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ADVANCT RESTAICTED EFPORY

AIRFOTL-CONTOUR MODIFICATIONS BASED ON ¢~CURVE
METHOD OF CALCULATING PRESSURE DISTRIBUTION

By Theodore Theodorsen
STMMARY

A rethod, based direct’y on the so-called ¢€-curve
method oublished originally in 1931 in N:34 Report |
Noe. hll, 13 nresanted for use In naking mciifliz-tiong
to the sheoe <o) nressure dlstribution of a zivnn air-
foll. In 2wrticular, 1t may be dceirable t3 romove
exceaslive lrrazui~»itlus or loecal wesir In the Alg-
tritution. T ~.-!'s nrocess it may b2 pregaired that
gertaln paramcters of the alrfolil oe konpt warhzured;
for 1narﬁncc. th» angle of zero 1ilt, che i.uel 1ift
goefflictant, or 12e moment coefifintant, From Al &ce~
derric viewp ﬁ‘*u, an altared distributzon csrot bLoa
"prescr;aed“ tactuse sorzliarce wiih L4e rejairemant of

maintalning u Laniocelan {1low field i3 fnvol-ed. A
oregcribed distributisa ean ther ove unt 1o obtained
by 1terrtina. The prosese, howesuar adagusata, is
necegsurlly one of qualitetive modifizations. goveral
numcrical sxameles illustrating the use of the method
v»e glven In the upuendix.

TRTRODUCTI ON

In 1931 the author introduced the so-called e-curvu
mcthad for naleulating the pressure distribation on air-
foils of arbitrarr shuane. (Ser referance 1l.) The
merit of thin meltwird dspends esc-utlellr on e fact
thiet the pealli'e; intsgral relotion cun bz solved by &
rapldly convargant nrosess. In the »resent popor the
preblaem of effesting ,“ances iIn 2 glvem prosasora dlse-
tribulicn 13 coan.cerzd The withod 1s beied dlrcetly
on ths importcnt v lo~1+y ro"ru‘a {XTT) ef rafcr;nce 1
rewritten aq formuala (35') ia {ferarce £, a lat.
report. RPaferance to Lhes» napers i3 made “epeatedly
herein with subsequent omlasion of the details con-
cerning the use c. the €-curve mothod.
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the iAdeel 1ift soefficient, the *deal angle of attack,
and the anzle of rero lift are retelned. This change
Is purely lecal and aextremely roastricted la nature; only
minor changes wlll suhbndt %o this stringent tyne of
restralint. In ordar to make a lerier change, the con=-
dition of constant angle ol zero 1ift may be ralaxed but
tlie cequlrement of a cnnstant 1deal 14{t cnefficient
retalned.

in Important case ef aiteraticn i1s the case iIn
which the moment coz2fZlctient 18 kept constant. it 1s
shown Iin raefercnce 2 that the moment depsnds on the two
lowest harmonlas in tum ¢ (m)=-ncuvve, dy prescribing an
alteration 4e¢(®) ceontaining higher harmonics than the
gecond the nresaure distrlinutisn may Le altered without
affesting tre womint aoefflelent, Nere, 2l no, further
restrictions may or may no* bto imposad. In ganeral,
tha more reestrictlons inposed, thu more manipulations
are requle:sd to adjust the e-zarve.

TENTATTVE PRZBLTRE CHANOES

Yow a tentatlve pw»ecssare change i1s trauslated into
a ochange in tre ¢€-curve will now be tndlcated. The
€{8)~ and €'Q)=-survas are assumed tn be avalladle from
the method ~f raferenze 1l.

A pressurs varfatlcn An along the contour may bLe
tentatively prescribeld. 31nce this exect craage is nnt
expacted anyway, oxast relationchins '‘nvolving Ap need
not be used, It 18 szen foron the velocity formule that

1
Evz or lts equivalen%, the vressure », measured from

the stagnation pressure, 1s given very nearly as
WA
Py Z\V
de
A (i + 260

where A 1s a function of nositinn only. with simllar
acocuraay, therefore,




NACA ARR Fo. IL4GOS

and, finally,

°, -

ae = a9
ks

where the integral is to be taken over the range in
which the tentative pressure change is glven. Because
this oressure change is improperly chosen, the value of

]

2w

Ac=f AP 4o
Py

0

for the whole range in which the chenge is glven will
not, in general, cecome zero nor will the aree under the

Ae=curve
27
s
Y]

become zero as requlrod oy the condltions on € glven

in reference 1. It 1s of psramount imvortance at thls
noint to repeat thet the originally prescribed pressure
1s necessarily unettairable, as is shown by the frct that
the two foregolng integrals sre, In genersal, different
I'rom zero. It will be noticed, however, in the following
¢iscussinn that the essential "shepe" 2ffrct may pde ree
trinsd, The process is simply to make the A¢-curve
conform to the given requirements by a sultuble adiuste-
ment involvin: tiw loast nossible change in the weneral
faym of the Je-curve, Thnls adjustment is made Ly
chanzing tie lozatian of tho maximwr and minimun polnts
on ths curve apr ny extending the curve beyona the
original rar;e. The area under the (e¢-zurve can also
be made zerc by cheniling the refleren:e or mssn value.

Two besic norditions must theref-re os impnsed on the
€=curve; namcly, that the two foregning interrals be
2Er0, Saveral exsmile® arc treated In ths appsndix,

™nally, & vressure change for constait moment coef-
ficlent must be considered. It will Ve 3een from rel=-
erence 2 that the moment depends on the twn lowast
harmonics !n the €(v)-curve and the velue of ¢€n. The
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nrocess 1a us fHllows: Preecribe 2 tentative preasure
change Ap, find the sorraspordlng 4¢, edjust to comrly
with the two basic conditlons proviously mentioned, and
determine the followlnu four integrals

1 aw
A, —f A¢ sin @ do
Fs f‘ c

2
_ f a¢ co3 @ 4%
"
f Ac 8in 29 4o
Q
314
/ d¢ cos 20 49
0 .

AJ sin @ + '-31 co3s © + Aa 8in 2¢ + BZ cos 2@

from the initial ie-fanetiosn, the resulting Ae¢ 1s made
free of the two lowest harmonics,

By removing

In gsnerel, ¢&p will be changed sllghtly by the
removal of the two lowest harmonics., By adding a third
harmonic

.0.3 ain 39 + 35 cos 3o

both the magnitude und the slope of ¢ 8t the tralling

edge may bs left unchanged. This end ies attained by -

choosing the proser values of A3 and 3,. Thus, in the
e

function

Alt = -Al gin @ - Bl cos ¢ ~ A2 sin 29

- B 0020+A3s!_n30+5 cos 3¢

2 3
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‘ the constants A3 and B3 are determined by making
Alz =0
q =
a; Alt =0
for
) ¢
‘ o=+ B
i where L
B=¢p .
To the second order in 3, there results for A5 and
3 3
E - 3

Ay = -;-(Al - 2;) + }(88, - 586 + -;-(lm,l - 58,)8%+...

By =B ~ B, ~ (1B - 28,)6% +...

Thus, the six constants are known and the desired change
in the Ac¢-curve 1s given.

COMCT.UDI NG REMARKS

Tt has been pointed out that the so-called inverse
problem docs not exist in a strict sense of the ta=rm,
because a possible preasure distribution cannot be pre-
seribed unless the new airfoll contour is antually glven.
An airfoll corresvonding to a given pressure distribution,
therefnre, cannot in general be arrived at by an itera-
tion 7rocesc or by any ather method. Tt is showvrn that
snly certain yualitative modifications may o2 efiected.
Such alteratlons fall loglecally into several 1ndunerdent
ATAU28. Attentlon 1Is glvea to lncalized variations, in
which not only the thislmess factor but alss> the 1deal
' angle of attack and the angle of zero 1ift are kept con-

atant. 0f interest, also, are the pressur: changes
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APPENDIX
EXAMPLES

Five cases are treated as examles of the airfoll-
contour-modification method of calculating pressure dis-
tribution:

I. R.A.F. 15 eirfeil {sece table I); local changes on
lower surfase; anzle of zers 1lift, 1ldeal angle
of attack, a1d 1ldesl 11ft coefficlent kept con-
stant

Re 8. 1. 15 cirfoil; locsl chenges on lower surface;
mement coeffirient end angle of zero 11t kept
sonstant

Alrfoll contour generated from € = D.1 sin {(a - uSOL'
Vg = 2.1 (ses table IT): ideal 1lift coefflcient
kept constait: angle of zero 1ift and idesl angle
of amttack =harged

Alrfoll 2ontour same &3 in case 1T1I: angle of zero
11Tt kept ennstant

Alrfoil sontour serme 83 in case JTU; restrictions
same as in case T &3 &n example of too severe
restrictions

Cese T 1s vased or. the R.A.F. 15 alrfall, for whlch
figure 1 shows the shnne and the pressure distributlon.
The purpose of the intendsd slteration is to romove the
vavy line ~n the bottom surface. The first step as
indicated 19 to draw u tentetive pressure districutlon.
In the curve at the top of fizur: 2 the z0rrcsoonding
tentative changu in pressars 1a plotted szalnst ths
engls 9. Thae next sten 1s to draw the adlusted curve
for which the aresa

/%:‘-dc):’J
¢ -]

Thus u closed A¢-c.urve 1s assured for case I; this curve
13 called the adjluszta:l surve and 213 shown in the center
of flgure 2. Tt 15 ulso necessary to msXe the arecsa
under the Ae¢-curve
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'//Zt do= 90

This car bs dons readlly withcut altering &€, Or Aa¢q,
as shown by tke line for caso T, for which

”n
/Atdo=0
¥

The corresnonding Ay-~urve ls shown at the hottom of
figurs 2. The moctfiad alricll shaps rnd oressure
distrinution for 29se2 7 are shtowa in figurs 1. Note
that the nrezsure dlstriLution astually obtalned differs
fror the tenintive »nrearurs distriiution and thet no
change has oncur~ed 11 the angle of zero 11ft or in the
1daal angls of uttack.

Jase TT 1s also based »n the ™A F. 15 airfoll,
with ths requirsment lamesed that the ricment ccefiiclent
snd the engle of zere 111t remnln constart. ne tenta-
tive pressure dlstritution Lz the sore uz that usod in

sasse J. The %i—curva sdjanted for zero arca and the
3

dfr=curve adiusted fopr z2ero ares ars therefore 1dentlcal

with those of caze 1. In thic case {t !s necessary to

gomply with the regulremert thet the flrst and sezond

harmoning te reroved and that some third bsrmonice be
added to retnin the value of ST. 28 shown in the dis-

cuseion, the funation

A€ = -Al sin ©® - 3; ¢03 @ - A2 sin 2¢ - Bz cos 2@
+ A3 8in 30 + 53 cos 39

1s to be added, where

an
4¢ sin p deo
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2o
8¢ cos @ AP
21

Ae 8in 2¢-do
Lo

21
f Ae cos 2% 4o
0

A,

[ %(Al - 28,) + %@31 - 5855 + %(1“‘1 - 5a,)0% ..

33

By adding A,e to Ae cf case I, the A¢-curve called
4

cnse IT ¢nd the corresnmonding Avy-curve in figure 2 are
obtalined, The reculting modified alrfoll contour and
pressure dlstr!bation are shown in flzure 3. Thils case
s bast sulted for walrtelning zero moment creffinient
in &irfril scctlons uscd in sutogrros and helicopters,

= Bl - Ba - (‘U}Hl - 382)324'---

The f2llowing thvce casas, cases J1 to V, ure based on
the airfoll scctlon zenersted from €= 0.1 nin (@ = 15°),
v, = 0.1, Tha orlgiananl sand ths tentative oressure
distributions ars skown in figurc L(a). Tn fimure L(b),
an/n, 13 ahown nlotted against the aagle . The
tontat!ve nriszure curve 12 sdfusted for zero 4res as
befors. The ecorrzsmonding Le-nurve la marked "Case
TITM n fi-ure 5 =2nd the zorresoméing AV-curva s
narked "Caze TIT" in flgura 6, "hus fur three cholces
have Leor trustads

(1) Tae =2xnet shage > curve ITT 1o roteined by
chang'ng ths z3r) llne, or refarcina live, Inpr g€,
whicn cranjzar cock €. oul ¢ bab Tetnlas thy dife-
feronse anl thar~rcre tte Ldeal (tit cur 7i:ient, Ths
resulting a’rfoll ceontour and oressure disctcoibution for
cage TIY are shown in figure 7,
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(2) In omge 1V the areu uader tha At-curve cor-

responding Lo the tentative QE-curve has baen made zero

[ -
by extendlng iths rarge sfforted horand the anse. In
th'a cuse, only the anile ol zer> 11f% 18 'tept constant.
The result as comparzd with the original is shown in
figure (.

{2) Tn case V the reatriction is purpnoscly meade
too severe LY svneclfylng tibat no change shall occur
sither In the 14eal 11ft, the ansle of zern lift, or
the enrle of 1dzal 1ift.

Cnse V in fYjure 5 besomes d!storted in attempting
to fulfill the zarc-sreo roquirem:nt sud the final results
shrwn in figue 3 are nurres.ondinisly unsatisfactory,

The esneluz:icn frowm tits exanple 3s that, although cers
taln requirarients nre :decirable or rejulred, i1t is rot
alweys possivle 43 obta'n a rood sclutton within the
linmltalions of sich rayairementa. Tn such a case an-
other basic tyne more sultanle to tha purpose must be
sglectad,
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