ W40 3450 | = W75 259 .12
95 149l 0 2,23 o 1,70 | - .21 1,90 | - Jop 2,26 .333
100 Jd2 0 .18 0 A4 | . 02 151 - 03 67 .65E
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Crdinntes of the Airfoils in Peor Cunt of the Chord -~ Continued

:i%&i&li:g. U.S.4. 3FB  ; Bosing 103 | Bocing 1034 NACA M5 YACA CYH
S | — 1.25 0.97 e 1.50
—gt:-t,;“—; Uroer iLewer | Uppor | Lower Upper] Lower Upperi Lower| Uoper PBL’:L
0 .? 2,75 1 2.75 | 3.56 | 3.56 2,92 | 2.92 0 0 3,50 | 3.50
1-1/4%] 5.1% | 1,03 | 5.10| 2.20| 5.00 | 1.80 1.97i—1.76 5445 | 1.93
2-1/2} 6,11 .03 7.17 | 1.73| 5.87 | 1.k2 2,81} -2,20 | 6.50 | 1.47
5 74352 23 | 8,56 | l.22§ 7.C1 | 2,00 | 4,03 -2.73 | 7.20 .93
7-1/2| 855 | a4 | o5 | =8| 7.82 | .72 | LW -3.03| 8.85] .53
10 9445 07 110.35 Bu | g.ls 52 5.7l =3.24 | 9.60 A2
15 ‘10.56 W00 | 11.53 321 g.uk W20 5.82] =3,47 | 10,58 .15
20 11.28 05 | 12,28 .15 | 10.00 W12 7455 =3.62 | 11,38 03
25 | 8,01} -3.71
30 11.75 .15 112,70 .02 | 10,46 .02 8.22{-3.72 | 11.70 0
4o 11,42 2% | 12,42 0 10,17 0 8.05{~3.50 | 11,40 0
50 1C,.33 35 | 11450 2| 0.u7 .02 7.261-3,94 | 10.52 0
50 3.81 A5 | 10.21 Al | 5.36 .08 5.031-3.82 | 9.15 0
65 8430 0
70 7.08 L2 ) 8,28 25 | %.85 W17 4,58 -3,43 | 7.41 O
86 502 35 | 6.28 L6 | 5413 30 | 3.06{-2.83 | 5.52 38
90 2.72 .20 | 3.84 J1 | 3.18 A5 1 1.55(-1.77 3.3u 1,02
95 1,50 12 | 2,50 351 2,14 53 .25]-1.05 | 2,93 ] 1.ko
100 25 0% 1,11 | 1.00 87 &7 250 = 20| 2,05 1.85
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J TARLE 1.~ CONTIIUZ
1 Ordinates of the Airfoils in Per Cen%t of tiae Chord - Continued -
Airfoil ¥ 22 c 72 Boeing 106 Gott. 398
‘ iégius ——— 1.40 0.70 ——
é Stations Upper| Lower | Upper | Lover | Upper | Lower Upper | Lower
: 0 2.37] 3.37| 3.49{ 3.9 2.981 2,98 .4 | 3.74
; { 1-1/4% 5.58] 1.70| 5.55] 1.92 5,261 1.541 6.20 | 1.89
5 2-1/2 6.66f 1.15| 6.51] 1.u47 6.14 | 1.ch 7.&0' 1.28
5 g.o5] 62| 7.69] .93 | 75| 2| 97 | .69
; 7-1/2 9.33| .32| 8.85| .64 8.56 .04 | 10,37 35
) ;? 10 10.13] 16| 9.60| .u3 | 9.4 | - .28 | 11.25 .18
i~ 15 11.28| .03 | 1c.69| .16 10.62 1 - &4 | 12.53 .03
. 20 12.C1 0 11.36 .03 11.34 | - .90 | 13.34 0
30 12,521 .05 11.73| © 11.83 | -1.18 | 13.80 .05
4o 12,00 .15 1w .2 11.55% | -1.28 | 13.34 17
] 50 11.CL 24 | 10.53 <59 10.5% | -1.3C | i2.27 .27
€c 9.57 30| 9.15 .85 G.08 | -1.22| 17.83 .33
1 70 7.€8 32| 7.36 91 7.18 | - .48 3.53 .25
{ 80 5,511 .24 | - 5.230 .72 4,96 | - 72| 6.12 .27
oC 3.0¢E .12 2.8C 40 2.54 | - L2 2,50 13
95 1.73 .C5 1.52 .21 1.29 | - .23 1.92 05
i 1cC Al o 10| o ST INOY o | ¢
]
L.
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§
| TABLE I - COWTINUED ;
1 Ordinates of the Airfoilsin Per Cent of the Chord - Continued.
| sirfoil WACA 2400 LIACA 212 [TACA 2413 [uACA Whle  jUACA 2212
4 LOEC N g = | ’ -
j | Radius 0.887 i 1.576 2.ueY 1.576 ! 1.576
y Slope of ;
' radius pass~; oo 0 “y/20 2/10
inz through i 2/20 i /20 : 2/e ‘ /2 i /
end of chord; . ' 1 !
Stations Urper | Lower ; Ugperi Lower Upper? Lower: Upprer|Lowexr Upper Lower
0 | - 1026 - | 0.00| - 100 - |0.00 - |G.CO
. ! | :
! . i i . “
1-1/4 1.62 |-1.23, 2.15i-1.65; 2.71 -2.06] 2.h4 ~1.43 1 2.hu]-1.46
3 : ; ] : .
i 2-1/2 2,27 | -1.66 | 2.99!~2.27 3,71 -2.85] 3.3%-1.95| 3.35[-1.96
3 ’ ] N i ,
1 5 3'20 i"'gnls ! u-l}:-—z.ol ’ R 5007' —3'8)4 )‘:‘.73 "'20,‘1"9 24002 _2055
p 7-1/2 3.87 ;-z.uh! h.ssi—3.h6; 6.06'-u.u7 5.75(=2.74] 5.55|-2.39
i P i I'd
1G 4,43 1-2.6c! 5.03;-3.75! 6.83% -4.90{ 6.59|-2.85{ 6.27|-3.11 |
i . H .
. ! ] l f -
15 5,25 1-2.77] 6.61;-L.10! 7.97 -5.k2| 7.83|-2.88| 7.25|-3.44
1 i P
{ I } v
20 | 5,81 i-0.7¢, T.26-%.030 g.7cl-5.66 8.8C|-2.T4| T.7h|-3.74
' ) ' i . |
25 | 5.13 2-2.7u§ 7.67;-&.22; 9.17 -5.70 g.ul-a.80] 7.93)-3.94
] | ! ’ . -
30 R A e 9.33'-5,62 9.76|-2.26| 7.97[-%.03
Pl ! i | !
Lo b 6.35 12,351 7.200-3.200 9.25)-5.25| 9.601-1.80| 7.68[-3.92
i ' i i .
5C ; 5.82 i-a.ez ; 7.2 !-3.3h§ s.67h-u.67| ¢.15l-1.40] 7.02[-3.56
; i :
£0 5.22 i—l £3 } 6.36!-2.76; 7.500 =3.50 " 8.141-1.03| 6.07|-3.05
. | 1 o . '
70 )4027 2-1; ‘_l' t 5-185-2-1‘4: Ool;vl "3-(:5 bu :‘ - 063 )4090 -2.)43
: i i ; j
i : :
; f | 1
: |
f :
!
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Per Ccont of the Chord - Coatinued

11

Airfoil TACA DR | TACS Gila | uach he0G Loy Lsiz a0y WSIG
A

L.2. 1.576 1.576 0.657 1.576 ¢ | 3.8

Radius 7 J

Slope of

radins wass-
ing thrazh
end. of cunord

2/ 25

6/ 25

L/ 25

Stations

Upper!Lcwer

Upper! Lower

Unper,Lover

0
1-1/4%
2-1/2
5
7-1/2

10

15

20

25

30

40

5C

6c

70

- C.CO
-1.%4
-1.22
~2.26

—

>
\’l
wm

-
€.7¢] 1.35

C.00

!

T

|

!
2,47 -1.50
3.5&{-1.8&

|

- | 0.00
|

2

1.51

AW

3
A

2

3

|

t
~:’20O
'

4.53i-2,67
I
:‘-Li'\;, "2099

9-':‘-'* "‘10C7
‘:}02,‘ -1.29

.| -
So)‘;'jl" 07\)

—~
.
-~y
(9%

1
L ]
"-
R¥)

SC 3.92 ’1.33 60:’}1“? 1.2]‘+ l h.s .CC 5.?3 - OC‘+ :.)05:/ -1 .3.‘1
9c 2,18 - .72 .08 W72 | 2.5 35 2,53 .CU 3.(31- .71
H i
95 1.194 ~ .hzl 2.CC1 331 1.7 15 § 1.55 - . | o2.cri- JLY
10¢ (13) (=13 G -1 Gegl(=am9) 1 G1n)k-12) (as(-09)
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