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TECHENICAL WOTE NO. 483

CEARTS FOR DETERKINING THE PITCHING MOMENT OF
TAPERED WINGS WITH SWEEPBACK AND TWIST

By Raymond F. Anderson
SUMMARY

This report presents & convenient method for calcu=
lating the pitching-moment characteristics of tapered wings
with sweepback and twist. The method is based on the fact
that the pitching-moment characteristics of & wing may be
specified by giving the value of the pitching moment at
zero 1ift and the location of the axis about which the mo-
ment 1s constant. Data for calculating these characteris-
tics are presented by curves which apply to wings having a
linear distribution of twist along the span and which cover
a large range of aspsct ratios. The curves are given for
winas having straight taper and distorted elliptical plan
foras. The characteristics of wings of other shapes may be
determined by interpolation.

INTRODUCTION

The use of tapered wings on airplanes has led to the
development of methods of calculating the characteristics
of such wings from the known characteristics of the sec-
tions, Two methods for calculating the pitching moment of
tapered wings are glven in references 1 and 2. In refercnce
1, formulas are given which apply to winzs withou} ftwist and
which have a 1lift distribution closely spproaching an el-
lipse. Factors for use in the formulas are given for a few
plan forms and a few variations of section pitching moment
across the span. In reference 2, formulas are given for
straight-taper wings with twist and with constant section
moment across the span. TFactors for use in the formilas are
tabulated for a few aspect ratios and taper ratios. The in-
formation given in reference 1 is limited in scope, and that
of reference 2 is presented in such form that it cannot be
rcadlly applied by airplanc designers, '
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The purpose of this report is to present a method by
which airplane designers.mdy readlly calcnlate the pltich-
ing-moment characteristics of tapered wings with swoep-
back and twist. Formulas are given for c¢calculating the
pltchinmg—mémernt charazteristice. and frgtors for use in tho
formulas are presented on charts, The data on the chartse
are given for B large range. of aspect.ratios and apply to
wings having & linear distribution of twist along the snan.
Surves for wings having straight taper and distorted ellip-
tical plan forms are presénted in a form which facilitales
the determination of the characterlstics of wings of other
shapes.

METHOD OF DETERMINING THE PITCHING-MOMENT CHARACTERISTICS

In the method used $m this report for the determina-
tion of the pitching-momént characteristics ol wings, the
wings ere -conceived to comnsist of a. series of wing soctlons
each of which has a constant pitching moment abount o poin?d
called the serodynamic conter (approxipately the quarter-
chord point) and a.lift force actinz through that point,.

Tho locus of the acrodynamic centors of the wing sectlons

is tho wing. axis., Tor the wings considered in this poper
the esxis of each half wing is straleght (figs. 1l{(a), 1(%),

and 1(c)). The angle botween the wiag axis and the 1ateral
axis is the angle of sweepback (B) of the wing. (Ses fig,
1(a).) The plan form is obtained by suparposing om tho wing
axis any desired distribution of chord lengths acroes the
span., Two basic chord distributions are ussd in this report.
One is linear and results in a straight-taper wing, which 1s
shown in figure 1(a)..- The taper of tkhe wing is defined by
the ratio c,/c,. The other distridbution-is elliptical and
results 1in a distorted elliptical. wing, which is shown by
figure 1{(b). ~The distorted elliptical wing is obtained from
an ellipse by displacing esch chord in the line of 1ts orig-
inal position until the wing axig i%s straighb A third .’
chord ‘distribution, for which partial data are ' given, 1e
“the straight-taper wing modified to have rounded tips (fig.
1(c)). The trailing edge of the tip of this wing is formed
by a radius with cénter -on the wing axis and the Jeading
edge 1s déterminsed by the condition that the winP ax*s Ta-
mains straight to the tip. (See fip 1(c) )

r"'he angle 6f attEtE of bach aec*ibn is the angla’
through wni¢h the soé¢tion has boen: rotdated from its atti-
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tade of ‘zero 1iftt_ The twist of the wing 1§ the. variation
in an gle .of attack along the: span and .1s considered posi-
tive Wwhen the angle of attack .increases:from Che cenfer to

the .tip. . In this paper the.distributfon of fwist along
thé.spsn is considered te be linear and ﬁho angIo of Ewisf

from ceémtor fo EIp is;' .« 7 ) CoTmTRTerrER amee

T s ey = Dy 4 a i - -

, The. méthod of determining the pltching—moment charac—.
teristics is given only in outiine herse; a d5falled expia-
nation of the method including the derivation of the foru-
midas will be found :in.the appendix.. : c- :

. -
— ro.

The aerodynamic properties of a wing with 3woepback
and twist that contridbute to the pitching momsTt 1 may ‘be re-
£arded asg the pitching moments of the sections and the llft
forces distrisuted along the wing axis. "To be strictly ac-
curate, the draz should be considered as woll as tHS 1iTE.
However, as the moment contributed by the drag is small com-
pared %to the moment contributed by the 1ift, sufficient ac-
guracy may be obtained by considering only tae 1ift. The
moment contributed Dy the sections dopends on the dlstrlbu-
tion of the chord and ths scction moméut across the span.
It is dosignatod "M and isg cxpressed ag a coofficient

bascd on the mean cnord in the form S LR RA T T

- A _ - - . e . - -

o 'M S 5 SR B
‘mg = g =, whoroe 9k*fﬁ f e

B e

To'dotérﬁiﬁé C . MS is found by integratlng acrosé tho--

m
span. thn tho ssoctlon momcnt cooffic1ent Cm / has a-
. & :

- -, -

linsar:variation from Cmc“ at the center to 'th at. the

- - - - s -

tlp, Gﬁ may be expressed in the form
5 .

Cug =B Cy_ + F (Om, = Gy )

The factors E and F depend on the plan form and are
given in a chart (fig. 2) for wings having various plan
forms. As the pitching-moment coeff ‘icient of the 1niivI&-
wal seﬁtlons is considered independent -of thHe drgle bf af~_
tack, is ipdeperdent of thel sngle of attaék aﬂa ,
not affec%ed by twist or swoopback. . -;

The effect of the 1ift forces distributed along the
axis of a wing with sweepback and twist may be explained
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by considering the Yift &istrioution as.consisting of two
distinct parts,' ‘One:part:is‘the -initial distribution that
the wing has- -4t the afttitide ¢f zero-1ift. If the twist

of tHée wing is negative, 'as is usual, the forces near the
tips will be directed downward and.thwse near thse.-center
will be directed upward. The shtape of this distribution

is dependedt primarily.on the.ftwist snd is the same for all
angles of attack. The: forces. composing, this distribnution
prodiice & pitching moment that: does not change with angle
of attack, This moment is dosignated - "Mi", tho momeont dno
to twist, -

Tho momoent MT depends on: the angle of twist c, the
angle of swdepback.: ‘B, the aspegt. ratio 4,. snd the plan
form and ig expresscd as a. coefficiont me-:based-on tho
mean chOrd in the fOrm Ce e e e B

where ao 18 tho llit curve slopo ‘for infinite aspoct ratie
and the factor G, whlch is givon by charfs (figs. 3 and 4),
takes into account the effacts of: preii form and asncoct ra-
tio on thc shapo of thoe 1ift distribution.

The second pant'of;thé'lift.distrihution 18 prodnced
when the angle of attack is increased from the attitude of
‘gero-lift. . This dimstridbution is ovroportionsl to. the anc<le
of sttack but has a fixed centroid. Tha net 117t of tha
wing may be regsrded 'as -acting at thi's céntroid, which is
tnerefore called .the aerodynamlc certer of the win* by anal-~
ogy with the term for an &irfoil section. Its location 1s
Tiven by its distance :d. behind the asrodynamic center of
the central section. This distance depends on the arzgle of
swoepback, the aspect ratio, and the plan form but is indo-
pondent of the twist and the airfoil soction. The locatlon
of the aerodynsmic center is expressed as a fraction of tlo
mean chord in the form

Ao =8 o4 tan:ﬁ-:
[ . . R . .-6 E ) .

where the factor H, wqich is given by a- cnart {rig. 5),

takes into account the effects of plan form and aspect
ratio on - the. shape of . the 1i€t dzstrlbutign.__j o

e T teas
h v
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The total moment cosfficient of a wing may be found
gs”th§_aqm.

cmac = Gms -+ cmT

where Cp i1s constant about an axis through the asrody-

ac . _ o
namic center., The pitching-moment characteristics of a
;-wing may accordingly be spocifiod by tho location of the
aerodynanic center and the constant value of the pitching
moment about an axis through that point.

CONSTRUCTION OF THE CHARTS

The values of Cms, CmT, and '—%- are easily found
T

for any wing when the factors E, ¥, G, and H are known.

The factors have been calculated and plotted for the plan

forms previously describedm_ For useo in tHo formuia Cms =

E Cpe + F (Opy - Omg ) values of ® and ¥, as calculatod

for tho straight-tapor wing for the complete range of taper
ratios, arc plotted on figure 2 against taper ratio. Values
of B as determined for the wing with rounded tips for the
cases of 2:1 taper and the-rectangular wing are 8also plotted
on figure 2 for aspect ratios of 3, 5, and 9. In addition
the value of B for an elliptical wing is plotted on the
same curve to aid in finding E for wings lying between
the straight-taper and the elliptical plan forms.
The values of G 1in the formula Opp = -G€ ag A tanB
as calculated for the straight-taper wing for certain as-~
pect ratios and taper ratios, are plotted against taper ra-
tio on figure 3, togother with intermediate values found
from & cross-plot agalnst aspect ratio. The values of &
for the straight-taper wing are also glven for ¥arious as-
pect Patios in figure 4, together with values computed for
the distorted elliptical wing. This chart permits inter-
polation to find G for a wing lying betwssen ths straight-
taper and the distorted elliptical plan forms.

For usc in the formula E = H-A tan B values of B

as determined for the wing w1th stralght tapor of asnect
ratios 3, 6, 9, and 20 are plotted against taper ratio on
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Qf“om the reiat;on
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figuro, 5., Tho velue for tho. dlthWtcd olllpticel w1ng of
any " °spact ‘¥atio 18 also sHown.

F

‘ISE OF THE CHARTS.

...,,u- v T

g L e
Tha total pltchinv mémon £ coofficiont Gmﬂgr of a wing
ig determined from the. eguation previously glven .,

S A I s S S T
o - , - g : Y R H i a3

PN - .- PR Y B - . . - e b ampo - re fnam e g s .
. L. - R e et et st e 0T e B

. .-.,Crm: v

ac-='CmS’+~cmT5f e oamn doorele Faooot
where Opg is given Dy iCﬁs E‘E,Cﬁéﬂ*fF QGmt “cmc). The
valnes of Gmt and Cm mey be determined from wind-tun-
nol data... If;neligble test data are -nobt available the
piftching-moment cqefficient way be estimated from refercnce
3_wn*ch gives . CmQ /a. for a larga nunber o&irelatod air;oil
soctliong. The. valuea of E 'and £or tho, partictlar_i

- . P - ~ - ”-
. . . : . ) - [} and L

Tno walua ofi Oy, - iE 8LVon. BY . Ly ~ G g A tan B.
Tl“ vglue Yof 30:' ny be dctermined *rom a wind tumiel tost
of the alrfoil -} mqy Ye estimatod from referance 3 if test

,data are not avgﬁlable.;.qhen'géo: _aries aloig the épan
its averdds Valug” should. be useﬁ ' The factor G QQr tho

pérticular plan form maf be obtalnod ffom figure 3 or fig-
uras 4. L . : L

St R e L PR I

The location. of_thc aerodvnamic conter is dctarminod

. - o “ - - N e
‘s o e T o es - o
" -5 R 1 . ]

& w e g ,:*.”:,_:l. :
= Ce e

- - &

,; L oer

im which. H.. for the partiqular plan fo*m is given in fih
.are 5y._v.. xm-aﬁr P E P T S S

. A few notes on cal,alating tha characterlatics of wings
having plan fgrms not gilven on the : Sharts :nay be upo;ul._
For any w1ng having a rounded tip an apnroximata value of
et/co .may bde found hy determining..cy for.the tiprexbend-

ed, as shown by the dotted lines in figure 1(c). The angle
of'tw19u1’ aud tnb mcment coeffnclent Oy -of a2 wing
B A P . a0 ; Y : Toar T
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with a rounded tip may be found by extrapolation from val-
aes of twist and moment coefficient determined near the
tip. If the axis 07 a wing i1s curved, a straight line may
be drawn throusgh the axis to estimate ths angle of sweep-
bacik, When finding the factors from the charts. for a wing
with rounded tips It is convenlent to regard the wing as
intormediate betweon the stralight-taper wing and tho dis-
tortod clliptical wing which may be considered as one hav-
inz an oxtromo form of rounded tip.

e - - ot

An example of one of the many uses of the charts is
tne solution of the problem of determining how a chinge of
the swoopback of a twisted wing affects the pitching-moment
characteristics. The offect on the location of tho aerody-
namic center and the value of the pitching moment may be
found as followas., The curve of pitchlng-moment coefficient
Gmac’ bgsed on the mean chord and reierred to the %erdJ—

namic coentor of the wing, is detormined from wind—tunnél
data.- The coefficient. Op, Tor the wing is then calculat-

ed and subtracted from the curve of. Cmgy, to obtain the
curve of Cms. The coefficient CmT ' 1s calculated for the
new sweepback and added to the curve of"Cms'to obtain the
curve of Cyp,, for the new sweepback. The determination of

tie charactoristics of the.altsred wing is completed by
finding d/8 for tho new swoopback.

Langloy Momorial Acronauticeal Laboratory,
National Advisory Committoe for Acronautics,
Langlecy Fisld, Va., ﬁpvembe; 15, 1933,
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'+ Lkist of Symbols

vt

chord’ at "any¥ pdint along ﬁﬁe'épaﬁf,

‘chord at thHe center. '

chord at the tip. _ .
. span. v g e -
‘area. : _ s s -
- A N ‘ S
mnean: chord ‘= 3" o o

agpect ratio s b=/S.

‘angle of swedpback (positive for swespback) .

anglq“ofAﬁwist from the center to ﬁhe~tip of.the
wing (positive -when the dngle of attack lficredses
from the center to.the tip).

pitching moment (a stalling momoent 1s positive).

= E—%ng » pltching-moment qocfficient.

-section pitching-momdnt coefficient about the

guarter-chord poiﬁf.

Gmc/4 at tho contoer,

Cmc/4 at the tip.

Piltching-moment coefficient of a wing due to the
sections.

Pitching-moment coefficient of a wing due to the

twist.

‘-
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¢ , pitching homnsnt cosfricient oF ar ﬁing about an axis

ihrough the aerodynamlc center. .. )

F e e FLEe T e =T

a, angle of attack at any point along the:idpan.

a,, angle of éﬂtéck{eﬁzfh;TE%nt;T;}%pg%é éﬁéies_aqe
' "measured from the atTitude 6Ff weroTIIift for the
sections, ‘ B
Bgr = 48y/daq, s;ope,of-thq_fifﬁ curve for infinite
.. aspect ratio. T o -
w,.'lnduced velocity. SRR e T L

K, c1rcu1ation.

el LT e e e Aol e el .

E, ¥, G, H, factors presented on the charts.
"4, +the disbang¢ge from the asrodynamic center of the
central section to the'aerodynamic'center of the

w1ng measured along the chord of the centrai scc—

tion.

o oI e Lt oL "o o Foee Y e

\

st -1t —.=Derivation:of Formulas: e et
; P LS P . TwoT e T T, T R < o L E .

The method used for obtaining the formulas is substan-
‘$ially the same-as the method used by Glauert (reference 2?,
but becauss of & different viewpoint and difforent coof-
ficients the derivation of the wequired formulas is given.

As stated previously, the asrodynamic properties that
contribute to thé. pitching moment 60f a wing may be regarded
as the pitching moments of the sections and the 1ift forces
distributed along the wing axis. The contribuiion of these
Propertios to the pltching momont w111 be consiaerea 88p8a=
rately. o E * Lo : -. . _-’_
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i .The Pitdhing Moment ‘Pue to the Sections

A AR AN R A RS
N .

The pitching momsnt of a w1n5 element of, width dy
of anywiig.ieg 7 <

ST dMS&Gn “/':. : 1‘1— ¢ d'S =" c/ | Jq: ce’ d"y' o

.Tau'total momey of‘the Wing due to the "séctione is then
given by sal

Cmc/; cady - (1}

where Cmc/ and ¢ are functions of y 4in general.
N n

The moment M due to the sections may be expressed as .

a coefficient based on the mean chord by
: . T IS T R L N P - .. . S

- "'I"! / c =2 d.y - (2—) ’ |

Q
l
il
ur
i<
o’
"o ulo’

WiBTe.C. F “F T Pl nnane

The coefficient 0, may be obtained from (2) by in-
B

troducing the values of Gm aad ¢ as a function of ¥

and intsgrating,. For tho stralght taper wing (using the

rigcht half) Cmc/4 was expressed as a 1inear func*ion of

e by‘ IR U 4 co o 0o P - <

e e .-Cm'é./“'. Cmc, + —-Z--r (.,_mt = Om_é) andi_ LK. Was qx_

B "'f | Vo . S
I S . . . .

:pragsed

ot '=~ cc (1_._ ) _Bﬁ/f-g r) ymere _ ._.1.;.. = 1.~ r ¢

. 0 :
o :

'@fwaq obtained in JbHe FoRm | s it E R -
Cm = B Cmc + 7 (Cmt - Gmc) .

5
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O e T pe gt TR S TN A7 5T
l-r + - gl 4+ 2 L Lk
whers E = -~ g; T = 2 g E - UL :
by r2 e .
l-r + Z : 1—-1" + Z N _

4 ~ - S T «

Toxouie T A U
For the wing with: rounded tips and the distorted el—,

liptical wing,, Cmal& was considered cons"‘Ean’E' across Fhe -

span 'and Gy ,Was obtained 1n the form.-C = B .C_ .
mg . s /s

‘The Fitching Momeht Prodvced by %tHe Lift Forces - -
L TR R T § .;.;3; T amied e
In the follow1ng calculation “of ﬁhe Eitching moment
prqduced by thé Tift fordés for & Wing having ‘2 straight
wing &xis a familigrity withi wing Theory.is assumed. ' From
the theory the lift produced by a #wlng section of width .
dy may be expressed 4L = PVEdy where K is the circula-
tiqn- around the section. .The 1ift acts at the aerodynamic
cerntar of tHe "sectioid (which is assumed to.-be the quarter-
chord point) and roferring to figurs 1(a), will produce a
mement about..tho.laforal axis of . :

’ '.—..:-*-.::.--' —.—-_'

[

- '“%ijj d H = y (tan B) PVKdy ' . L. LT

\.xThé mémest of the entlre Ting may pe found from the =
1ntegral . ) _ e - .. . S el Ll

: - B 'o»_«-. . ___. - s L
My ="2 PV tan ﬁ_{b Ky dyL.m” : (4),
2. . — . .. ) -
By use of the method of reference 4 (p. 138) the coordinate
¥y is replaced by the angle € by the relation

y=-—%cos9 - (8)

so that 8 varies from O to ™ from 'left to right across
the span of the wing. Also the circulation is represented
by the Fourier series ’ ) o

n=o - : - ~ -
K=2bV I A, sinn@ . (8)
. n =-1 - .

where n has only cdd integral values. Equation (4) may
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G DU T
now be expressed in terms of €O, using the values for ¥
and X given by (5) and (o) ; ..
_._.‘ e - J_l_ S e e — .

2 t
ML = -2b° EEE— an;B:-éna A, sin n'B°sin'8 <cos O 4 O

After integraying, M, 1s found to be. .. .. . ..
r o e PO WSy VAR VO Y -
A ML‘__f LS I ;ft .ﬂ A’l - f’_i - .'__..t"-i- _:: Z I. ‘r\ r
. Tow L8 - 6. a2l 45 5 mis %

Yo
v A =3

. . e - . . - . SR Lo el LY
ol F 0L oprc Mﬂ veevrthae s Fooomell celden 1 i

coefficient ¢ = - as in the casd of the moment

due - tonfhe seebiong, s Then in .Germs. of .the :aspegt 'ratio A
the pitehing-m oment cogfificient «o0f .the: Liﬂt.farcgs abeut-;
the- 1ateral axlsrbsoomes Seoo tiom w3 leniting . a4 opiva 2

Thby X "D LRSS o SR ." A i[ R .'.-.' -
o lTrper foe, - o .A, ' A SR Ajew e Doy .
v C.m, S "iaAr b ‘baniﬁ (’“-_ ‘+ -g' o _E. -ht-.l :. L }.'Z; "'."1.(7) .
e LN 5 l‘ / .' -
"I’ IR S f‘F, LRI . .,, Lt '-.' tn .

Fér“éﬁ&"ﬁfng‘ﬁﬁe‘ddeffidients'ﬂn may b@ expgosged “tn’ the
form Ap = By ac + O €, as will ‘be shown later.' The
angle Qg 1s the angliéVof 'gttadk of- the dentral section of
the winq and € is the increase in anple of attack from the
center "t tHe EipPd THE o dfficidnts - Byt rand teey are

functions of the plan form and of A/a The coefficients
may also be expressed in terms of the 1ift coefficient of

the (wing from the reIati@n SL HAK; = mA(B, a, + C; €)
feference 4). Then w

T L T ,rg SN R T Ty =
:cﬁ"?d."=aLa L - C €y e v R
¢ B, A
and finally B
oo - oo ~{"'!.UI:B - GL F \ Sonr e e N ST
el -"A-nr (FFK'.'_ -Jc.-.f .%:/ +. dn' €. nt g narr
By introducing this value of A, im (7) and rearranging

the . terms, the pitching-moment chfflglent .of any wing a-
bout the lateral axis may bdbe’ exprossed

S . P - . i wea L - - LA . . N .
i} F RN NI L L ;2:5"."'.[«""1 .E.(.\'.vf'..:e L '."-:. oAt LIS 7T r “fEar
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Cay w . 24 ten B [%&+E§-f?_§+§1_ .. } o
- .
Gs Cg  O© ¢ Bs By -\
~DA2% <%§._ Z5 4 22 _,_..>, _ACii -S4 2.,
ea7van 5{ 5 21 15 B 6 21 & /)€

From the form of the above eguation it is apparent that
Omp, consists of a part which is proportional to the 1ift

coefficient of the wing Op, and a part which is propor-
tional to the twist €. The 1ift may be regarded as acting
at 2 point in the plane of the central section of the wing.
This point is named "the asrodynamic center of the wing,"
and 18 located by its distance d behind the aerodynomic
center of the central section. (See fig, 1(a).) Thon the
pert of tho Oy, *that is proportional to the 1ift coeffi-

cient is equal to - Or,. The part that is proporfional

oqm

to the twist is the moment coefficisnt about the lateral
axis when the net 1lift is zero, &s may be seen by puitting
Cr, = 0 in (8). The distribution of 1ift forces that pro-
duce this moment coefficient depends primarily on the twist
hence it is designated "Cpg", the moment coefficiont due

to twist. Then CmL may be written

S c

From (8) and (9) 4 ana GmT may bo oxpressed in the

c )
forms _ .
d .
wsm = H A tan B (19)
3 .
whore _
B B B B
H _- ——-#——-_ 2 <-—l + '-—3’_ — 'T"B- + —Z' bd . . L] )
™ By 5 21 45
and Cpp = ~ @ € a5 A tan B (11)
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Reference to the foregoing equations shows that the loca-
tion of the aerodynam"c center of a wing Is 1ndependant of
the twist. : Also, as-the 1Lift acts at the. asrodydamic

s penter, GmT is constant ‘&bout’an akis throtgh that point

'Then .the total moment coeﬁfic1ent of the wing is
oy =log diogn op T 4 Bhe
Gmac Cms + C T ‘wiere ! Mg is the_
momeén t qoeffloient about ‘axn. axis ‘through the- aarodynamic.
centery” ThHe ‘DitcHing tidment. cidradteristiesof any wing'
may eaocordingly -be.gpogifiied by -giving thg lpcation of the
. @erodynamic, contfor ang  the . .value of the Qitching momont
_pabout an axis . thrgugh that Point, The 1ocation of the aero-
dynamic center and, fhé pitching—mgment coeffiqient dus . to
twist .are foun for any wing hgviqg a. stgaighg_wing qxis
from (10) ‘and. 11), By the substftution of tha values of
"tha- coefflcient "By aﬁ@FJQn ‘of ﬁhe wing_ ';m;-r N

" Defarminantiba 6F the Goofficiants. - “ipd - coéfficients
for.anyrwing may be found .from the. fqllowing equation (rnf—

erance 4, P. 139)r ... .. B e L

o T eTgE e miimouatage I n:in-.ﬂ\'.”? :
a=.Z2.4, pin.n (a P =Y T aa)
“',’fi%?~;ﬂfwfjgv Bééh{flgin;e”? AU ?} )

- I

The anzlo of attack at:ahy pHint 81%ng-the span ‘& may be
expressed as a function of 8 by

" .o~ [: .. - - R °

are gl T ele)e T W (12)
wiere, is the. angle of attack at the cepter of the wing,
and ?s the “inafoase “in angle of" gttack from’the ceanter
to tho tip., In dotormining the cocfficlents A, from (12)
only values of § %between O and 1/2 need be considarecid,
as the curve of 1ift dlstribution is eymmetrical about the
midpoint, Any number of the coefficients A, may bo ob-
tained by putting the corresponding nuwmber of valuss of €
successively in (12) to obtain & series of equations, ¥lken
the value of __2_ for the particular wing is subsetitutcd

¢
and the ecua*zons .are solved simultaneouely (exproseing o
by (13)), tho coofficiochts 4, aro obtailfied in tho form
Ap = By a¢ + Cn <. :

Fing with straipht t_per and 1;g§§ twist.~- Waen the
-twist has a linear variation alonz the span the angle. gf.
rattack at any noﬁht ol the ‘lelt nalf cf bba w;hg DAY be

writhen ‘.ﬁf " T v . ; s TR O B

cr ® e t, - K ",
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L= apedelend 857 .
following  the. form given by. (18).' The chprd-afj?ﬂy PQin%n
of - the left halfiof-the wing may bé.éxpressed .. ~  ~7F

e (ot ghy Bwhener syfeg 1 —x:

Thon in.iéfméfof 3}1

e=cg (1 -,r Eos 8) .

Also b= AT 'éndfdxpreséiﬁé: ¢’ id torms of - ce and r,
b beocomos :

b= A & (2 - 1)
2
Then - R e N -
4y _ _. R A (2 - 7)
a, © ag{l - ¥ cos 6):

: . . Lot - —

The slope of the 1ift cufve &, does not vary greatly for
the wing sections in common:use and may therefore be con-
sidorod constant. The valild- used will be 5.79 per radian,
which is the valus for. a geod wing section as determined _
from tests in 'the variable-density wind Funnel. Then, sub-
stitutiig the above values ¢f & “and

4D in (12) the

. o . . . . c
oquation for dotermining the doefficien%s A, for a wing
with straight taper and linear twist may be written

& = Z.A i 2hlg = 2] » i
Te T 005_8 4.4n B0 ? e[5.79('1 ZF cosB) | sin © (?F>

From this equation four values of the cocfficient Ay wore
determined by putting & = 32-1/20, 459, 67-1/2°, and 90°
successively to obtain four equatioms. These equations
were then solved simultansously, using several valucs of &
and r. The valucs of A and . r and the corrcsponding
values of B, and C, are given in table I. The values

of E and G wers then calculated dy substituting the val-
wes of the coefficionts in tha formulas under (10) and (11).

Distorted olliptical wing with linoar twist.- The lo-
cation of the sorodynamic contor and the momont due to twist
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for the distorted elliptical wing may be found by a simpler
method than that used for the straight-tapoer wing., As
stated previously, the location of tho aocrodynamic centor
is independent of twist. Whon the wing is without twist

(¢ = 0), Op, = 0, and from (9)  Cmp = - -%- op, -

Also, when the wing is without twist the 1ift distribution
is in the form of a half ellipse and all the coefflclents
in the sories for the circulation are zoro excopt A, . (See
refereace 4, p. 143.) Then from equation (7) we may write

— 2 — 4
CmL—-%AlA tan B = - —— O,
L,
but A, = nz, hence
TF

~é?-==£L A tan B

c 371

Reforring to eguation (10) it will be seer that for tho
Aistorted elliptical wing H has the constant value

2

Sl T
The cosffhlcient of moment due to twist, Coms 18 equal to
CmL when -Gy = 0, as imay bes seen DY reforriﬁg to sgquation
(9Y . Wnen Oy =0, A, =Q; thorefora, using (7) we may
write ’ '

. N
6y = -2 A% tan g {2a_2u 82 [ (185)

T > 21 45 4

The cooificients Apn may be found from (12) as bofore.
The chord iun terams of 1 1is

¢ =¢cg N1 -cof =cg #in @
Al go b=Ac
— S i :
and c = 5 = 7400
TI'Cc.A.
then b = ———

o
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. IR

gnd Do e 4b' - T A . L
: ag ¢ ao gin © o e -

.ThlS w1ng was con51dered %o have a linear dlstribution of

tyiet, . as in the gase of ‘the wing with straight tapor.
Subétltuting,the value of & for 1inqar twist. and the

- above vaiudﬁdf'; 4b_ iniflz) o
S R - Y ’
e _ ) L An sin » 6 /o A TN -,
Qe +'€ cos 6= = sin © . \\;z— +.n:> . .gyf)

-— = - -y

-

The coefficients A, which occur in equation (16) for Cpn
could be obtained from the above sguation by the method
used in the determination of the-coefficients for the wing
with straight taper, that is, by solving a set of simultane-
ous equations for each value of A. However, owing to tho
simpler form of the esquation for the disforted.ellipticel
wing (17), €mn ‘may be expressed in terms of' A  and a new

ssries of coe*flcionts which may be. found by the solution
of only onc set of simdltanecous equatious as follows.

Equation (17) is oxpanded and rcduccd to tho Torm

6= Iea + Ein 1 _.éin k] 6> B 1 Lo 7 -U\
Cos_ . ka, (\ .;- sl:n ) s ( + 7( + Sin /J (18)

- - - _—,— .- - =

'Tho'coofficients An “arg‘obtained in the form

A = kne . Lo s e 13
n

TA

&g

and. (15) may therefore be written

ky, € € k €
CmT=—-2A2 tan B A \"' /ksA -t ="
’ (_._ 31 21\11—.;. 5? 45 'E..‘A..*_ 7)
‘ao / a0 s aq

and: using the form given by (11), G vecomes
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o - 2 k3 N 2ok g - .;. 2 k. L
s (1 + 380N i 4 220 "45n .
ﬂﬂ * TA ] ( _.ﬂA ) . . ( TA ),",-

N

ofxic1onts wore found ‘to havo -the following valvos:

kag.= 0.2724, k5 = —O 0811 k, = 0.0542

Aiﬁé’;ao ‘was takon as 5 79 par radiaﬁ as in the caso of

. the stralght taper wing...- v e : R

S S o ' St " -
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e . samm werecs amesy

" In the calculatipn of the values of & for the dis-
torted o¢lliptical wing givon in figure 4, threo values of
ky, were unsed. They were geterminel by solvingrﬁimﬂlténo-
ously the three equations obtained by putting 6 = 22-1/2°,
450, and 67-1/2°, snccpssivoly, in ogquation (18). Tho co-

;-a Tap@red ‘and Twisted Wing w1th.Swaep-Back R.& Y,
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TABLE I
Valuss of B, and Gn ~ Straight Taper Wing
(ct/éc =1 - 1) 8¢ = 5.79
r By " Bsa Bs Br Cai Oz Cs O
Agpect ratio 3

0 0.3660{0.0293|0. 004610 0007 || 0.1569|0C. 0745 ~0,0065 {0.0065
1/2 37771 -0075! 009 -.000 .155%| 0645 | -.0067| .0069

1 . 3620 |-.0584| —.001%| -.00 L1317 .0267 ,0197 0051

Agpect ratio b _

0 .2258| .0234} ,005%| - .0010 009? .0596 | —.Co2l | .0057
1/4 .22971 .0195] .0078| .0001 .Co84| Jo55k| -.0029 | .00”9
1/2 .2;23 .0072| .0096{-.0GC8 || .0962| .04G5 | ~.0037 ! .0062
3/4 . ~.0116| .0100|-.0017 0916 .0395 | -.0062 | .006L

1 .2265 -.0490; ,0021|-.0045 | .0786] .016&| -.0160 | 004"

Aspect ratio 20 o o

o) 08181 . Z .0053] .o0i2 | .0370| .03%02| .C015| .0037
1/2 08401 . .ooéﬁ -.000% | .0349| .0237| -.0006| .00

1 .083%8 —.02+4‘ .0039} -.0035 || .0270 . 0067 -.008% | .0035

Agpect =
T ratic * /2

4 <3131 .0073 . 0097} —-.000S .12891 .0586 | —.0054| .0067

5 26731 .00 i .0097! —.0008 1101 .0537 | —.00045 1 0064

g .1860| .0067! .0092-.00CT7 | .Q788{ . -.0027 | .0054
10 .1546' .0062; .0057! -. 0006 l ObiO} .0377 | -.0020 | .00BkL
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f— — e e
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r

(c) Rounded tip.

Figure 1.— Plan forms of %he wings.
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1.6
Cme = ECmc + F(Cmt - Cmo)
1.4
o Elliptical.
N any aspect ratio.
1.3 NN Rounded tip.
Rt aspect ratio—
. |
e T Rl e s E eI
—— |
1.0 ] ? \9
Straight taper
any aspect ratio.

.8

.8

.4 /// ///
¥ [~ Straight taper,any

aspect ratlo.
.3
0 03 04 a6 ct 08 1.0

Taper ratio, o
Figure 2. Chart for calculating the pitehing
moment due to the sections, for
wings of various plan forms.

|
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ﬂo.oa% A /, A 1] 8 —
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rR0Y 1 |
// | -5
L~

%QO].S /// /// T4

G “ ¢ 13
1| ]
*QOla i _0. |

9
-
H_]
Cmm = ~ GeagA tan —
.008 my = - Gedo B £
o, _|

@
4 p—

.004
0 L] 2 L] 4 ® 6 ct * 8 1. o

Taper ratioy 5,

Figure 3.~ Chart for calculating the pitohing
moment due to twist for wings with
straight-teper plan forms.
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,020 p Straight St
¥ tapar, eq [
018 7#/
’/
o1l
. /
008 Omp = ~Geaoh tan B
.004
0 4 8 12 18 30

Agpect ratio.

Figure 4.— Chart for calculating the pitching
moment due to iwist, for wings of
various plen forms.
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8traight taper,
appect ratio }
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B L Distorted elliptical,
18 any aspact ratio
.18
4 '« B4 tanp
.08
04
0 "] " .4 «8 «8 1.0

Taper ratio, g_g

Figure 5.~ Ohart for caloulating the location
of the merodynamic center, for
wings of various plan forms.
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