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SUMMARY

Closed-torm equations fer the 1:ft, drag, and pitching-moment coeffi-
ctents of two-dimensional airfoil sections in steadv subsonic flow are
obtafned from published theoreticai and experimental results, A turbulent
houndary laver is assumed to exist on the airtoi! surfaces. The etfects of
section angle of attack, Mach number, Revnolds number, and the specitic air-
foil tvpe are considered.  The cquations are applicable through an angle-of-
attack range of =180° to +180°; however, above about -20°, the section char-
acteristic. are assumed to be functions onlv of angle of attack. A computer
program 15 presented which evaluates the equations for a range of Mach numbers
and angles of attack. Calculated results for the NACA 23012 airfoil section
are compared with experimental data.

NOMENCLATURE
C airfoil chord, m
€4 drag coefficient
Cp friction drag coefficient
e mean skin friction coetficient
<y 1ift coefficient
Ce maximum lift coefficient (first lift-curve peak;
max
Cm pitching~moment coefficient about quarter-chord
cm0 pitching~moment coefficfent at «a = 0
Cg pressure (form) drag coefficient
K correlation parameter for atrfoil drag due to lift
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o . afrfoil section perimeter, n

t ‘i M Macit nutber

”m) dray d(vm‘;‘;um‘v Mach number
Mupy mene 0t divernence Mach nuinber
~ . .
Ml Mach number at which tread of dincreasing Titt-curve slope with incrvas-
fan M reverses; also, highest Mach number for which {s
) fovariant with M ‘
Ry Reyuolds number
Ry Rev tolds number based on free-stream velocity
1
SA mean valae of alrfoil prvs:-‘.ufc coetfticiene
AR t airfoll section maximum thickness, m
' v airfoil section angle of attack, dep
‘ e cuteff 1, above which the slope ot ¢y with M is assumed to be
% ‘ constant, deg - :
i
1 op a  corresponding to highest value of MDD' deg
i Db
& ap a  vorresponding to highest value of .MMD' deg
-“ MD ‘
L ' reference angle about which dey/dM vs o curve 1s assumed™to be a
* ' mirror {mage, deg X
! a airfoil sectfon stal! angle, approximated as X v,y des
1 stall dC\'/du 0 *
t wy angle of attack for zervo lift, deg
t
‘ i ratio of specific heats
i INTRODUCT1ON

Piloted simulation of helicop-ers or other rotorcraft in real time s
paced by the speed of solution of the rotor dynamic equations of motion.
method of iuncreasing computaticn spred is the use of a hvbrid (analop plus
digital) computer, with all rotor c:lculations being accomplished in the
analog computer. Unfortunately, this may preclude the normal practice of pro--
viding rototr blade airfoil section characteristics in tabular Jorm, since the
3 time required for the very large number of table lookups mav negate the
expected soeced advantage. Therefore, it was determined to derive closed-form
equations .or the lift, drag, and pitchiug moment of airfoll sections which
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would exhibit, fnsofar as possible and practical, the effects of angle of
attack, Mach number, Reynolds number, and the specific section type. Pub-
lished airfoit! datu were used to establish the form of equations which both
reflect generai :rends ~nd accommodate specific section type characteristics
where possible. The coefficients of the equations fust be obtained from
experimental data for the particular airfoil of interest, but the data
requirements are not as extensive as for construct.on of airfoil data tables
trically used in helicopter rotor analysis programs. '

The equations presented herein are equally applicable to fixed-wing prob-
lems, and should be useful in an' case where it is either impractical or
impossible to use an airfoil se.tion dita table. Conversely, if a particular
data table 1s desired but nut availatle, the equations provide a means of
generating the table (with angle of attack and Mach number as parameters) from
limited input data.

ASSUMPTIONS AND LIMITATIONS

The equations presented herein were derived from experimental airfoil
section data obtained under condicions of two-dimensional, steady-state flow.
The airfoil surface condition is assiaed to be representative of in-service
conditions; that is, smooth, but with a turbulent boundary layer over essen-
tially the entire airfoil. Considering the combined effects of manufacturing
defects, service wear,. environmental deposits, high Reynolds number and free-~
stream turbulence, it is reasonable, if slightly conservative, to assume a
fully turbulent boundary layer for all full-scale rotors and wings for which
no special laminar flow apparatus is provided (rzf., 1). The assumption of a
turbulent boundary layer establishes the form of the incompressible drug
coefficient (appendix B).

The subject equations are applicable only for flight conditions in which
the free-stream Mach number is less than one, The Reynolds number, based on
section chord, is assumed to be greater than 1x10%, Certain exper imental data
for the particular airfoil type under consideration must be available. Two
examples of such data are: (1) mcment coefficient at low Mach number and zero
angle of attack; and (2) at least two values of drag divergence Mach numher as
a function of section angle of attack. All such requirements are presented in
a subsequent section. '

Equations are provided in this report for section 1ift. drag, and pitch-
ing moment coefficient through an aungle of attack range f ¢180°. However,
above about *20°, these coefficients are functions only of angle of attack,
and are irdependent of Mach number, Reynolds number, and the airfoil type.
This simplification is a consequence of the very srall amount of experimental
data available at high angle of attack. ‘

It is assumed that the equations presented in this report will be applied
only to airfoils whose characteristics follow the same general trends as the
experimental data used to derive the equations (see the appendixes). For
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example, the drag divergence Mach number should be at least approsimateldy
linear witn sectfon angle of attack. oo

AIRFOIL SECTION FORCE AND MOMENT BQUATITONY

Fquations for the Life, drog, and pitehing moment ofb airteil sections
throush 180° anple of attack, derfved in appendixes A By oand O vespectively,
are presented below.  The cquations are princioallyv empivical {n natuare, and
in the low angle of attack range require as Input experimental data tor the
particilar afrfotl tvpe, These requirements are discussed in a subsequeat
section., Assumptions and limftatfons are plven {n the preceding section. To
factlitate refereace to the appropriate sccetion of the appendixes, equation
numbers from the appendixes are retained here.

Litt Coefficient

S ar > of att: s -
mall angle of attack (a = ‘stull)

dl"‘
Co T g e Il s g (AD)
dc\, de v/
= Lt B N Jtie - R AL
da d {“ + 1 +t/c [h(“ 1+ oo b ]} (A
inc
where
oom e L.
A -w
If M~ M. use
d(‘{‘ dl‘ l/ .
da (dl;v)h\c[;l + l~'+~-';~/-g [u(h - 1) + 0.6 - l)‘]} - (DA M - MDD
XN
{n lieu of equation (A2), but set dc,/da = ? 05 as a lower limit.
ap = (“0)1 R 0 s Mz H‘ (AL)
(o), - N L
a, = (a - ——— e e - >
0 0’1 My o- M, 1 ’ "1 (AS)

e N
o, " Ci¥ O CM + MY+ C MY+ (€ + M B)sin(Cq + €M) (AB)
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For negative angle of attack, the form of <« is assumed to be given by

max

equation (A6). The sign of €0 nax will be negative, and for cambered sec-

tious the constant term C; will have a different maguitude also.
ngﬁs_ggglquqf”quqgk— Fer positive angles of attack,

¢ - 0.8!3
‘max

e, = 0813 + o e (22 - ),

v N < a o220
stall

[N '
stall

where
c.

N

max
¢ = e o .
“stall de - /da o

¢y = 1.1 - 1.78[0.01745(x) - Q.7853}° ,  22° <« a < 90°

g = -l.1 + 1.78[0.01745(x) - 2.35617 , 90 : & - 160°
Cp = =0.763 . 160° £ 4~ 172.5°

cp = =5.82[1 - 0.01745¢)] , 172.5° < a < 180°

For negative angles of attack:

((" \ + 0.8113
‘ mux).l

e o= -0.813 + e Sem e (22 4 ) -20e X~
o "nug stall

where
8
o max/-n +
lnt’g stall -d.(‘.—l;-/—d\_l“‘_ o
¢y = -1.1 + 1.78[0.01745|a] - 0.7853)7 , -90° < u g -22°
cg = 1.1 - 1.78{0.01745]a] - 2.356]° , -160° < a < ~90°
cy = 0.763 , -172.5° < a £ -160°

N
[}

; = 5.82[" - 0.01745]a]] ,  -180° < a g -172.5°

‘ney stall

(A16)

(Al17)

(A8)
(A9)
(A10)

(A11)

(A18)

(A19)

(A12)
(A13)
(A14)

(A15)



trag Coefficient

Sm.’l‘llw .-'m.g‘licx;t“nt tack (]a] N \t?*ﬁ:”;l_?.‘
Ml\[) = A+ b, T \IP (R6)
b
.“1“1) =+ D, ¢ ‘\IP (B7)
nn

0.3 for any «

v

MT)D

For Mach number less than the drag divergence Mach number,

o= (e . v Bl
“d ((d)M=\ * Mo MDD ’ stall (81)
[SI) o vy
Py, = ols o fre T)e R0 D (83)
M=~ t A UL () ,
¥ f R,\J =610
. o eanh, . (BA4)
t (log " ) Ly
N»_‘ff
T L : (B%)
R = [N
Nogp - TN (3 k‘) SA
For Macli number greater than the drag divergence Mach number:
d\‘d
YT e g B M) M N " e Tstall (B2)
dt'd .
Aot 'l‘N 0 < <
H A+ Bax + Cu + Da' ap-faSal (88)
dc dc
d d .
9 _f1._9 . a >, . (B9)
dM (dM)“_a
o .
For angles of attack less (more negative) than the reference angle agp,
substitute
a' = }x‘ + 20p @ < ap (B10)

in equation (B8). Also the negative angle at which dcd/dM becomes constant
is

ﬂ(',_ = —a. + ZﬂR (B11)
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large angle of attack-

I

D21 - (e

stat | ' N
© = | ’Q‘ ' v 1 - & ! - Al
d =00 My ( SRR stall !
st
where
Lo
\
R I L o
stall dcv/dd o
€q = S8 (Usin ayt | 15° _ fab o 180°

For negative angle of attack, ¢, In equaticon (B14) {s repliced by
8 g Cmax q P

(CQ )

max’ -a’

Fitching Moment Coefficient

amall angle of attack (|2 x 20°)-

.\L"”.\'::\"'Bl, Ty

MN” =C+ Dy RN p

MMD > 0.3 for anv a

_ + ki(-m ) \ k ' ,
“m T Oy YRR RV s tstald
(cm) + 0.077
‘%t“l
- - - 077 e NS b - 20° ~ q o
m 0.077 + 20 = \‘qtall (20 ) . 0 S B astall

(Cp)ypy + 0.077

Cm = Cdyp = e e (M - ) . My
m m’MD 0.95 - M | o

For negative antles of attack:

0,077 = (¢

X
stall . ,
. - T e e R ) R 20° ~ ~ R I
Cm 0.977 20 + 20+ ), a fal !'stull!
stall
N - (\ ) - (SW?ﬂQ“: 9.q{z (M M ) M >
“m “m’Mp 0.95 - My b Man
wherea astall 1s negative,
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(B13})

(B14)

(B12)

)

(C4)

(C5)

(Ch)
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large angle of attack-

Cp = =0.00802 (o - :m‘— 0.077 , 07 o | a7° Hesa)

Cm = -o.bmiﬁin(().()zf»()l - 126, 67° « L 1" (C9)

» Cm = ~0.00838(¢ ~ 162) = 0.320 . [62° -« . _ 170° (C10)

lg Cm = 0.0387 (¢ - 170) - 0.3R7 | 170° -« 180° (€1
»; For negative angles of attack:

z ¢y = 0.00802(] |- 20) + 0.077 , -67° « < -20° (€12)

’ Cm = 0.619[sin(0.0260]a| ~ 1.26))0. 348 | -167° ¢ a < -67° (c13)

Li‘{}' Cp = 0.00838(Jul - 162) + 0.320 ,  -17¢* < v - -162° (€14

-0.0387(|.| - 170) + 0.387 , -180° 4o« -170° (C15)

i Wi m =
e}
3
i}

g INPUT DATA REQUIREMENTS
14
' .
§ The input data that are necessary for evaluation of the 1lift, drae, and
Y pitching moment equations can be obtained from airfuil section test results.
; The specific input variables, and the equations {n whicu they are used, are
listed in table 1. (It should be noted that Sas» L/c, cg/cp, and K, which are
used in the drag equations (B3) and (B5), can be obtaiued from figs. 7-10,
appendix B, respectively, ar functions of section thickness t/c.)
~ ‘
Minimum experimental dara {for a particular airfoil) necessary to eval-
uate the inputs listed in table 1 are:
i c, vs « for several M firom zero to ‘M,‘,
cq v8 M for several o
Cp vs X for several a
The effort requived for data preparation will be reduced if the following
curves are also available: C
Cy vs M
A max
MDD vs Q

MMD Vs a

cm vs a, for a low M
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The ¢, vs a curves should extend to at least the stall angle. No test data
past stall are required because the atrfoll section characteristics at ik
angles ot datteck are assumed to be independent of section tvpe. The appen-

dixes provide a4 puide to the use of the above Jdata in the prepaation of it
EXAMPLE CASE

The equations presented above were used to caleulate 1{ft, draw, and
pitching moment coefficients for the NACA 23012 airfoil section. Input dato
were ohtained from wind tunnel test results for the 23012 given in refer-
ences 2-4%, and are listed in table 2. The calculations were done by a diglital
comnuter program written to evaluate the equations over a ramge of Mach number
and angle of attack. A FORTRAN listing of the program is presented in
appendix D, Section coefticients were calculated through an dugle of attack
range of -180° to +180°, and through a Mach number range of 0.0 to 0.9, From
these results, ¢ , ., wmd ¢ at M =0.1, for « = =20° to +180°, are plotted

' d m
in figure 1.

Calculated and measurced (ref. 2) section aervodvnamic characteristics at
low angle of attack tor three Mach numbers, are comparced in figure 2o Overall
good apreement was realized, although some details of the 13010 behavior were
not repraduced, since the equat fons are Intended to be sufficientlv peneral to
represent most airfoil scctions, No offort was made to tailor the iaputs to
improve the correlation.  Fxperimental dara for the 23011 at hich anule of
attack were not available., Fivure 3 presents measured and calvalated section
coefficients as a function of Mact number. In this case, the cxperimental
data are from reference 4. Again, generally good agreement was found,

CONCLUDING RIMARKS

The airfoil section equations presented in this report were developed
principally by fitting curves to a relatively limited set of experimental
data. Some ac -uracy was sacrificed to obtain general applicability to a range
of airfoil types. The utility of such equations can be judged onlv tn the
context of thelir intended use. If high accuracy is not required, these equa-
tions provid: the abilitv to calculate airfoil section aevodvnamic cocffi-
cients at any angle of attack, over a wide range of subsonic Mach numbers.

The principal application of the equations will be in fixed or rotary
wing computations for which it is not practical to use graphical or tabulated
section data, or for which a data table must be generated from limited irput.
The equations alse provide a method vor calculating section lift, drag, and
pitching moment at very high angles of attack (f.e., -180° < a = 180°).
Experimenta: data of this tvpe are available for very few airfoils. Another
important application is in the prediction of section characteristics at high
subsonic Mach numbers in cases where such data are incomplete.

T




APPENDIX A

l\lf‘vl'\';\'l‘l(\N OF LIFT COFFEFICTENT FOUATTONS

SHMALL ANCLE OF ATTACK

In the section angle of attack ranpe 0 2

Lt

a0

B ]

eltects o

- 3;. et o WL e

Ceimnpres-

sibility, Revnolds number, and the specific airfoil section of intorest aore

considered,  For angles of attock below the stall, the section Litt

assumed toe e linear:

de

< 4"1—(1—4‘); s

Litt-Curve Slope

Mach number and thickness effcers- Kaplan's rele qret.

Flarall

curye is

(AD)

to

represent the effects of compressibility and airfeil scction thichne.s on Fite

curve slope:

de. de ) t/c 1 .
R = I R AN ‘ } - ) v ‘ _ \
d« /. dx ‘Wct“ + 1+ /e [;( 1) + it + 1)¢( 1 ]

-~ = section thickness to chord ratio

1.4 for air

-
h

so that

dci dCl] t/c . . .
(d.,, “\& {“ Bl U AL IO ”'],
comp inc

(AD)

The utility of this relation was investigated by comparing calculated and mea-
sured (ref, 2) lift-curve slopes for several alrfoils over a range of Mach

M above 0.3 was obtained

numbers, as shown in table 3. Lift-curve slope at
from the measured value at M = 0.3 and the ratio

{de,/ea) o3,

(dey/dadyi. g
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R .
caleutated with cauation (A2).  The JiV erence hetween the 0 cab o 00 he
measu-od liftt-curve slope was U7 or le=e e cept for ofe Mo e tar e

alrroil.

For the airfoiis considered in table 3, and other a'rtoils pr o sented in
reference 2, the trend of increasing Lift- "urve stope with Mach nueer
reverses above approximitelv M = 0.8, Pewever, there is no discernible pat-
tern to the rate of Jdecline., References 5 and 6 present "svathesiczed™ qirtoil
section data (for the NACA 0012 and 0015, respectivelvi which do ¢xhibit o
smooth deviine of lift-curve slone above the reversa o This smoothness i< due
to the manner. in which the awirtoil characteristics wers derived: an iteration
between successie assumption of airfoil data valnes o nd comparison or caloa-
lated with measured rotor performance.  The average “ate of decline of tite-
curve slope for the two sets of section data is

'l‘d\’./dt)
S e = <0.45 per dew

"M
Let M at which the trend of the lift-curve =logce reverses be Moo Then,
for M above M, the lift-curve slope will be '

dec . de
— = I - (0.45)(M ~ M.), per deg
Hcomp ’

de . de L
Tl W = e - ¥ - 1) SEGRERTG R
da dl)in‘ -t 1+ t/e [»1( 1) + 0.6¢( 1) J ( ( ()

(A1)

It is necessarvy to set a lower limit for equation (A . Again, the data avaitl-
able (e.v., ref. 2) are not sufficiently repular to provide a trend.  There-
fore, the lift-curve slope for the highest Mach numboer presented was measured
for several airfoils in reference 2, The average valee {s 0.05. Thus the
lower limit of equ.:tion (A3) is assumed to be

dc
da

>'0.05 per deg

Revnolds number effects— Afrfofl section lift-curve slope is a weak func-
tion of Ry up to 1107 or 2-1GY, and is essentially independent of Ry for
hipher values (refs. 2 and 3). Therefore, for most uses, lift-curve slope caa
be assumed to be constant with Ry. The value of incompressible 1ift-curve
slope used In equation (A3) should be selected with consideration for the
likely Ry range to be encoantered. This value is alse a function of tho
specific airfoil secticn considered.

Angle of Zero Lift

Mach number effects- The variation of airfoil section angle of zero lift,
ag, 1s smaitl with M and mav be neplected, until M reaches a high subsonic

11
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valuc. Then, for most airfoils, a5 decreases in magnitude with furtuer
increases in M. Table 4 presents measured iy vialues for M above Ml.
vacre M, s the highest M in the experimental data for which «, remains
<t a constant value. (The Mach number M; is also the Mach number at which
the trend of increasing litt-curve slope with Increasing M reverses.) The
data in tabie 4 provide no consistent trend. For six of the sections, there

-~ is a strong decrease in the magnitulde of «, with M, for M above M,

However, for three of the sectlens. the decline of o, {is slight, wirile fer
two cther sections, the decline of «, {is reversed as M continues to
increase. . Since a general cxprossiunkfor gy WA desired, 1t wis assumed
that the variation of scction angle of zero 117t with M can be adequately
represented by a straight line above My:

a, = (“0)1 , 0 MM (AS)

(0.0)1 - (“0)?
Th= M?»-—-(M1 -M) , M>M (AS)

('!0 (\10)1 - 1

Mach number M, {s some convenient M > M for which 1, can be determined
from the experimenzal section data. Note that for symmetrical airfeoil sec-
tions, a, = 0 even for high Mach numbers. Thus, for symmetrical sestions,
G, = (u“gl = (1), = 9.

Revnolds number cffects- The angle of zero lift (low Mach number) of an
airfoil section is determined by the camber. The extensive section data pre-
sented in reference 3 indicate that o, 1is not significantly affected bv
Reynolds number.

Maxfmum Lift Coefficient

Mach number effects- In the angle of attack range below the [irst lift
peak, the varifation of afrfoil section maximum lift coefficient, CCmax’ with

M may be categorized as: (1) throughout the range of interest, c

max
decreases with M, or (2) in part of the range, clqu increases with M
(but decreases otherwise). Experimental data for both types are shown by the
solid curves in figure 4, »nd bLoth can be fitted by polynomials of the form

Cp = Cp 4+ CM+CM 4 MY+ C M+ (C + CMB)sin(Cq + Cy M) (46)
max :

Fits for two specific airfoll sections are shown by the dashed lines in
figure 4. For the V23010 - 1.58 (type 1 above), only the first three terms
of equation (A6) were required. However, for the VR-7 (type 2 above), all
ten coefficients are nonzero. In %“oth cases, the functions were obtained by
use of a least-squares curve-fit program. ‘ ‘

Reynolds number effects- Figure 5, from reference 2, presents “he com-
bined effects of M and Fy for two airfoil sections. It can be seen that the

12
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effect of {ncreastng Ry Is to shift the complete oy ve M ocurve upwards,

‘ max
with the curves tending to collapse together above aboul RN « IN1O" fn one
sase, and abeve about Ry = 6010%  for the other. Therctore, the constant O,
tn cquation (A6) above will be determined (from low M oxperimental data tov
the particular scectton) as a tuanctioa of the expected Ry ranwe.

Negative angle of actack- Experimental data tor o

\
max

of attack, as a function ot M, are not avatlable tor most afefo’l scctfons,
It {8 assumed that the vevfatior of ¢ with M at negatfve o has the
miax

at nepat {ve anpele

same form as for posftive . The sign ot ¢, {s negative, of course, and
‘ \ ’\

nax

for cambered sections the constant term ¢ o cquation (AB) will fwve a dif-
ferent magnitude as well as a different sign, The ¢ term {8 obtatned trom
the experimental 1ift curve at low M. If no data are avatlable tor negative
Cy even tor ltow M, 1t can be estimated as

max . |
“ i LA - e (A7)
( \n\.u)__‘ . ( 'mux)‘u Voaey

That is, for a cambered section, nepative o {s Tower (o mapnitude than

‘max
the posftive o by an amount Jdouble the T incvement Jue to the canber.

max
The accuracy of this estimate was evaludated by comparving it with measuared
values tor sceveral airtofll sections, as presented (o tanle 5.0 The cvror s
less than 1O (o six of the seven cases studfiod.,

LARGE ANGLEF OF ATTACK

Verv 1ittle expertmento! section Tt coefticient data tor anple ot
attack more than a tew deprees above the stall angle arve available.  Section
Lttt coetficients through 1807 for the NACA 0012 and the NACA 63A0LD arve
presented fn figure 60 A curve it ot these data tn four segments s given
hy '

coo= Ll - 1U7810.01745(x) - 0.7853) APANNNINNE [N (AB)
¢, = =Ll + 1LT8[0.01745(0) = 2,356]7 . 90° &« « 160° (A
cp = =0.703 160° & w < 172,5° (A1O)
Coo® =SR2 - 0.01745(0) ], 172.5° ¢ a + 180° (A1)

Fquat tons (A8) through (A1) are taken from reterence 7, except that (AB) =
bepun at ao= 22%  rather than 16° since this yields better agreement with the
experfmental data {n tigure b,

It s assumed that afrfofl sectfon Hfe coefficient at larpe anglea of
attack {s an odd, svametvic function about o = (0 (even for cambered sections).
Thus ¢y for large nepative angles s glven by the above equatfons, except
that the sign of ¢, {s reversd:

v
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coom =1L 4+ L 7810017450} - 007883, B (A1D)

o = Ll = LB100LYAS ] - 20 0] 1607 < a oL =90° (A1)
cp o= 0,703, 17205 - 4 o -160° (A1)
o= 9821 - 0L01T4S (], -180° _ o _ -1720.5° (A7)

Fquat fons  (A8) throupgh (A1%) are assumed to hold tor all airfoil sections,
regardless of camber, thickness, M, or Rn-

Bue to the meager amount of test data for ¢ ahove stall, the section
ittt coetticient is assumed to be g straight line between o and

L .
ve 2% Then, from equat lon (A#), max

¢ - 0.811

‘ ' maX )
e 0,813 4+ s e (22 - ), a ~ 220, (Al®)
v 22 - a < stall
stall
where it is assumed that oy occurs at
max ,
\"\»
- s ALT)
Tatall de /da o (

If the particular airfoll sectton exhibits gradual stall characteristles,
equation (A17) dous not accuratelv predict the angle at which o oCCurs.
max

However, ecquation (A17) may still be used (n equatfen (Al6), because the pur-
pose of the latter {s to approximate the U curve in the region between the
(assumed) linecar Hit-curve reglon and the high angle of attack region

(v 2 22°).  For uegative angles of attack,

‘. ) + 0.813
MiAX /-~y

o= -0.8 + - e e (22 . T L
i 13 2N+ “nog stall ( tw) ' 'ncg stdll(Ma)
where
((.Q )
[l - ---u‘_'.u;x~ :_f_‘_ + 19)
‘neg stall de o /da Yo A .
14
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APPENDIX B
DERIVATION OF DRAG COEFFICLENT EQUATIONS
SMALL ANCLE OF ATTACK

For afrtoll sective angle ot attack less than the stall angie, section
drag coetticient s essent{ally constant with Mach number below the drag
divergence Mach numbev Mpp.  Above  Mpp, the drag tises very steeplv, thus
It is assumed that

. . . s . R
“a " b d)M-\\ * Mo NDD * Y ald {

‘ U
. - . W ’ - . . . . )'.\‘
4 (¢ d )M"{ + M M Hnn) . M Nl‘l) . Voo etall (!

whoerte (l"')”-‘). ad /L’M. aml M

, are tunctions of section anple ot attack,
| [HA)

Dray Coettictent at Fow M

Section drag coetttetont tor smooth afrvtetl= at low Mach number, with
fully turbulent boundary laver (the tmportant case tor most pract ieal apptid
vapions), mav be estimated (rets 1Y by

WO s Mo T MO Ty Y
d M t Ao (SN (Y
¥ t R\. AR U

\

[LRA]

Fquat ion (B was devived tor svymmet theal atrtofl sectionsy howaever, as sbown
by enperimental data presented dn reterence 1, camber has oa small ottoect on
the minfoum deay coetticient. Further, an fnspection ot the sectfon data (o
reterence 3 shows that minfmum oy occuts at approsnfmately o« 00 tor bath
svimet tieal and cambered sectfons,  Thetetore, as discussed o reterence 1,
the o vs o relation obtatned torv a svimet vical afrtofl wmay be applicd with
pood accuracy to an alrtodl with the same thichness distvibution but o coame
bered mean line.  The tactors Sy, Loy cg/ep, and Koave constants tor
specitie atvtoll section, and are obtained from graphs provided tnaveter
cive L Those graphs are repraduced here as tigures 7 through 10,0 The turbu-
lent skin triction diay coettlclent iz vepresentad by '

) 0,455
\ -~

T e, ) )
vR -
Nt'tl

reterence 10, The ettective Ry (vel. 1Y s glven by

. . 1Ly -,
hNt-ff ) '\Hl‘ N ) *RA (K

15
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where Ry, 8 based vn free-stream veloelts and airteil chord, except waere

1t is specitically taken as 62100 (thivd term of eq. (839,

Drag Diveryence Mach Numben

The Jrag divergence Mach number of an afvtoll section is detioed as the
Mach numwber for which (dvd/dM) = (0,0 as afrspeed [ increased at coastant
attack,  Measured dray divervence Mach nuebers for sevenal

sectton angle ot
data peints in

atrfotl sectfons are prescated o topure 110 The My
figure 11 have been fitted with straight Pines, or combinat fons of two straight
cood for the NACA
range

Tines in the cambored atrfofl cases. Corvelstim s very
L=digit, S-dipgit, b6S-serfes, and Wortmano alriolls, througbont the o
for which data weie avadlable.,  However, the data tor the NACA 6 -sevies
afrfoils bave a shift to ditferent strodpht=line sepments above about 5% aaple
of attack. Also, the NACA 64A-serles data appear to have an obroapt tloctua-
tion at about w = 10%, 1t was »ot establisbed whether a geocral trend ot
b-serfes alrfoils s represented by these data (1tso note that dhe NACA 64 =015
data are well represented by a straight Tine).  Sfnee a general expression was
destred, ft was assumed that  Mp,  can beorepreseated by equotions of the torm

M = A+ By, ooy, (Bb)

bh

¢+ Da, G~ (87

M
wn P
n i

where  ap is the peck of the Mpypy data.  For svmmetrical scections, TPy,
is zoro, P = A, and D = -8B, Studv of experimental data in reterences 3oand S
fndicates that My Is never less than 003, repardless of angle ot attack,

Slope of ‘4 Curve Above Ml)l)
The slope of the ¢ curve above  Mpjy was measured fromn expesimentad
data for soveral afrfofl sectionsg, and the results are precenced to tipure 12,
The curves plotted fo the (igure were obtafned from least-squares corve Cits
of the experimental data.  The 4d-diglit sertes airtolls are ecasily represented

by curves ot the form ‘

de d
- m A+ Ba+ O
aM A Ba + Ca

However. the trend of (deg/dM) 18 more complex for the other two sections
studied. Curve fits of the form

de d

JR ) N ",
aM A+ Bx + Ca- + Da

were required to duplicate the rise and then leveling-oft of the experimental
data. Note that the quadratic equations will turn upwirds, and the cubic

16
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equat fons downward, at high o, Therefore,

{t {8 Lecessary to use a cutotf,
3§

o above which (dcd/dM) fs assumed to be constant:

de .

m" L+ Be 4+ Cat +Dalt, AL (B3)
L .

de e . .

(”3 - aé‘ . a > oag, ‘ (B9)

=
-

Experimental data tor (deg/dM) through a signtffcant range of nepative
angle of attack are not avatlable. Therefore, ¢ {s assumed that the dcd/dM
curve s a mirror {mare about a reference angle, ag.  For example, for the
NACA 2312 section showa {n figure 12, the nepative data point
as  ap, and o ag = -17. For symmetrical scctions, uy = 0.
less (more negative) than ap, substitute

{s chosen
Thur tor gneos

a' - I.\I + ZuR . 4 g ' (BRI

tor o in cquatfon (B8,

Also, the negative cagle at which (\lcd/dM) becomes
constant fa

S IR AT (BRI D)
LARCE ANGLYE OF ATTACK

Experfmental sectfon drag coefticients through 1180° are presented tor
two NACA airfoll sections in figure 13,
coetticient data In figure b,
s piven by

These data are companion to the Yite
The curve fit of the data shown {0 figuie 13

cg = 2 WBUstn ot 15° & |al o 18o0° (B

The lower Hmit of 15° for equation (B12) {w arbitrary, but refloects the fact
that the eftfects of section type and of Mach number are significant onlv for
smill «a.  Fquatifon (B12) was obtained from refsrence 1, but the constant

factor has been increased slightly to provide better correlatton with the
experimental data in flgure 17, Equat{on (B12) {« assumed to be applicable to

all afrfoil sections, regardless of sectlon thickness, Revnolds nuamber or
Mach number.

If section angle of attack {3 greater than Yqtalle but less than 15°,

the drag cocftfcfent {3 assumed to be a strafght Line between Ogpatl  and
15°: | o

0.:“)— ((‘d‘h\‘gtdll ,

. - ) - e - . N i ~ '
cq = 0.219 o T“alw[lT— (as - |a]) . Yatall [a] ~ 15°  (@Bh

17
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where agea1q 18 assumed to be the angle for Lpax’

' c
. 0
max

“stall dc;/ET AN

For negative angle of attack

)

» CPnax in equation (B14) is replaced bty

c .
(Cepan-a

13

(B14)
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APPENDIX C
DERTVATION OF MOMENT COEFFICIENT EQUATIONS

SMALL ANCLE OF ATTACK

.

The variation of airfoil section pitching moment (about the quarter-chord)
with Mach number {s small below the moment divergence Mach number, .and mav be
neglected in that region. Also. the moment is essentially independent of
Revnolds number. For most airfoils, the slope of the moment coefficient curve
is approximately constant (often zero) with angle of attack until the stall

angle is reached, vhereupon ¢, breaks sharplv. Therefore, it is assumed
that

dcm

ot emy t T @ MiMe . el

(c1y
o]

*stall
.where ¢ is ¢, at a = 0. At positive stall, ¢, breaks in the.negative
(nose-dow() ¢, direction. At negative stall, the reverse is true.

Moment Divergence Macn Mumber

An inspection of experimental airfoil section pitching moment coefficient
plotted igainst Mach number (e.g., ref. 4) shows that, at a fixed angle of
attack, cp 1s essentially constant with M until a certain M {5 reached,
whereupon ¢ diverges rapidly with further increases in M. A pitching
moment divergence Mach number is defined such that Myp {s the Mach number
for which ;dcm/de = 0.5 as alrspeed 1s Increased at constant section angle
of attack. Using this definition, Myp as a function of angle of attack was
obfained trom experimental data for several airfoil sections, and {s plotted
in figure l14. Although there is some scatter, the data are reasonably well
fitted by straight lines, or combinations of straight lines. Therefore,

Myp will be represented by equations of the form

Mp = A+ Ba, a2 ap - (c2)
MMD = C+ Da , a < ap ‘ c3
D

where uPMD is the peak of the data. For symmetrical sections GPMD = 0,

C=A, and D =~ -B Experimental data in references 3 and 4 indicate that
MMp 1is always greater than about 0.3, for any angle of attack.

19
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Above Stall or M

' v MD

3 There are verv few data available for pitching moment above stall or

i MMp, and no general trends are discernable. It s assumed thaco g YJrivS
3', linearly with . between agy 1y and 20° (assumed to be the start of the

5 i large o region). A linear relation of ¢ with M is also assumed between

Myp and M = 0.95. At M = 0.95 it is assumed that o has reached the
N same large-a-region value of -0.077 as at .« = 2%, The selection of M=1.8%
! for this relation is arbitrary. Thus,

) (cm)‘ + 0.077
Py Tstall _ o “
% 1 Cp = -0.077 + 39 = o (20 - ) ,. 20 n Yeeall (C4)
'if:‘{ stall
{ (cqdypy + 0.077

MD .
3| = - - ~ 5
it m * Codup = THos T M) 0 M T e )

v Note that the condition .« > agryy11. M > MMp may occur, in which case equa-
; tion (C4) is used to evaluate (“m)MD tn equation (C5). For negative angles
'2, of attack, these equations become
A
o 0.077 - (c),
K : LLELE NPT 20° > Jal ~ | PR
3 ep = 0077 - T ¢ A ¢ Yarall
i stall
y

and

(c) - 0.077
m'MD

o c. = (c ) = - M-M_), M> €7
] m = Cadyp = Too9s T o wp

where astall is negative.
i LARGE ANGLE OF ATTACK
} Experimental section pitching moment coefficients through ¢180° are pre-
¢ sented in figure 15 for the NACA 63A012 and NACA 0012 airfoils. A curve
; through the data was determined in four sections, 23 shown in figure 15. The
r curve is given by
? ¢y = -0.00802 (a - 20) - 0.077 , 20° < o < 67° (c8)
‘ cp = -0.619{s1n(C.0260a - 1.26))0-3%8 | 67° < o 5 162° (€

¢y = -0.00838(a - 162) - 0.320 , 162° < a g 170° (C10)
Cp ™ 0.0387 (a - 170) - 0.387 , 170° < a g 180° (C11)
The lower limit of 20° for these large-angle equations is arbitrary.
20
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Section pitching moment at large aungle of attack 18 assumed to be an odd,
symmetric function about v = 0, even for cambered sections.  Thus cm for
large negarive anptvcs {s glven bv the abeve equations, except that the slpn of

¢y s reversed (¢ s positive)
cp = 0.0UBO2(] «] — 20) + 0'077 , ~57° Lo s =20° ()
Cm ™ 0.619!s51n(0.0260] x| - 1.26)]0: 98 | -162° « a « -p7° (13)
Cq * 0.008,8(Ia] - 162) + 0.320 , S170% & a0 v -162° (Cl4)
Cm = -9.0387(|a] - 170) + 0.387 , -180° « a <« -170" (C15)
21
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APPENDIX D

COMPUTER PROCGRAM FOR EVALUATION OF AIRPOTL

SECTTON AFERODYNAMIC CHARAMCTFRISTION

A dlgit.l.’. computer propram was written to allow rapid evaluation of the
airfoil section force and moment coefficient equations presented o this
repori. The program calculates section 1itt, drag, and pitching moment
ficients for angles of attack trom -180° to +#180°%, and for a
numbers (M - 1.0) which mav be selected by the user, Input
spectific alrfoil type under studv are required. sample fopat tor the
NACA 23012 airfofil section is presented in table . Caleulated outpur is in
the torm of 1ift coefficltent, drag coetficient, and pitchine mement coett §-
clent tables. In each table, the calculated coetticient is printed as o tune-
tion of section angle o7 attack and of Mach number.  Caleulated acvodvaamic
cocflicicats for the NACA 23012 are plotted {n figures 2 anl 3.
were caleulated by the program as a resud  of the faput data shewn in table 2
A FORTRAN listing of the computer program {s presented in tnis appendix.

voe ! -

tanve of Mach

Fhese data

22
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TABLE 1.- DATA REQUIRFMENTS _

Inpuf—aata

e

Equation—hhﬁiepg‘n‘

Lift coefficient

(dc,/d
t/c
My, M,

“)inc

(ag)ys (o),
cy coefficients
max
Cl . C10 for +a case

c, + C10 for -a case

(A2}, (AD)

(A2), (A3), also figs. 7-iC

(Ad),
(as4),

(A4),
(A5)

(AS)

(A6)
(A6)

Drag coefficient

MDD coefficients A, B. C, D

a
Pop

RNO

dcy/dM coefficients A, B, C, D

8¢

YR

(B6),
(B6),
(BS)
(B8)
(B8), (B9},
(B10), (B11)

(R7)
(B7)

(B11)

— s

- —_

Moment coefficient

-

Myp coefficiants: A, B, C, D |(C2), (C3)
ap (c2), ¥
MD
Cu, (c1)
tifm/da (c1)
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TABLE 2.- SAMPLE INPUT FOR NACA 213012

st (s s S SRS DN GRS PSS

Symbol FORTRAN Value Symbol FORTRAN Value
i name name

- NMNP 10 L/c RLC 2,035
-—- SMACH 0- Sa SSA 1.18
--- DMACH .1 | Cg/Cp | CSCF .037
t/c TC .12 K FK 1.55
RN, RNO 8.10x10°% || Coefficients for Mpp:
(dcg/da) (.| CLAL .100/deg A AMDD 0.730
M, AMACH1 .80 B BMDD -.0246
(ay), ALFZ1 | -1.20 deg c ONDD .830
M. AMACH2 .85 DMDD .0246
(ag), ALFZ2 -.70 deg || ap | ALFPDD | -2.0°
Coefficients for +c _ : A ag . ALFCUT | 10.0°

(o C1 1.622 ag ALFREF | -2.0°

(o C2 .337 Coefficients for dcy/dM:

C3 c3 -2.316 A ACDM 0.274

Cy Cé .0 B BCDM .0253

Cs C5 .0 c CCDM .00273

Cy Cé .0 D NCDM .000264

Cy c? .0 Coefficients for Myp:

Cg c8 .0 A AMMD 0.810

Cq c9 .0 B BMMD -.026

Cio C10 .0 C CcMMD .910
Coefficients for “Clpa-t D DMMD .026

C CIN -1.200 %Pyp ALFPMD | -2.0°

C, C2N -.250 Cay CcMO -.010

Cs3 CIN 1.716 dc,/da | DCMDA .0014/deg

Cy C4N .0

Cg C5N .0

Cg CéN .0

Cy CIN .0

Csg C8N .0

Cq CON .0

Cio C10N .0

31
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TABLF 3.~ MEASURED AND CALCULATED LIFT-CURVE aLoPF
. FOR_SEVLRAL AIRFOIL SFCTIONS

) 75 SE
Measured'’ Calculated _
Ait‘fol] Mach de /du de . fdn I)lflorum e,
section numher Vi : 4
’h A o perdeg | perdeg i |
| NACA 0012 0.36 n.103 — ——-
: .40 .108 0.108 0.0
I .60 .128 127 .8
f .80 .200 194 -3.0
F'NACA 23015 . 30 . 100 - _—
’ .40 . 105 .105 L0
.60 L1720 L125 4.2
.75 .155 .170 9,7
{ NACA 63A012 .30 .100 —— —
i .19 .106 104 -1.9
! .58 125 121 -3.2
; .74 .160 .157 -1.9
[ ,
{ VERTOL .30 122 _— ——
i V23010-1. 58 .40 .124 .129 4.0
l .60 145 <151 4.1
| .77 . 240 .206 ~14.2
i VERTOL VR-7| .30 |  .110 - _— |
.40 .118 115 2.5 |
.62 .138 .139 7
.75 .180 .178 -1.1
‘leeference 2.
quuation (A2).
32
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TABLE 4.- MEASURED MACH NUMBER EFFECT ON AIRFOL
SECTION ANGLE OF ZERO LIFT

Afrfoil a (ap)y, P
sect ion M) deg M deg Reference
NACA 2409-34 0.80 ~2.5 0.83 {-0.5, 3
NACA 4409-134 .70 | -4.5 .80 [-1.9 3 !
NACA 23012 .80 | -1.2 .85 | -.7 2 :
NACA 23015 .78 | -1.2 80| -.9 2
.83 1 2.0
NACA 64A(4.5)08 .81 | -2.2 .85 |-2.0 2
.90 { -.9
.96 | -.5
NACA 64A608 .81 | -4.5 .86 {-2.5 2
.90 | -.9
.96 | -.5
NACA 64A312 .75 | -2.3 .80 -2.0 2
.85 A
_ 90| -.2
NACA 64612 .76 | -4.5 .80 [ -2.6 2
.85 ] -.4
.90 | -.3
V23010~-1.58
with T.E. Tab .77 .5 .82 .2 2
.86 .2
VR-7
with T.E. Tab 75§ =2,0 .82 | -1.1 2
.92 (-1.7
VR-8
with T.E. Tab .85 -.8 90 | -.& 2
i .95] -.6!

dMl is the highest Mach number in

mental data for which

value.

@, remeins at a

33

|
L

!

i

the exrori-
constant

N e 1 A A A __J

VRV SR NI PISRAw S SR I SRR

S0 O D Y S O



el sl

TABLE S.-

!
{ -
l . Adrfotl Measured ¢,
ma x
section *“—j;:-'*":T‘*—ﬁ
1. S S L ———— e
| NACA 1412 L.60 1 -1.20 |
) NACA 2412 | 1.70 | -1.08 !
NACA 44)2 1.64 -.78 |
NACA 631-212 1.58 ~1.18
NACA 63,-412 .72 | -1.00 |
NACA 65,-212 1.45 } -1.10 |
1.65 L~.8() L

NACA 65,-412 |

% S
Reference

3.

‘\
"Equation (A7).

34
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L

Measured :I
ey
0.1
.26
/%
.23

15

‘
-
|
|
I
j
|

MEASURED AND CALCULATED LOW MACH NIMBER o
- FOR NECATIVE ANGLE OF ATTACK

max

R B ““’]

dl\ullttd : Plrur.j

((‘ \ A

L omax - T .
-1. 3,3
-1.13 L
~.78 " 0 f
-1.12 -5.1
-1.02 A
-1.19 l B.2 |
-.95 18.8 ]

&

-—d . h e v s s N o




vreTm

-1.2
-20 0 20 40

a, deg

Figute l.- calculated e, dray., amd pltching—moment coefticlents for the
NACA 23012 ajrtoll section, at M = 0.1.
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OO0OA MEASURED, REF. 2
CALCULATED

1.6 ~ T

1.2

o
I

LIFT COEFFICIENT
K'Y
1

N

=
e
b

(a) Section 1i‘t coefficient.

Figure 2.- Calculated and measured aerodynamic characteristics for NACA 23012
airfoil section.
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"

DRAG COEFFICIENT

(b) Section drag coefficient.

Figure 2.- Continuved.
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12
OCHADD MEASURED REF 4
c——. CALCULAYED
1oy
.8 r—
&Y
A4
JAY
c, 24 A
o dey
8
0 D {
Do
0 -
\ 4
0 A 4
03 a 5 6 7 8 9 o
MACH NUMBER
GV Rection noem! ¢ WL e sent
NI Y Caloalored and ceasared Actedvaemic character croNAY
dIrictl secton.
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— O0AND MEASURED, REF. 4

CALCULATED

IO N N ,j

S N N N ; Ds.
D AAAND . 0 B,
A__Z / [AY l‘

—o—;/ ! |
el U ar EIO'B i

b | | 1 | 1 Do | -
3 4 5 .6 .7 .8 .9 1.0
MACH NUMBER

T T PERTT. S e -

(b) Section drag coefficient.

Figure 3.- Continued.
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O0ADD MeASURED, REF. 4

A CALCULATED
a, deg
0 QW p W 6 o E) 8{
)

.3 4 5 6 7 8
: MACH NUMBER

(¢) Section pitching.moment coefficient.

Figure 3.- Concluded.
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MAXIMUM LIFT COEFFICIENT

MAXIMUM LIFYT COEFFICIENT

201 ———— AIRFOIL SECTION V23010-1.58,

EXPERIMENTAL DATA, REF. 2
- = ~= ==~ CALCULATED

— e,

>
T

T

5
uJ

)
|
”

(a)

20 [~

AIRFOIL SECTION VR 7,
EXPERIMENTAL DATA, REF. 2

= == == CALCULATED

=
m .

-
~N

o L ! L 1 I
o .2 4 8 .8 1.0
MACH NUMBER
(a) Airfoil section V23010-1.58.
(b) Airfoil section VR-7.
Figure 4.- Maximum 1ift coefficient.
42
— e e e B St b b S d e ot iyd—




1.6—
14
c
"max
1.2+
AIRFOIL SECTION
NACA 64, — 215
1.0 L | | | [ . ]
16—
Y
O 1.5x168
O 3.0x108
1.4}~ o
O 6.0x10
0O 9.ox10®
c
tpmax 12 =
104
A N
—— AIRFOIL SECTION
NACA 64 — 210
. 1 l | | I J
o .1 2 3 4 5 .8

MACH NUMBER

Figure 5.- Effect of Mach number and Reynolds number on airfoil section maxi-
mum 1lift coefficient.
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R

o e o=

TR YA T

l‘. l o " —e

AIRFOIL M REFERENCE
A NACA 0012 £0.2 9
O NACA 63A012 0.3 8

= EQUATIONS (A8), [A9), (A10), AND (A11)

Figure 6.- Airfoil section 11ft coeffic:ent through 180°,
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Figure o= Measured afrtfofl section drag divergence Mach number,
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Figure 1l.- Continued.
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Figure 11.- Concluded.
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61 T dCy/dM = 0.274 + 0.0253  + 0.00273 o2 - 0.00264 o3

0.399 -0.0378 o + 0.00245 o2

’@‘\\ 0.466 - 0.0261 o + 0.00137 o2

O NACA 001234, REF. 3
0.147 + 0.0127 o + 0.0111 o2 - 0.000874 o3 Q NACA 2312, REF. 3

O NACA 23012, REF. 4

{7 FX69-H-098, REF. 4
0 ] 1 _ i 1 N
-2 0 2 4 6 8 10 12
«, deg
¥igure 12.- Slope of

tg curve sbove drag divergence tach number.

52



_AIRFOIL M REFERENCE
A NACA 0012 ~ 0.2 9
O NACA 634012 0.3 8
4
2 B EQUATION (B12)
2.0
1.6
Cd 1.2
.. |
80 100 120 140 160 180 200
a, deg
Fipare 13d.- Airtoil section dray coett cient through 1807,
»
53
T T T T T T T L e it i e ke el e el e e e e



1.0 My = M £OR WHICH IdC,,/dMi = 0.5, AT CONSTANT
MEASIKED FROM EXPERIMENTAL
8l DAT2 IN REF. 4
=
4 O NACA 23012
A BHC.540 {5YMME TRICAL SECTION)
0 FX69-H-098
2 1 i B . I L | _
10
T MEASURED FROM EXPERIMENTAL
DATA IN REF. 12
8F

At
O NACA €4A010
O NACA 64A310
2 1 1 1 { 1 ) ] _J
-6 -4 -2 0 2 4 6 8 10 12
«, deg

Figure 14.- Measured airfoi' section moment divergence Mach nuabe. .
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