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SUMMARY

A simplified lfting-surface theory that includes e¢ffects of
compressibility and spanwise variation of section lift-curve slope
is used to provide charts with which antisymmetric loading due
to arbitrary antisymmetric angle of attack can be found for
wings having symmetric plan forms with a constant spanwise
sweep angle of the quarter-chord line.  Consideration 18 given
to the flexible wing in roll. Aerodynamic characteristics due to
rolling, deflected ailerons, and sideslip of wings with dihedral
are considered. Solutions are presented for straight-tapered
wings for a range of swept plan forms.

INTRODUCTION

Reference 1 has been for many years the standard reference
for estimating the stability and control characteristics of
wings. The lifting-line theory on which this work was
based gave generally satisfactory results for straight wings
having the aspect ratios considered; however, the use of wing
sweep combined with low aspect ratio has made an extension
of this work desirable. Lifting-line theory cannot ade-
quately account for the increased induction effects due to
sweep and low aspect ratio; consequently, it has been found
necessary to turn to the more complex lifting-surface theories.

Of the many possible procedures, a simplified lifting-
surface theory proposed by Weissinger and further developed
and extended in reference 2 has been found especially suited
to the rapid computation of characteristics of wings of
arbitrary plan form. Comparisons with experiment have
generally verified the theoretical predictions. TIn reference
2, this method has been used to compute for plain, unflapped
wings, the aerodynamic characteristics dependent on sym-
metric loading. The same simplified lifting-surface theory
can be extended to predict the span loading resulting from
antisymmetric ? distribution of the wing angle of attack.
From such loadings the damping moment due to rolling,
the rolling moment due to deflected ailerons, and the rolling
moment due to dihedral angle with the wing in sideslip can
be determined. A recent publication (reference 3) makes
use of the simplified lifting-surface theory to find span-
loading characteristics of straight-tapered swept wings n roll
and loading due to dihedral angle with the wing in sideslip.
Experimental checks of the theory for the damping-in-roll
coefficient and rolling moment due to sideslip were very
favorable. The range of plan forms considered in reference

3 is somewhat limited and aileron effectiveness was not
included. The loading due to aileron deflection normally
involves excessive labor when computed by means of the
simplified lifting-surface theory; however, development of
the theory, presented in reference 4, that deals with flap and
aileron efTectiveness for low-aspect-ratio wings provides a
means by which the simplified lifting-surface method can be
used to obtain spanwise loading due to aileron deflection.

Tt is the purpose of the present analysis to provide simple
methods of finding antisymmetric loading and the associated
aerodynamic coefficients and derivatives for wings with sym-
metric plan forms limited only by a straight quarter-chord
line over the semispan. Means will be presented for finding
quickly the aerodynamic coefficients of span loading due to
rolling, of span loading due to deflected ailerons, and of
span loading due to sideslip of wings with dihedral.  Flexible
wings, when the flexure depends principally on span loading
as in loading due to rolling, can be included in the analysis.

NOTATION
1 o
Vs tr t; T
aspecet ratio (S)
b wing span measured perpendicular to the plane of
symmetry, feet
c wing chord, feet ?
Cq aileron chord, feet.?
Cap mean wing chord (%), feet 3
. . local lift
3 local lift coeflicient (IO—CS—C—’fS
C'p, induced drag cocfficient (mdqc;%ﬁdrng
. . olli
C rolling-moment cocflicient (lol%rbnomen@

Cu, rolling moment due to rolling [3@31)% % »y per radian

é‘s rolling moment due to aileron deflection (ba(;‘),

per radian

C("Icc spanwise loading coefficient for unit rolling moment
Lay
@
G
d, ~scale factor

t Bupersedes NACA TN 2140, “Theoretieal Antisymmetrie Span Loading for Wings of Arbitrary Plan Form at Subsonic 8peeds” by John DeYoung, 1950.
2 The word “antisymmetric” is understood to indicate that a distribution of loading or angle of altack is equal in absolute magnitude on each half of the wing but of opposite sign.

3 Mensured parallel to the plane of symmetry.
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factors of loading interpolation function
spanwise loading coefficient or dimensionless circu-

lation (ﬁg) or (&)
26 bV G
spanwise loading coefficient due to rolling (pb-/?v[f")’

per radian

spanwise loading coefficient due to aileron deflection

(5) por s
3 ) per radian

wing geometry, compressibility, and section lift-

1 b
curve-slope parameter [d” (x—,) (%)]

integration factors for spanwise loading due to ailer-
ons

Mach number

arbitrary number of span stations defined by

o nr

n=cos

rate of rolling, radians per second

wing-tip helix angle, radians

coefficient depending on wing geometry and indi-
cating the influence of antisymmetric loading at
span station n on the downwash angle at span
station »

free-stream dynamic pressure, pounds per square
foot

wing area, square feet

. . . ¢
ratio of aileron chord to wing chord ? (z")

free-stream velocity, feet per second

induced veloeity, normal to the lifting surface,
positive for downwash, feet per second

lateral coordinate measured from the wing root
perpendicular to the plane of symmetry, feet

section angle of attack at span station v, radians 3

angle of antisymmetric twist of the elastic wing
produced by the loading due to rolling, radians 3

rate of change of wing-section angle of attack with
control-surface angle for constant section lift
coefficient 3

compressibility parameter (371 —277%)

angle of sideslip, radians

dihedral angle measured perpendicular to the plane
of symmetry, radians

spanwise circulation, feet squared per second

angle of deflection of full wing-chord control surface,
radians ®

angle of deflection of full-wing-chord control surface,
measured perpendicular to the hinge line, radians

. . . 7
dimensionless lateral coordinate ( b‘{Q)
/

3 Measured parallel to the plane of symmetry.
+ In considering the ease of the angle induced by rolling as equivalent to an antisymmetric distribution of twist, it must be noted that account should be taken of the fact that a rolling wing

leaves a twisted vortex trail; whereas a twisted wing does not.

assumed in other analyses.

. . . aileron span
Na dimensionless aileron span 2z
Nep. spanwise center of pressure on one wing panel
Yen.
b/2
6 trigonometric spanwise coordinate ¢, indicating the
edge of the aileron span, radians
Ky ratio of section lift-curve slope at a span station
27
v to 3’ both at the same Mach number
A sweep angle of the wing quarter-chord line, positive
for sweepback, degrees
Az compressibility sweep-angle parameter
_, {tanA
tan —— ) | degrees
B8
. tip chord
A taper ratio ( |p chord
root chord
¢ trigonometric spanwise coordinate (cos™! 5), radians
SUBSCRIPTS
n, v integers pertaining to specific span stations given by
=cos X or p=cos "o
" g7 8
k pertaining to span station &
e. p. center of pressure
a aileron
f pertaining to fraction-of-wing-chord ailerons
T wing tip
R wing root
ar AVerage or mean

DEVELOPMENT OF METHOD

The simplified lifting-surface method used herein replaces
a lifting surface by a lifting vortex located at the wing one-
quarter-chord line. The boundary condition for determining
the vortex strength distribution specifies that, along the
three-quarter-chord line of the wing, there shall be no flow
through the lifting surface. Tn effect, this specifies that, at
the three-quarter-chord line, the ratio of the velocity normal
to the mean camber line (induced by the bound and trailing
vortices) to the velocity of the free stream shall equal the
sine of the angle of attack.

Span loadings are theoretically additive. Since the sym-
metric angle-of-attack distribution contributes only to sym-
metric loading, it follows that the antisymmetric loading is
independent of symmetrically distributed wing twist or cam-
ber; hence, to find antisymmetric loading, it is only necessary
to consider the loading resulting form the antisymmetric
distribution of the angle of attack across the wing span. In
the subject case, such a distribution is experienced by the
wing as induced angle due to rolling,! the effective twist due
to aileron deflection, or sideslip of the wing with dihedral.-

The difference in induction cffects on the wing of the straight and twisted vortex is eonsidered insignificant here, as has been
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For an antisymmetrie angle-of-attack distribution, the
logding distribution will be equal in absolute magnitude on
each semispan, but of opposite sign. The loading therefore
needs only to be found over the semispan, and, since the
loading is zero at the wing root, only span stations outboard
need be considered. The mathematical development of the
simplified lifting-surface method for the case of antisym-
metric loading is given in appendix A.  Asshown in appendix
A, (m-1)/2 linear equations in terms of loading distribution
are obtained which satisfy the wing angle-of-attack condi-
tions 5 at the three-quarter-chord line at m stations n, where
m is an arbitrary odd integer. These equations are repre-
sented by the summations

m—1
2 m—1

=2 ponlGuy, v=1,2,3, . - - 7 (n
n=1 2

where

a, antisymmetric angle of attack at wing station »

P cocfficients that for a given value of m depend on

wing geomelry, compressibility, and section lifts
curve slope
G, loading coefficients at span stations n
The application in appendix A of the present report is with
m="7.

n=1, 2, 3, equal to wing semispan positions of 7= cos (nw/8)
—0.924; 0.707; and 0.383. Equation (1) thus becomes

3
a=3 PaGar  v=1,2,3 )

where the integer v pertains to span station p=cos (v7/8)

To obtain the loading coefficients G .= (c,c/2b) 5, it Temains
only to evaluate the coefficients p,, and the spanwise
variation of the antisymmetric angle of attack a.

EVALUATION OF COEFFICIENTS p,,,

Sinee m is chosen, p,, becomes & function only of wing
geometry, compressibility, and section lift-curve slope.  The
offects of compressibility and seetion lift-curve slope are
cquivalent to a change in wing plan form ¢ and can be ac-
counted for by a proper adjustment of the p,, values.  As

Since the loading at the midspan station is known to
be zero, consideration 1s required of only three stations:

shown in appendix B, p,. can be conveniently presented as a
function of two parameters, namely, a compressible-sweep-
angle parameter defined as Ag=tan™! (tan A/B) and a param-
eter I7, involving the ratio of wing span to wing chord and
variable section lift-curve slope, defined by

1,=d.(;) (. —%) 3)
where '

k, ratio of experimental section lift-curve slope at span
station » to the theoretical value of 2r/8, both at the
same Mach number

¢, wingchord at span station»

The value 4, is a scale factor given by

d,=0.061 for »=1

=0.234 for v:25 4)
=0.381 for »=3

Equation (3) can be written in alternative form that gives
71, in terms of wing geometry parameters that are more
significant; thus

(BN
]Iv - (]v ( Kay ) [(le Kaz') (C V/C“")] (5)
where

Kar ratio of average scetion lift-curve slope to 2w/8
both at the same Mach number

KolKa spanwise distribution of section lift-curve slope
for a given Mach number

¢,/ Cas spanwise distribution of the wing chord

(BA/x4r) compressible aspect ratio and average section

lift-curve-slope parameter
The term m of cquation (5) gives an effective
aerodynamic taper of a wing. The distribution of k,/k,, may
vary with Mach number, particularly at transonic speeds
(e. g., due to spanwise variation of airfoil section). However,
since the distribution contributes to taper effect, the loading
Jistribution and not the total loading will be appreciably
affected.
With f7, determined from equations (3) or (5) and (4), the
ralues of p,n, nine in all, are presented in figure 1 where p,, 18
given as a function of H, for various values of As.

5 The reader should note that the boundary condition is given by w,= 1" sin a, from which (0] V), is va\n to equal sin as. The substitution of a, for sin e, has the effeet of increasing the
value of loading on the wing above that necessary to satisfy the boundary condition. However, the boundary condition was fixed assuming that the shed vortices moved downstream in the

extended chord plane.

A more realistic picture is obtained if the vortices are assumed to move downstream in & harizontal plane from the wing trailing edge.

Tt can be seen readily that, if this

oceurs, the normmal component of veloeity induced by the trails at the three-quarter-chord line i reduced and, if the houndary condition is to continte to be satisfied, the strength of the bound

vortex must increase. It follows that substitution of e, for sin ay then has the effect of accounting for ihe bending up of the trailing vortices.

the ealeulations and experimental verification show it to be of the correct order.

1t is not known how exact the correction is, but

s Compressibility and section lift-curve slope are discussed in the section “Discussion’’ and in the appendix B.
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Pon, for antisymmetrie spanwise loading plotted, as a function of the win:
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g geomelric parameter, IT,, for values of the

FIGURE 1.--Influence ecefficients,

compressible sweep parameter, A degrees,
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tapered wings.

For the case of straight-tapered wings with arbitrary
section lift-curve-slope distribution for which the chord
distribution is specified by taper ratio, evaluation of equation
(&o/ kar) L,
(B 4'1;‘/ Kav)

span stations is shown as a function of taper ratio.

(5) is given in figure 2 where for each of the three

. EVALUATION OF ANTISYMMETRIC ANGLE-OF-ATTACK DISTRIBUTION a,

The antisymmetric angle-of-attack distributions most
commonly encountered are those resulting from rolling
wings, aileron deflection, and sideslip of wings with dihedral.
Evaluation of the angle-of-attack distributions for these
various cases is outlined in the sections immediately following.

Rolling wings.—For the case of the rigid wing, the induced
velocity normal to the wing surface is equal to the upwash
velocity experienced by the rolling wing. Thus, at span

station v
_W__(pd
avﬁxv—‘ ZV) N (6)

where pb/2V is the tip helix angle. It should be noted that
the relation given by equation (6) assumes the wing structure
to be rigid in that the distribution of a, is completely defined
by the linear distribution of lelix angle. In the case of
flexible wings, however, the expression for a, must be modified
to account for the streamwise angle-of-attack change which
may occur due to bending or torsional deflections. Tn this
case,

o= — g)‘bv 77V+Aav (7)

where Aaq, represents the modifyving influence of flexibility.
Normally, Aa, is not considered for straight wings since only
the effect of torsion (which is usually small) is involved.
On swept wings, however, the effect of bending can cause
Aa, to be quite large so that the «, distribution may be
affected considerably. Due to the interaction existing
between the acrodynamic and structural forces, Aa, cannot
be determined directly, but must be found through equations
of equilibrium or by iteration. With the loading for the
rigid wing provided, however, the iteration procedure
becomes relatively easy to apply. The first approximation
of a, is found from the loading of the rigid wing and further
refinements of «, may be found utilizing the successive
loadings for the flexible wing as determined.

Deflected ailerons.—Where the spanwise distribution of
the angle a, is to be considered equivalent to antisymmetric
aileron deflection, it must suffer a discontinuity at the span-
wise end of the control surface. The loading when such a
discontinuity is present can be duplicated by a proper
distribution of antisymmetric twist. In appendix C, the
antisymmetric twist distribution required by the present
theory to give accurate span loading distribution due to
ailerons is found with the aid of zero-aspect-ratio wing theory
given by reference 4. To minimize the computation involved,
it is convenient to consider both the case of outboard and
inboard ailerons.

1. Outboard ailerons.—With m=7, three different aileron
spans can be conveniently defined for the outboard ailerons,
For the aileron spans #,, measured from the wing tip inboard,
the antisymmetric twist distribution required per unit
deflection of full-wing-chord ailerons, «,/3, is given by

Case T I T
e 0.169 0,444 0.805
i 1.003 0.971 0. 998 (8)
b 017 996 901
3
oy
+ 006 .o 978

Inboard ailerons.—With m=7, three different aileron spans
can be conveniently defined for the inboard ailerons. For
the aileron spans 7, measured from the wing midspan out-
board, the antisymmetrie twist distribution required per unit
deflection of full-wing-chord ailerons, «,/3, is given by

Case v v VI

s 0.556 0.831 1.000

all 0.044 0.013 1.016 0
3 9)

i —.o17 961 .979
3

ay

3 1.087 1.095 1101

Sideslip of wings with dihedral.- -For calculating the roll-
ing moment caused by dihedral angle for the sideslipping
wing, the effect of the skewness of the vortex field in altering
the effects of the dihedral angle will be assumed to be small
(as assumed in reference 3). The problem then simplifies to
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finding the rolling moment due to antisymmetric angle of
attack with the unskewed vortex field. The solution to this
problem is the same as for the ailerons which has already been
solved.

The antisymmetric distribution of angle of attack for the
sideslipping wing with dihedral is given by

a,= BT (10)
where
a, effective angle-of-attack distribution
8 angle of sideslip measured positive in the counterclock-
wise direction from the plane of symmetry
I' dibedral angle

The wing parameter T is not affected by compressibility.
Equation (10) is approximate for small values of g and I".
For unit 8T over the span of the ailerons considered,

pr=s (11)
can be substituted for §in equations (8) and (9).

APPLICATION OF METHOD

For the cases of antisymmetric angle-of-attack distribu-
tions resulting from rolling, aileron deflection, or sideslip with
dihedral, it is possible to present a set of simultaneous equa-
tions which are required for the solution of the load distribu-
tion for an arbitrary plan form. With the loading known,
integration formulas can be given to determine aerodynamic
coefficients.

The loading-distribution coefficient &, determined from
the solutions of the simultaneous equations, are functions of
p»n which has been shown in a preceding section to be a
function of wing geometry, compressibility, and section lift-
curve slope. The aerodynamic coefficients are integrations
of the load distribution and, therefore, will also be a function
of wing geometry, compressibility, and section lift-curve-
slope parameters. Application of the method to the general
solution for arbitrary chord distribution is outlined and solu-
tions are presented for the case of straight taper.

GENERAL SOLUTION

Aerodynamic characteristics due to rolling.—The solutions
for the aerodynamic effects due to the rolling wing will be
found and loading, rolling moment, spanwise center of pres-
sure, and induced drag will be obtained.

1. Stmultaneous loading equations.—The p,, values are
obtained from figure 1 and table I7 with values of [, given by
equations (3) or (5).

The simultaneous equations (2), for the rigid and flexible
wing, respectively, become:

—0.924=p,, G+ pi,G,+pila
—0.707:p215'1+p2252+p2353 (1 2)

—0.383 =ps, (71 + Pszﬁz +P33ﬁ3
where
— Q.
G T pbj2v

7 Values of p.» beyond the seope of figure 1 are included in table T,
w hich gives the linear asymptotes of the p,a function.

and
A
—0.924+ b‘.ﬁ", PGt pulit puly |
[ Aa, 2l Va, 7Y
_0.10(+pb“;‘)1=])21G1+P22G2+[)23G’3 > (13)
—0.383+ b‘)V p1101+P3’G2+P3.1G5

- aQ . .
where G,‘zﬁ and Ag, 1s the incremental angle of attack
/ s

due to aeroelastic effects.

2. Loading distribution.—The loading-distribution coef-
ficient is given by G=¢;¢/2b. Other forms of the loading
coefficient are given by the identities

1 cic C0 ¢

(=5 A c."34 O

(14)

The loading is known to be zero at =0 and 1 and is deter-
mined at three intermediate span stations.  Values of loading
at other span stations can be obtained from a loading function
derived in appendix B or, with equations (B23) or (B24) of
appendix B, the loading can be found at span positions
7=0.981, 0. 8‘31 0.556, and 0.195.

3. Rallzng moment.—The damping-in-roll derivative for the
solutions of equations (12) or (13) is derived in appendix B
and given by

BCip

Kar

r /BAN\ ;= = = )
16 (ka;) [Gz+ 0.707 (G,+ G.s)] (15)

4. Spanwise center of pressure.—The equation giving center
of pressure on the wing semispan is shown in appendix B to be

_ ﬁpl/Kru'
Ter =B A(0.163G,+0.248G,+0.430Gy)

Kay

10.215 ( i ) (16)

l('av 3

" 0.082 (SIC 10.124 (C“'
lazl

lanz

5. Induced drag.—The induced drag is derived in appendix
B and given by

B2 (%) [Gﬁ+az+aa

Aerodynamic characteristics due to aileron deflection.—
The solutions for the aerodynamic effects due to ailerons will
be found for three different spans of outboard and inboard
ailerons. Cross plots of these data provide curves for
arbitrary aileron spans.

1. Simultaneous loading equations.—The p,, values are
obtained from figure 1 and table I with values of 77, given
by equations (3) or (5).

(a) Deflected outboard ailerons.—The aileron spans meas-
ured from the wing tip inboard are given by 5,. The simul-
taneous solution for antisymmetric spanwise loading due to

‘)
o G(G G;;)] (17)

For values of F, larger than those included in figure 1 and table I, the p,» curves can be obtained from equation (B&)
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deflection of any of the three following aileron spans can be
obtained from the appropriate set of the following equations:

Case I I 1

Na 0.169 0,444 0.505 i

3 = -_—

2 1.003 0.971 0oss | =puGit+peGtpuGs

ay — -_— \ ==

3 017 - 996 991 =P2101+p2202TP23G3 (18)
@ == = -

5 006 .014 978 =p310,+p32@+p33(;3

where @,=@,/5.

(6) Deflected inboard ailerons.—The aileron spans meas-
ured from the wing midspan outboard are given by 5,. The
simultancous solution for antisymmetric spanwisce loading
due to deflection of any of the three following aileron spans
can be obtained from the appropriate set of the following
equations:

Case f 1AY Y V1
Ta % 0. 556 0.831 1.000
> { 0.041 0.013 1016 =1)11G1+P12G2+P13(73
7%: HE 14 .961 07 :1)21GK+P2202‘5‘1723G3 {1 9)
o | Bt 0Tt poT
5 | 1.087 1.095 1100 = PO+ PG+ pasl,

where G., U /s.

2. Loading distribution—The spanwise loading distribu-
tions due to various aileron configurations include:

(@) Full-awing-chord ailerons.—The loading is known te be
zero at =0 and 1, and is determined at three intermediate
span stations. With equation (C13) and tables C6, B1, and
(7, the loading can be found at span stations n=0.981, 0 831,
0.556, and 0.195 for each of the aileron spans conildorod
With these given points and the knowledge that the slope of
the loading distribution curve is theoretically infinite at the
point of angle-of-attack discontinuity (aileron spanwise end),
the loading distribution can be faired.

(b) Constant froction of wzng-ciwrd ailerons.—The spanwise

loading of constant fraction of wing-chord ailerons is equal to

the product of the loading due to full-wing-chord ailerons and
the effective change of angle of attack with aileron angle,®
da/ds.  The factor da/ds is a function of the ratio of aileron
chord to wing chord t=c¢,/c. The change of section angle of
attack with aileron angle da/ds is presented in figure 3, which
is reproduced from figure 18 of reference 5.

Although figure 3 taken from reference 5 limits the Mach
number range to Mach numbers less than 0.2, this limitation
is believed to be unwarranted since theory indicates that
da/ds is unaffected by compressibility for the two-dimen-
sional wing. However, as indicated in reference 4, da/ds is
strongly affected by low aspect ratio and will change appreci-
ably if the parameter .1 becomes much less than two; hence,
the values of da/ds from figure 3 appear to be valid for 84>>2.

¢ Inn using dajds here, it should be noted that the assumption is made that the effectiv
airfoil section is taken as being parallel to the plane of symmetry and that the section
approaches & two-dimensional section. The validity of this assumption can be questioned
however, limited checks with experiment show it to be at least approximately correct.

.7 /
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e
FI16URE 3. Variation of lift-eflectiveness parameter with aileron chord ratio, tsf- Average

trailing-edge angle about 10°; M <0.2. Curves from reference 5.

(¢) Arbitrary spanwise distribution of aileron chord. ~The
aileron can be divided into several spans with constant
da/ds, then the total loading is the sum of the products of
the full-wing-chord loading of cach span and its respective
da/ds.

3. Rolling moment.——The rolling moment can be found for
the following aileron configurations:

(@) Full-wing-chord ailerons.—The spanwise loading due to
aileron deflection eannot be integrated with sufficient
accuracy with oqnatmn (15). In appendix C, a similar
mtegratmn formula is developed that applies to each given
aileron span. Equation (C10) and table C5 give

C I == = =
e (B WG+ 1T+ 10G) 20)

where for each of the cases of equations (18) and (19) the
h, values are given by

Case T I nI w | Y VI
hi ’ 0.140 0. 139 0. 138 0.146 0. 141 0. 140
ha .199 196 .196 . 200 197 L1908
ka 145 139 . 138 140 . 139 . 140

() (”onatantfra(’t(on of wing-chord ailerons.—For constant
fraction of wing-chord ailerons with aileron angle measured
parallel to the plane of symmetry, the aileron effectiveness is
given by

BCu,

()
Ka,, ~ds

(¢) Arbitrary spanwise distribution of aileron chord —The
deflection of ailerons for which ¢ varies spanwise on the
wing can be considered as an equivalent wing- -twist distribu-

@

tion. The effective antisymmetric twist of the wing is
given by
da
S TS 22
=5 22)
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where da/ds is now a [unction of spanwise position.  The
antisymmetric angle-of-attack distribution given by equation
(22) can be divided into spanwise steps of constant angle of
attack and the total rolling moment can be found by the
summation of the rolling moment due to each spanwise step.
The rolling moments of the spanwise steps are obtained from
a curve of rolling-moment coeflicient 8C/ke s funetion
of unit antisymmetric angle of attack from the wing root
outboard. This step method is the procedure used 1n
reference 1.

A curve of B8O /ky as 2 function of unit antisymmetric
angle of attack from the wing root outboard can be obtained
from the solutions of equation (19) for the cascs IV, V, and
VI. An additional point can be obtained from the solution
of case TII of cquation (18), applying the relations (dis-
cussed later) existing between inboard and outboard ailerons.
The rolling moment due to the twist given by equation (22)
can be obtained, by a method other than the step method,
from the integral given by

601514 1 J(B(?,b/@ ©3)
Kar —‘ o do dn K l
which ean be integrated numerically by taking the graphical
slopes of BC,/kas which is a function of extent of unit anti-

symmetric angle of attack from the wing root outboard.

4. Spanwise center of pressure and induced drag.—Span-
wise center of pressure and induced-drag integration formulas
for loading due to ailerons are not given; however, equations
(16) and (17) can give approximate integrations of the load-
ing to obtain center of pressure and induced drag.

5. Additional considerations:

(a) Relation between aerodynamic characteristies for out-
board and inboard ailerons.—The spanwise loading distribu-
tions duc to outbourd and inboard ailerons bear a simple
relation to each other. Since loading is linearly propor-
tional to angle of attack, loadings are directly additive.
Then, for outboard and inboard ailerons with the spanwise
onds of the ailerons at the same span station,

Ginhoam - G(r]a: I Goutbnnrd

quite accurate since this procedure negleets only the small
change due to the induced effects of the differentially differ-
ent opposite wing panels. - '

(¢) Aileron angles measured perpendicular to the hinge
line.—The relationship between aileron angle measured per-
pendicular to the aileron hinge line and that measured
parallel to the plane of symmetry is given by

tan &
cos A,

tan 3= 25)

where

A, sweep angle of the aileron hinge line

& angle measured perpendicular to the hinge line

Tor constant fraction of wing-chord ailerons on straight-
tapered wings, A, is given by

tan A,=lan ;\5,4-—%0;7@ ‘—1 ;;

(26)
where ¢ is the fraction of wing-chord aileron measured from
the wing trailing edge.

Aerodynamic characteristics due to sideslip of wings with
dihedral. ~The total antisymmetric loading due to sideslip
can be considered as the sum of that due to dihedral angle
and that due to zero dihedral angle.  For the unswept wing,
the rolling moment due to sideslip for zero dihedral angle is
generally considered negligible; however, for the swept wing,
this effect can be appreciable.  Tn the present report, only
that part due to dihedral angle will be considered for the
swept and nonswept wings.

1. Simultaneous loading cquations.—The p,, values are
obtained from figure 1 and table T with values of IT, given by
equations (3) or (5).

The simultancous equations resulting from the substitu-
tion of =3I (see equation (11)) and = G/BT in equations
(18) and (19) are applicable in the determination of the
effects of unit outboard or inboard dihedral angle over the
span of the ailerons considered.

2. Rolling moment—The rolling moment due to various
dihedral angle distributions include:

(@) Constant spanwise dihedral angle.—Tor dihedral angle
constant for the entire wing semispan, the loading is given

=, —C . by the solution of case VI in equation (19) for G—G/BT and
! Sinboard Y, =1 “Soutboard (24) ) : H
¢ the rolling moment from equation (20) becomes
N 0 - ‘ = = =
ﬂainbuard—l TNapuiboard %_Ii_ﬁ=%‘.l(()‘14ogl+ 0.198G2/%0.14003) (27)
av a0

These relations do not apply for n., and Cp, since these
characteristics are not linearly proportional to loading.

(6) Differential aileron angles.—The effect of a differential
between aileron angles can be taken into account by con-
sidering the €, of each wing panel as one-half the antisym-
metric results of equations (20), (21), or (23). The total
wing rolling moment is then the sum of the products of (/2
given by equations (20), (21), or (23) and the angle of de-
flection of each aileron.  Although the total rolling moment
can be found by this procedure, the spanwise loading distri-
bution can be found only approximately by the products of
the antisymmetric unit loading /8 and the deflection of each
aileron. Towever, the loading distribution so found will be

985590--52——3

(b) Gulled wing.~-For the gulled wing, solutions of equa-
tion (19) for G= 7BU gives the loading, and the rolling
momént from equation (20) becomes

%=§K£(’hﬁ1+hﬁz+hz{ﬂ (28)
av at
A plot of the results of cases TV, V, and VI gives the extent
of unit dihedral angle from the wing root outboard. Then,
for a gulled wing, the total rolling moment equals the sum
of products of diliedral angle of each span section and the
rolling-moment contribution of the respective span sections.
(¢) Variable spanwise dihedral angle.—1f T varies span-
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wise, the rolling moment can be obtained by integration as S—<g —
in equation (23). The integral becomes p :::S-\x [0 8 rsf‘l’,,?
/ .
LC’,E: fll‘(n) (Z(@C;g_{ Kaur)dn @9) BAT[ A0 1 ]
Kag JU 4] Kay
where JM is the slope of the curve described in 4’. ; j ==
d 3*LﬂA=0 *;2“:’43‘;8’
part (b) above. Kav
SOLUTION FOR STRAIGHT-TAPERED WINGS 2= B
Charts of aerodynamic characteristics for straight-ta- 4i}j:§6"‘ 8L
pered wings can be presented in terms of geometrie, com- E,Egi."'_:@a_.a
pressibility, and average section lift-curve-slope parameters. b X Ba-wnt E R
These charts provide a ready means of obtaining duta 2 o -
(ﬁT‘(‘Cﬂ_}'. ) i ) 7| Sy RS S [ U S N e ]
Aerodynamic characteristics due to rolling. -The applica- - o —
tion of equation (12) for a constant value of section lift- 5’:%&:6 8+ §§§§;\\*
curve slope® provides the spanwise loadings at span stations P !av N e ?%ﬁ‘z
0.383, 0.707, and 0.924 which are presented in figure 4 for a AA=0 (a)
wide range of plan forms. The interpolation formula of KT T T i
equation _(B24) will give values of loading due to rolling' at sl 2 Tg 5T T~
span stations other than those presented. With equation » |A=i5 Q{S‘]E\\\
(15), the damping-in-roll coefficients BC,, /x4 can be obtained ~50 -40 -30 -20 -10° 0 10 20 30 40 50 60 70 80
and are presented in figure 5 for a wide range of plan forms. Ag
Aerodynamic characteristics due to aileron deflection. — (2) 7=0.3827.
The application of equation (19), case ITT of equation (18), FIGURE 4,—Variation of loading due to rolling coeflicient C‘l ‘:" with compressible sweep

and equation (20) provide aileron effectiveness in the coeffi-
cient form BCi,/k,, for several aileron spans. In figure 6,
BC/xq, is plotted against extent of unit antisymmetric angle
of attack from the wing semispan root outboard for a range
of wing parameters,

As presented, figure 6 gives directly the effectiveness of
full-wing-chord inboard ailerons for aileron spans measured
from the plane of symmetry outboard. The effectivenecss
of full-wing-chord outboard ailerons for aileron spans meas-
ured from the wing tip inboard is given by figure 6 directly
by the relations of equation (24). For full-wing-chord
ailerons located arbitrarily on the wing semispan, the aileron
effectiveness can be obtained directly from figure 6 as indi-
cated in the following example sketch.

A, T
L [
:ﬁc" of aileron
| Kay
B
1
poTTTTTT 0T
e Py ]
i 1
a /
n

With the full-wing-chord values given above, the effec-
tiveness of constant fraction of wing-chord ailerons or ailerons
of arbitrary spanwise chord distribution can be found through
use of equations (21) or (23) with the da/ds values of figure 3.

9 Throughonut the figures, <., is the eonstant spanwise scetion lift curve slope or the average
of a small variation. For large spanwise variations of « that follow the function given hy
equation (B11) developed in appendix B, the parameters 81/xay and X can be replaced by the

B84 X7 , . .
ary oIS 51—~ d — )\, TCS arge spa se varjations of
parameters e e TGN and o A, respectively.  For large spanwise variations X

that do not follow the curve of equation (B11), the simultaneous equations for the general
solution can be solved for arbitrary distributions of x. The FI, values can be obtained from
figure 2.

parameter Ag, degrees, for straight-tapered wings,

6 T T
284-- A-688
5
F 4
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5“ Kav
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(b) 7=0.7071,

FI6TRE {.—Continued.

Aerodynamic characteristics due to sideslip of wings with
dihedral. The application of equation (19), case ITT of
equation (18), but with =8T, and G--G/BT, and the use of
cquation (28) provides rolling moments due to dihedral angle
for the wing in sideslip. These rolling moments are given
in the eoeflicient form ﬁ(’,;/xa”I‘ which is the same funetion
of n as ﬁ(’,a/xa,, and is presented with BC, [k In figure 6.
Figure 6 with equation (29) will provide the rolling moment
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F1GURE 4.- Concluded.

due sideslip for any symmetric spanwise distribution of
dihedral angle.

TFor dihedral angle constant spanwise, the rolling moment
is given by the value at =1 in figure 6. These values for
constant spanwise dihedral angle are presented in figure
7 as a function of aspect ratio for various values of sweep
angle and taper ratio.

DISCUSSION

Effects of plan-form parameters on acrodynamic charae-
teristics for straight-tapered wings are shown by plots against
the various parameters, Compressibility is discussed and
formulas given for a range of plan forms at sonic speeds.
Theoretical considerations and experimental comparisons
indicate the order of reliability of the present theoretical
results.

STRAIGHT-TAPERED WINGS

The spanwise loading distribution due to rolling for several
plan forms is presented in figure 8. These curves are the
result of applying figure 4 and the loading interpolation
formula of appendix B. The loading coefficient is given as

Ne.p. cl?——) to make the total Ioading on the semispan
(Me.r)a=0 Cito
constant and thus show more clearly the changes of dis-
tribution due to sweep and taper ratio. Figure 8 shows
large changes in loading distribution for the zero tapered
wing. The effeets of sweep are gencrally as expected,
namely, that sweepback shifts the loading outboard.

Effeets of plan form on the rolling moment due to rolling is
shown from cross plots of figure 5 which are presented in figures
9 and 10. For higher aspect ratio, figures 4, 9, and 10 show the
marked lowering of rolling moment due to sweep. Figure
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Ag, degrees, for straight-tapered wings.
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FIaURE 5.—Variation of damping-in-roll paramcter

9 indicates that for low aspect ratio, the rolling moment
becomes essentially independent of sweep and taper.  The
taper effects on rolling moment as scen in figure 10 are
small except for values of taper ratio less than 0.25.

Typical spanwise loading distributions due to full-wing-
chord aileron deflection are shown in figure 11. These curves
were faired with the aid of the loading interpolation function
of appendix C and, at the aileron spanwise end, care was
taken to make the slope large.

Wing geometry effects on aileron effectiveness for full-

‘chord outboard partial-span ailerons (with aileron angle

measured parallel to the plane of symmetry) are given in
figure 12.  The geometry effects on B, /k,, are similar to
those on the damping-in-roll cocflicient. Comparison of
figure 12 (a) with figure 9 shows that (i approaches the
zero-aspect-ratio value in the same manner as does (.

Figure 13 gives comparative effectiveness of inboard and
outboard ailerons for swepl wings.  As sweep increases, the
difference of effectiveness Dbetween inboard and  out-
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Fi16URE 5.—Continued.

board ailerons decreases showing that inboard ailerons for
highly swept-hack wings approach the cflectiveness of out-
board ailerons.  Since do/ds becomes large rapidly at small
values of ¢ (fig.3), then, for a given aileron area, narrow {ull-
span ailerons for swept-back wings may be more desirable
than larger-chord outboard ailerons. The relative effects of
figures 12 and 13 apply equally well for constant fraction of
chord ailerons, since the data would differ only by a constant

factor du/ds.
COMPRESSIBILITY

From the three-dimensional linearized-compressible-flow
equation, it can be shown that the effects of compressibility
will be properly taken into account if the longitudinal com-

T
A
/0\
—ﬁ - T 9 —' - - 7
~N
~52 —den 3:\\
-48 . 7 \\
ot ~J N
~44 _ 6= \\ [ WS RN
gl ™~~~
-40 —5 \\\
| —
-36 = 45 \\\\ 1
AC,, <32t T | AT PN
THip P 25 \.\\
Kav - 28 et 3 \\\§
_'24/.-——- -\\\\
- 25— 1 ™
=20 — - E ST
-/6 \:
1.5
-/ —
=08 - — .
-04 e —
g
=50 -40-30 -20-10 O 10 20 30 40 50 60 70 80 90
Arﬂ
(&) A=1.5.
FicURE 5.- Concluded,
7
.6
5
ﬂczo’d
KQD
5.2
4.7
3 0
2 F—
Ay,
Koyl
g.3
2
A=
g

{a} x=0.

BC,
FioUre 6. Aileron rolling-moment parameter "1 per radian, and rolling moment due to
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atlack from the wing root outhoard.
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F1cURE 6. -Continued,

ponents of a wing plan form are increased by the factor 1/8.
Or, alternatively, if the linearized compressible flow equation
be divided through by g2, then the lateral and vertical com-
ponents of a plan form are decreased by the factor g, In
both cases, the incompressible local lift is increased by the
factor 1/8 and the compressible local lift coefficient can be
written as the parameter Se;. _

With these relations known, an incompressible theory
can be made into a compressible theory subjeet to the
limitations of the linearized compressible flow equation.
The geometric parameters of a wing are simply sub-

stituted by g/, Ag=tan™! tn_g\ and gb. With local lift

coeflicient given by B¢, the dimensionless loading

¢ CC . . . . .
becomes Gz%zo—b- The wing-chord distribution remains
unaltered.

The scnic speed results of reference 4 ean be used as a
limit point in the present theory for a curve of the variation
of antisymmetric aecrodynamic characteristics with Mach
number. The following equations apply at the speed of
sound to plan forms with all points of the trailing edge at
or behind the upstream line of maximum wing span:
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Finuvre 6.—Concluded.

For outhoard ailerons,
A L
0'6=—6_ sin® 8, where 9,=1—cos §

For inboard ailerons,

A .
C%:E {1 —sin® 8), where ,=cos 8
Reference 4 shows that aileron effectiveness at the speed of
sound is independent of the chordwise location of the ai-
leron hinge line, provided the hinge line remains ahead of

all points of the trailing edge.
ACCURACY OF THE SEVEN-POINT SOLUTION FOR AILERONS

The prediction of aileron effectiveness for given aileron
spans with wing twist determined by zero-aspect-ratio
theory at ouly seven span points to satisfy the boundary
conditions has been theoretically shown to be sufficient by
comparing results with the computation of a typical 3.5
aspect ratio, 45° swept wing with 15 span points satisflying
the boundary conditions. The process of finding aileron
spans for the 13-point method was the same as that in
appendix C. The curves showing the variation of (', with
aileron span for the 7- and 15-point computations were
1dentical. S } )

The solution for the angle-of-uttack distribution that
ineludes a discontinuity can be compared with the solution
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for the continuous angle-of-attack distribution by consid-
ering an aileron such that the angle-of-attack distribution
is equivalent to that of the rolling wing. The damping-
in-roll coefficient then ean be found by use of equation (23)
which reduces to the form

1 dC;
[y d
! Jo * d"l K
for a= —(f—f,) » and integrating by parts
~ 7
1
Cvgp:.j; CI‘SdT]—C;3"=1

This relation states that C,p 1s equal to the area between a
curve of figure 6 and the line of (' for y=1. The curves of
figure 6 were found by the simplified lifting-surface theory
with antisymmetric twist determined by zero-aspect-ratio
theory. The values of C,p obtained in this manner from
figure 6 were identical to the ) values given by simplified
lifting-surface theory for continuous linear antisymmetric-
twist distribution.

As further theoretical check, the values of rolling moment
due to constant spanwise dihedral angle are obtained from
15-point computations in reference 3 for taper ratio equal to
one, with which the present theory for the 7-point method
is In exact agreement.
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COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

The clectro-magnetic analogy method of reference 6
provides damping-in-roll coeflicients for an aspect-ratio
range of unswept, tapered wings. The results of the present
theory and those of reference 8 are compared in figure 14.
Except for the taper ratio effects on (J,p the comparison is
good. The rounded-wing-tip values of (', given by NACA
Rep. 635 (veference 1) are included in figure 14. Since
rounded wing tips generally give values of C, about 6
percent lower than straight wing tips, the values of NACA
Rep. 635 appear to be appreciably too high for lower-aspect-
ratio wings. The present theory and the theory of refer-
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ence 6 approach the value given by the zero-aspect-ratio
theory of reference 4 quite satisfactorily. The results
of the present theory may be further assessed by the com-
parison with the results of low-speed experiment as given
in figure 15 for the range of plan forms presented. For
further experimental verification of the accuracy with which
C,, can be determined by the present theory, the reader is
referred to reference 3 which supports the theory as well
or better than figure 15 of the present veport.
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The loading distributions due to rolling as given by the
present theory are compared in figure 16 with low-speed
experimental results for a range of swept wings. The sweep
angle seems to have considerably more influence on loading
distribution as given by experiment than the theory indicates.
The experimental pressure data, however, were very erratic
and no firm conclusion can be made.

Experiimental values of rolling effectiveness due to aileron
deflection are comipared with theoretically predicted values
in a correlation diagram given by figure 17. Included are
the results of a wide range of plan forms which do not vary
consistently with any geometric parameter or aileron con-
figuration. Sketches of the plan forms and ailerons are
drawn about the points of correlation. The theory makes
use of the curve of figure 3 giving deo/ds for a sealed-gap
aileron over a range of deflection of £10°. Experimental
results for aileron deflections greater than 15° measured per-
pendicular to the hinge line were not included. 'The correla-
tion points of figure 17 scatter appreciably; however, the
mean line of the points does approximate the line of perfect
correlation.

Figure 17 does not account for effective plan-form change
due to de/ds. Only the effectiveness of the low-aspect-ratio
triangular wing of figure 17 is exceedingly in error, which is
the result of neglecting plan-form change.

The plan-form change due to da/ds can, in part, be con-
sidered analogous to that due to section lift-curve-slope
change. Thus, the total section lift of a wing, the chord of
which is reduced by da/ds and which is at an angle of attack
5, is equal to the lift of the wing-aileron section for which
the aileron only is deflected at the angle 5. This change in

plan form, unlike the section lift-curve-slope change for

which the chordwise loading remains constant, does not ac-
count for a large change in chordwise loading. If the lifting
line is considered to be at the chordwise center of pressure,
then, for partial-wing-span ailerons, the lifting line is in
effect broken at the aileron spanwise end and the present
theory becomes invalid. For the case of full-wing-span ai-
lerons, the lifting line in effect remains unbroken and lies
along the center of chordwise pressure. For this case the
wing chord can be reduced by da/ds to account for plan-form
change; however, although in the limit of zero aspect ratio
the results are the same as those of reference 4, this procedure
does not with sufficient accuracy account for the ehordwise
loading shifting aft at intermediate aspect ratios. For con-
trol surfaces, the effective plan-form change due to da/ds is
appreciable for the low-aspect-ratio wings such that in the
limit of zero aspeet ratio the spanwise loading is independent
of the ratio of aileron chord to wing chord (reference 4).
However, for moderate aspect ratios, de/dé can be used with-
out accounting for plan-form changes as comparison with
experiment indicates.

Experimental values of C/T are not compared with the
present theory since Teference 3 gives ample support of the
theory.

CONCLUDING REMARKS

The determination of antisymmetric loading for arbitrary
wings is shown to be easily obtained by the solution of three
simultaneous equations. The coefficients of the simulta-
neous equations are presented in charts of parameters that
include wing geometry, compressibility, and section lift-
curve slope as arbitrary quantities. Thus the loading for
an arbitrary antisymmetric angle-of-attack distribution can
be simply found once the angle-of-attack distribution is
chosen.

For the important cases of antisymmetric loading, roll,
and aileron deflection, the angle-of-attack distribution is
given and the simultaneous equations are formed. Loading
for these cases can be found by simply obtaining from charts
the coefficients corresponding to the wing geometry, Mach
number, and lift-curve slope, inserting in the appropriate
equations and solving.

Integration formulas for the loading distributions are
given which enable the aerodynamie coeflicients €y, and O
to be found. The rolling moment due to sideslip of a wing
with dihedral is shown to be equivalent to that of aileron
deflection and a procedure for determining its value is given.

For the special case of straight-tapered wings, the loading
distributions and values of ', and (7, are given in the chart
form for a range of wing plan forms.

Experimental and theoretical verification of the theory
is shown to be good. The theory is applicable for large
aerodynamic angles, provided the flow remains unseparated.
The compressibility considerations are reliable to the speed
of sound subject to the limitations of the linearized com-
pressible-flow equation.

AMES AERONAUTICAL LLABORATORY,
NaTtroxAL Apvisory COMMITTEE FOR AERONAUTICS,
AorreTT Frenp, Cavir., December 22, 1949.
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APPENDIX A
EQUATIONS FOR THE DETERMINATION OF ANTISYMMETRIC LOADING

UNSYMMETRIC LOADING

From NACA Rep. 921 (reference 2), the aerodynamic
loading is obtained by solution of linear simultaneous equa-
tions

w=<$)y=§ A, G, v=1,2,...m (Al
where
G = bF;, (A2)
Amzzbw+(§) ¢ for n=»
, (A3)

=—2 b,,,+(cé>gv,, for n#v

b,, and b,, are coeflicients independent of plan form.

L 0).fnu+L(V: Jl'%" l)fn..\l+l+ M ]
&= 0(3{+ 1) D) ;—1 L(V; #)fnu

(A)

where

fuu are coeflicients independent of plan form.

The L (v,u) functions, which can have 3, negative to find
unsymmetrical loading, are given by

for5,>00r u< ‘”;_1
-
/I:H-(w tan A(mvf—nu)] +( )(771'_‘77;‘ .
Ly, u)y= —
’ b -
1+( )(lm —7,) tan A (;) (e — )
and
for 7,<0 or u JI+1
b ST/ -, > (A5)
/ \/[“F(*C')tﬂn A([annu)] +(;> (n—7a)° 1
L )= e < —1 +
b b -
1 +(?;> (Im.f+n,) tan A (z) (n,—7,)
J b 2 b\2
2 tan A\/[] + 19, (—L:) tan A] +(E> 7.2
' b b
[1 +<E> {{n.]—7,) tan A] [] +(U> ({n.{+n,) tan .\] )

where
7,== COS - +] spanwise position at which downwash is computed
.= cos Y [ + 3 spanwise position of incremental loading at the one-quarter-chord line.

The above equations involve computations over the entire
wing. However, if the loading is assumed to be symmetric
or antisymmetric, the computations can be reduced to less
than hall the work. The case of symmetric loading is
developed in reference 2 and the antisymmetric case is
developed in the following section.

ANTISYMMETRIC LOADING

For antisymmetric loading, the loading on each side of the
wing has the same magnitude and distribution but with
opposite sign, or

Wy="—0p 41—

Gv: _Grr1+1—n or Gn:

(A6)
_Gm+l—7z

Equation (A1) can then be written as

_111/, rzz+l—lx)Gn ("&7)

n=1

L m—1 .
where the summation is only to —5 7 since Gui=0 for
2

antisymmetrie loading,
With equations (A3), equation (A7) becomes

a*"[:" Boebom s ,>+( ) @t i u)] ¢, —

_1[ (byn v myi— n) ( >(gvn—gv m+1-— I))}Gll (‘\8)

27
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(The prime indicates the value for n=v is not summed.)

Now, from equation (A4)

L no _Jdm+l—n, o
g9n+gv, mil—n= [ (V7 0) (.f f 1— )+

2(11 +1

E(V;J[ﬁi' D (fa, ;‘é-&»l__fm—(-l—n, J1+1) +

M

Zl L(V: ‘U.) (_frw—fm +1—r, u)] (:Xg)
where

f:l;-l m+1 ‘”Z_ #1\”1 l-‘ld’n cos #l¢n ("\10)

and

___mrr — I'%.4

¢u“‘m+1) b V&S]

From cquation (A9), fru—fu+1-x » can be defined as

f* Vw:.fnu_

j‘m +l—n, p

then, using equation (A10),

2.
j*m& m_l_l E @y €O8 ,uld)y. (q"] ,U.1¢,,'—S]n #1¢m+1 n)
2 m .
=- cos S11t 1-+cos
1 :A:,] i M1, SN pi¢, (1-+cos uym)

and, since the terms of the summation for odd u; vanish,

4 i .
I = AT s FE...nvnn gy SIN pdy cos e,  (ALD)
From' equation (A11),
,f*nu:,f*ﬂ,;\l+l—p (A12)
Combining equation (A9) with (A12) and defining
,q*vn:gvn—_(]v, m+li—n
then
M—H
%k 1 _ .
.‘7 = 2(‘[T1) 2 [L(V:“) L(V ‘[+1 “]f ng (‘A13)
M+1
where for u=0and ° 5 f*. is equal to half the values

given by equation (All) in order that the products can be
fitted into the summation. With equation (A13), equation
(A8) can be written as

av=(2cv+(fb ,q*w> Gv

m—1
2

S 2(*”1—;[1 g*,,,>(:n (A14)
n=1 -y

m—1
v=1,2,3, =
where
Fv: bw_ by, m41—-v
Ovn: bvn_ bv, m+l1—m

From reference 2,

sin ¢, [1—(——1)" v

b= (cos ¢,—cos ¢)* L 2(m-+1)

which gives zero values for b,, for even (n—») values.  Then,

since m 1is odd,

bv,m-H—vZO

and
(V, = bvv
1t should be noted that L{y,u) simplifies somewhat for the
antisymmetrically loaded wing since 3 now is only positive

in equation (A5). If only positive values of 7 are used, then
equation (A5) can be written as

L*(v, )= L*u= L(n, n) + L(n,—7)
=L, u)+ Ly, M4+ 1—p)
Tn summary, the foregoing analysis for the antisymmetri-

cally loaded wing gives

(A15)

where

p,n:‘>b,,+;” g%, for n—v (A16)

—_——2(‘,,,-}—;?— g% for n=v

Con=b—

bv, m+1—n

m—}—l
»“4sin ¢,

1_(_])n—v
2m+1)

sin ¢,
(cos ¢,—C0s ¢,)°

¥n

g*n=g%. for n=v»

’\I-H
* o __ *
g m=— Q(JI+ )2 L wf nm
. 4
f LY St 2 g1 SIN py ¢, COS pidy

m+1 pi=even

f* —f*"“fo =0
0T 5 T p=

* _ M+l
f*" }[_}'_1=>f2 » f() ;‘
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For M=m, f*,, simplifies to

o :[2(_1)"+“Sin 2¢, _(___““14&
J nu u#n_ 1

cos 2¢,—cos 2¢, _COS,4¢H n=u

£

a0 for w—o

f*,, m—+1
* —_ K vy —
S . ,,,;-1— 5 for p= 5

L=

1
(?) (=)

{\/l:l +((by) (ny—1,) tunA\]Zq—(c—be (ny—7,)2—1 } +
1

(D)a+5

[

—

Y

[1 _+_(£) (n,—7,) tan ‘\]2+(£)2(7]u+5n)2

!

142 (;’) 7, tan A

2 tan A\/[l +<f,) 7, tan .\:,2-}—(2)2 n.?

14+2 (;{)) 7, tan A

rmw
,=c0s ¢, where ¢,=
n ¢, where ¢ m1
7.=008 ¢, where ¢“=—\;‘%
- nr
»=C08 ¢, where ¢,=———
N,=—CO0S ¢ 1 ¢ m+1

For a discussion of

the relative accuracies

1

obtained for a

choice of values of 3/ and m, see reference 7. The most
favorable application is with 3f=m.



APPENDIX B
DERIVATION OF RELATIONS USED IN THE METHOD

APPLICATION OF APPENDIX A

With appendix A, the antisymmetrical loading on a plan
form for any antisymmetrical distribution of &, can be found.
The principal work in the computations is to obtain the co-
officients of the simultaneous equations (A15). These co-
efficients can be presented in charts for the complete range
of geometric plan-form parameters into which are introduced
the effects of compressibility and section lift-curve slope.
With the loading due to rolling known, the coefficients and
derivatives are obtained by integration formulas.

Section lift-curve-slope effect.—For a two-dimensional
wing with the loaded line at the quarter-chord position, the
position r aft of the loaded line where the induced downwash
equals the angle of attack of the wing can be obtained by the
Biot Savart Law as

w:gr’—r where Tc:C‘;‘—
or
Wl
T Trr
or
de, 4nx
da ¢
then

(o
T \4r/da

where de,/da is the section lift-curve slope. Two dimen-

sional section compressibility effects that do not follow the '

Prandtl-Glauert rule can be given consideration by taking
the ratio of (de;/da)compressivie 2t 8 Mach number to 27/8.
Let x be the ratio of the section lift-curve slope at a given
Mach number to 2#/8 or (de,/da)compressre= 27/8, then

2=x(ef2)

Then the induced angle, x(¢/2) aft of the loaded line, is
equal to the angle of attack of the wing. For x=1, this
is at the three-quarter-chord line. For section lift-curve
slope less than 2, « is less than one and the downwash is
equal to the angle of attack at some point between the
one-quarter- and three-quarter-chord line.

To take into account the seetion lift-curve-slope variation
in the present theory, the downwash must be found at a
distance «(¢/2) aft of the loaded line. From the formulas
of the summation in appendix A, b/c, should be taken as
b/x,c,, where «, is the ratio of section lift-curve slope for a
given Mach number at span station », to 2r/B.

Derivation of parameters for Pon—The p,, coefficients, as
defined by equation (A16) in appendix A, depend on plan-

30

form geometry in the (b/e,)L;, functions only, or p,, is a
function of bfe, and sweep angle. As previously shown,
bje, is also a function of the spanwise variation of section
lift-curve slope and is effectively equivalent to b/x.e,, where

. %, is the ratio of scetion lift-curve slope for a given Mach

number al span station » to 2x/B. The p,. cocflicients can
be plotted against b/k,c, with sweep angle as a parameter;
however, b/xc, will vary from zero to very large values for
a range of plan-form geometry, and the plots become un-
wiceldy. For a range of aspect ratio, the values of b/xc.
are a maximum for the zero tapered wings when 7,>0.5
(provided plan-form edges are not concave) and a maximum
for the inverse-tapered wings for ,<0.5. The ratio of
b/x.e, for 7,>0.5 for any plan form to those of the zero
tapered wing or the ratio of b/k.e, for n,<0.5 for any plan
form to those of the inverse-tapered wing gives a geo-
metric parameter for any plan form that has maximum
values that depend only on aspect ratio.

The chord distribution for straight-tapered wings is
given by

b A(L+N)

& BT =00 —M] ®BD
Then, for A=0,
, b i
A S B2
e 2 =D ®2)
and for A\=1.5
b 5 .
BT TCES R B

The ratio of b/ke, to equations (B2) and (B3) gives,
respectively, a geometric parameter as

b/x.c, o b .
m—Z(l —1) <Kyt',.> for 0.5 <9, <1

bk, 22+9) ( b>
= BN 0<a <0
(B Ac e s 5 (chv for 0<9,<0.5

(Be)

Let H, be defined as two-fifths times the values of equa-
tion (B4) (the fraction two-fifths is introduced to give H,
the approximate values of p,, to simplify plotting pro-
cedures), then adding effects of compressibility (sce Dis-

cussion section)
IL:(I,(Bb> B3)

Ky Cy

where

¢ ,=4~(]/5——ﬂ for 0.5 <9, <1

2 1
=ﬂ~_=L~) for 0<9,<0.5
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For tapered wings, 77, simplifies to

200 —9){1+N) /81
[{y mn( )f()l 05<77 <1

2@+9)A 4N /8 <, <
_\[I—W(I*M )me 7, <0.5

(B6)

Plots of p,, against 77, in the range of I7,=0 to 4 will
give p,, cocflicients for wings of any chord distribution for
aspect ratios up to 10 or 12,

Linear asymptotes of p,,.—For large values of H,, the
Pwn functions become lincarly proportional ! to 71,. Since
“this linear characteristic appears at relatively low wvalues
of T1,, the simple linear relation between P and 1, is
quite usable.

The L*, function of appendix A is multiplied by b/e,
and the product is lincarized.

b 2 2 i )
NG (B 2 g s
A ——ftar A -
| 1— /1—r(‘_tnn \)
ﬂ tanA forn<a
A
= ‘_ ( + )sm \———tan
—7* "\|n—7] 2 ~
~ : r (B7)
_\/1+(7’;2t;m‘\>
s + . fo
29 tan A orn>n
—( ———Hun \>< )—~—+— -sin A —
— tal A .fory
~77 u12 n=n
2 b 2 2sinA -
_(ﬁi(c, —5+ g .for =0 )

. With the values of equation (B7) substituted into equa-
tion (A16) the values of p,, for arbitrary sweep angle are
obtained. Thus, for m=7, the following equation (B8§)
gives values for p,, as

p1,~(3 (ﬁ—{-l 026 tan \>11l+7.968~1.494 sin A+

+0.0016 tan? A )_

K)
0.014 tan +0 082 ( tan A

1—41+0.0177 tan? A)
0'068( tan A +
— 717 2
0.034( 1= 1+0.1717 tan A)
tan A

0.851
]),2:(00;\ —2.901 tan \)17,—3 13841.080 sin A—
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] 2
0.034 tan 2 —0.034( 1 —+1+0.0016 tan® 4
2 tan A

. = 2
0.096(1 +v14+0.1717 tan A\)
tan A
—0.176 .
2713:( cos 1 +1.026 tan .\)H,+0.129~—0.869 sin A+

—+114-0.0016 tan® A
tan A

0.082 tan = +0 014(

o 1—3110.0177 tanu)
0.0‘)R( tan A +
0.034<1—\\1+0.1‘1/ tanm\)

tan A

pﬂ:(?‘o% +0.534 tan \)Iln—" 088—0.383 sin A —

/ — R 77 tan? A
0.018 tan %—0.088(] "31H0.0177 tan )—

tan A
— I—H) 0294 ta\n
0'044< tan A
_{1—+y1+0.0886 tun%\)
0'03’( tan A

p:z—O 97 H,+4 596—0.146 sin A—0.044 tan 2\—}—

COS .
I —+140.0177 tzm?A)
25 Y. tansay
tan A

! 2
0. 044( —11+40.0204 ‘,%!!lx\>_
tan A
0.125( 1 — 11100886 tan® A
tan A
0.221 .
( v —0.534 tan A JJT,—1.91240.221 sin A4
cos A
: —f 0177 tan? A
0.107 tan 3—0.044(1 V100177 tan? A
2 tan A
0.018(1 —'1+0.0294 tan? A)_{_
tan A
1—,17-0.0886 tan® A)
0.044( 0.05¢
. D) '
Par= W—o.l 64 tan A\>I[3+0,149+0.324 sin A+
cos

—\T1+0.1717 tan? A\)_

_ 9
0.034 mn 0.082 ( tan A

—\T40.0886 tan® \)
0'163( tan A +
S 1—=41 +0.1993 tan? A)
0.197 (  tan A
Dyg == 0.136 AMT;—1.570—0.389 sin A—
P2 cos A
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A 1—41+0.1717 tan® A)
9 2 9 =y Y- )
0.082 tan 2-{—0...31( tan A

T T e a0 x
0.082(1 —140.1993 tan A)
tan A

0.628 .
Pu={ oq \A-—O‘] 64 tan A )/1,+3.417+0.083 sin A+

. 13401717 tan? A
0.197 tan 1—0.08‘2(17_&—‘"““7 )+
2 tan A

7L 0.0886 tan® A
0.163(1 4y 1+0.0886 tan 7)_!_
tan A

—y 1003 tan? A
0.034(1 y140.1 3(:!L)
fan A

Bs)

Linear spanwise distribution of (k),/(kC)a— With the
condition that the product of section lift-curve slope and
wing chord varies Tincarly spanwise, then

—___.——2—b__‘ { 4 [1 / )‘
x('—‘,h[le(K;,/KR)T]K —n, [1 —(kr/km)N }

and cquation (3) becomes
_ . 1 ‘!‘(KT;IKR))\
=B ) g TGN}

(B9)

where A, is the aspect ratio based on the wing chord equal
to xke. Tn equation (B9), 77,15 rectuced to terms of two param-
eters. Expressions of ., in terms of aspect ratio for
straight-tapered wings and the distribution of scetion lift-
curve slope can be found.
For straight-tapered wings
a2
cr(l +N)
and since «c is linear
' \ 2b
T krer (1 (k[ kR)N]
then
Y S
T (kp kN /TR

" and equation (BY) becomes

I—d [ g ] 1+ (kr/kp) A
T O ke N/ TR 2{ 1 =7, [1 — (kr/kR)N]}

B10)

The distribution of « for straight-tapered wings is given by

. =(K€),=K 1—n, [1 —(kr/k0)M
I # 1—a,(1—=N\)

(B11)

Equation (B10) is m terms of two parameters given by
[C:R__L—%ﬁ?)‘] and (kr/kz)N.  Solutions for spanwise load-
ing in terms of these two parameters and Ag are valid for the
distribution of section lift-curve slope given by equation
(B11). Equation (B11) indicates that at A=1, is'a linear
function and at A=0, x, is a constant. For values of N

between 0 and 1, «, is @ curve in the region between the linear
function and a constant.
Equation (B10) is given by figure 2 for m="7, but with

the ordinate given by the parameter i,
) B Afl(kz+ xrN)/(1 -+ N)]

and the abscissa by (kz/kg)\.

For the case of linear distribution of (xe), and straight-
tapered wings for which the chord and section lift-curve
slope can be specified in three parameters, the loading and
associated aerodynamic characteristics can be presented for
a range of the parameters Ag, BA/(kp+xrN)/(1+N], and
(xr/kR)IN.

INTEGRATION OF ANTISYMMETRIC LOADING

Rolling-moment coefficient and derivatives.— Rolling-
moment cocfficient is given by

A 1
so=%1 " ¢ @adn
o -1

5 (B12)

where

n="C0s¢

which, by an integration formula,

) m
| @ di=T 2 G sin o ®13)

becomes

il Zml G, cOS ¢, SIN P,

8O =5t 1) &

_ ™A g e
=im D ngl G, sin 2¢,

G"““:O, and

Since the loading is antisymmetric, )

m—1

A 2 .
B(’,:m :4;{ G.sin2¢,

(B14)
For spanwise loading due to rolling, the loading is found
as a function of pb;27, then equation (B14) divided by
pb/2V gives
m—1

o mB.A L
ﬂnlp_2('n+1) ngl Gn s 2¢’n

B15)

where

G=@Gj(pb/2V)

The rolling moment due to ailerons will be found in
appendix C.

Induced drag. -The induced drag cocfficient is, with equa-
tion (B13), given by

77);6_;11 é Gpa[, Sin ¢,

3(*,)‘:5;1 [l o, Gdn=
J-1

where a; is one-half the induced angle of the wing wake
given by equation (Al4) for ¢,= =, then for antisymmetric
loading i

m—1

D)

m—1
...‘II'B[)l 2 2 . R
By = s (b,,G,’—G, Z'ﬂ,,.(:,,) sin ¢, (BI6)
- m+1i3 n=1
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where the prime indicates the value of n=» is not summed.
Spanwise center of pressure.--The center of pressure on
the wing half panel is given by

f'oﬁdﬁ
0
1
f(:'dﬁ
Ju

The numerator is equal to 3C,/3.1.
for loading is assumed,

Ne.p. =

If the Fourier series

13
G(p)= 2. a, sin y ¢, the denominator becomes

#i=even

raly

m

m f;(ﬂ M1 ‘)
Qu, | =sin ¢ sin upde 3 —a,,(— DI \u’—1

mi=ceven o mi=¢ven
then
C p—_—
Nep,= - B m B17)
_BA Z a“l(_ 1)2 ( 2#1 1)
pr=even My —

where a, are the Fourier cocfficients.

Loading-due-to-rolling function and interpolation table.—
The Fourier series that approximates the antisymmetric
loading with only a few terms is given by

m

> a, sin wig

MHp=even

G(o)= (B18)

The loading @G, is determined at span positions of 5=cos ¢,
nw

m—H'

where ¢, = The a,, are given by

A .
@ == f; G(¢) sin u,pd¢ B19)

With the quadrature formula of equation (B13), equation
B19) becomes, for antisymmetric loading,

m—1
4 2 .
al-tl:m_{__l "Zﬂ Gﬂ sin #1¢n (B‘?O)

For m=7, the a,, cocfficients are equal to (for even 1)

12 2,
a2=§ (‘7 Gl+ Gz‘i‘\? 03)

1
a4=§ (G—Gy r‘ (B21)
1/(V2 2
06=§ (\2* Gl—Gz"}‘)z* GJ)J
Equation (B18) with (B21) can be arranged to give

—
12

= 3
G(¢)=l (% sin 2¢4sin 4¢+~2: sin (i¢>) a,+

% (sin 2¢—sin 6¢)G,+ (B22)

152 G ag s 32")0,
5 (2 sin 2¢—sin 49+ > sin 6o s
With equation (B22) the loading due to rolling can be deter-

. - . k
mined at any span position. Letting qb:¢>k=—8I and tabu-

lating the factors of G, as e, an interpolation table may be
obtained to determine loading at span station k.

TABLE Bl, e,,

[m=7]

kN 0. 981 0. 831 0. 556 P 195
N T
. k
\\ 12 372 52 72
n ~N
0.R155 0. 5449 —0. 1822 0. 1084
—. 2706 . 6533 . 6533 —. 2706
. 1084 —. 1622 549 . 8155
3
Gk=z ﬂnan (B23)
n=1

Equation (B23) may be used for interpolation of any form of
loading coefficient, thus

3
¢;C [§14
(i) =2 ene (22
CiCar /' n=1 CiCar/'n

(B24)



APPENDIX C
DETERMINATION OF ANTISYMMETRIC WING TWIST FOR FINDING SPANWISE LOADING DUE TO AILERON DEFLECTION

WING TWIST FOR A GIVEN AILERON SPAN

The determination of loading for an angle-of-attack
distribution that contains a discontinuity by a method which
satisfies the boundary conditions at a finite number of points
can be made by inereasing the number of points until the
solutions become sufficiently accurate.  For the method as
given in appendix A, the number of points that satisfy the
boundary conditions is given by m. For the large value of
m required for accurate results, the computations become
exceedingly Inborious; however, a procedure using a moderate
value of m ean be determined by use of a low-aspect-ratio
theory with which a wing twist can be found that duplicates
the results of the discontinuous angle-of-attack distribution.

A theoretical but relatively simple method of finding
spanwise loading due to inboard and outboard ailerons for
wings of Tow aspect ratio is given by reference 4. In the
present theory, as aspect ratio approaches zero, g%, values
of appendix A become zero and the p,, cocfficients given by
cquation (A16) become constant or independent of plan-form
shape and equal to

Pen— —2C)'n§
va:.-zbw
These coefficients are given by the relations under equation
(A15) and p,, can be tabulated.

o

TABLE Cl. —pu

[For m=7 and A=0]

\ Y
o 1 2 3
\} o
1 LD, 4524 ? —2. 0000 0
2 |—3. 6954 5. 6568 — 1. 5308
3 Q0 —2. 0000 1. 3200
e R

With equation (A15), antisymmetric loading can be found

for zero-aspect-ratio wings. As a comment on the accu-

racy of the present theory for m==7, the solution of equation

(A15), with the A=0 p,, values for loading due to rolling

oave the same values at the three semispan stations as does
o« T -

reference 4, namely, G(¢)=——F‘—'(pb/ﬂ é)}sm 22,

The zero-aspect-ratio theory of reference 4 shows that
all span loading characteristics are independent of plan-
form shape for zero aspect ratio. This independence makes
that theory ideal for obtaining the boundary conditions of
the present theory for zero aspect ratio, which should apply
with the present theory for higher aspect ratios for which
plan-form shape has an offect on spanwise loading. The
boundary conditions of the present theory are given by the
antisymmetric values of «, in equation (A15).  The problem
is to find what antisymmetrical distribution of a. is Te-
quired for the present theory to duplicate the exact loading
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distribution given by reference 4 for a given aileron spamn.

The aileron spans are arbitrarily chosen for the present
theory as the mean value of the spanwise trigonometric
coordinate of the downwash point at a section angle of
attack equal to zero. For m=7, three aileron spans can be
defined for both outhoard and inboard ailerons. TLet 7. be
the aileron span, and 6 the spanwise point of the end of
the aileron, then

n.=1—cos 8 for outboard ailerons

n.=cos @ for mboard ailerons

For the present theory, the aileron spans defined are tabu-
lated as follows:

TABLE C2

i
\ Outhoard Inboard
Case l T I 111 v v T
3« L i 5z 3= Q
e 16 16 16 16 16
“%a 0. 1685 0. 4444 0.8019 0. 5556 0.8315 1. 0000

Tor the aileron spans listed in table C2, the exact span
loading distribution can be found from reference 4. With
the p,, values listed in table C1 and the exact values of
@, G,, and G; from reference 4, equation (A15) gives the
twist required for the present theory to give the loading
Jistribution for each case listed in table C2 or

740.4024(5 3.6904(6 ]
% (%>+ 5.6568 (%)-2 (%}

- %_ 15 G;-’ 2 (Gq>
5 l.-)308(5)+4.3~96 5 )

The spanwise loading dist ribution from reference 4 for out-
board ailerons is given by

YT

€2)

. 0+ ¢
, sin ——
[G@] 1 (cos ¢—cos 6) In 2=
) outhoard T sin 6—¢
2
cos%"bt
(cos ¢+-cos 6) [n -——’1 (C3)
cos?= |
2

T



THEORETICAL ANTISYMMETRIC SPAN LOADING FOR WINGS OF ARBITRARY PLAN FORM AT SUBSONIC SPEEDS

For the full-wing-span aileron, O:g or 7,=1

G(¢) 2 |1 +sin ¢
[T]n(,zl—ﬂ' COos ¢lll [TS()S! (C4)
For inboard ailerons, with the same value of 8
G _[Gw _[Q@]
[ ) ]inboard_[ 6—]%:1 ) outboard (05)

With equations (C3), (C4), and (C5), the spanwise loading
G, G, and G, at span stations ¢=r/8, =/4, and 3r/8, or
1=0.9239, 0.7071, and 0.3827 can be tabulated for each of
the cases given in table C2.

TABLE C3
%" Case 1 T 1T v Ay AN
% 0.1136 0.1919 0.2316 0. 0454 0127 | oo
‘@ . .
T 0. 500 . 2800 . 3851 164 L3464 . 3964
@ i
< 0190 L1022 3620 . 2922 . 3754 L3944

The twist distribution required for each case is obtained
with equation (C2) and table 3, tabulating

TABLE C4

.;: Case T l i3 1 v v VI

% 1.0029 0.9713 0.9970 0. 0444 0.0128 1.0157
%’ L0174 . 9957 . 9913 —. 0169 L9614 . 9788
% . 0056 .0139 L9777 1. 0868 1.0951 1. 1007

With the twist distribution given by table C4, equation (A1 3)
can be used to solve for spanwise loading due to ailerons for
any of the six cases.

ROLLING MOMENT DUE TO AILERON DEFLECTION

The rolling moment is given by

A .
=4 f G (@) sin 2 pdg C6)
JO _
For span loading due to ailerons, the loading distribution is
distorted sufficiently such that the quadrature formula
given by equation (B13) is not sufficiently accurate for
m=17 o integrate cquation (C6). With equation (B18)

(Vl:*"r_‘é a,

C7)

Expanding equation (B18) for e=m/8, /4, and 3x/8, or
obtaining @,, G,, and G, in series of a@’s, the sum of the s
gives

agz—lz—(0.7071G1+G’2+O.7071G3)+a“—a.8+a3(,—a34 (C8)
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The higher harmonic coefficients can be put as factors of the
G,. The rolling-moment coefficient, becomes

_ 4507071 (014—Gxg+aao*ﬂ3¢)
C‘““{ 16 [H' 1.20716, ¢+

%[] +<@M@] G+

1.20714,
0.7071x (au—am‘l‘axo—(’u) 1
16 [1+ 120716, ]0“5 (©9)
When £, is defined as the coefficients of (7,
Cr=A G, +h,G,+ G, €10)

The ratio of (ay—ag+asw—as) to (7, can be evaluated by
the zero-aspect-ratio theory. Tt is expected this ratio will
not vary appreciably with aspect ratio. From reference 4,
the loading series expansion gives for equation (B18)

(&) | . (cos 6 sin u,6 ]
8 Jouthoard Ty (#12—‘ ]) # .
M1 81N B cos w0
My
(911) _—(=1)? r(cn)
8 Jna=r piP—1
()
1) inboard 0 Na=1 4 outboard y,

but are not
The A, are tabulated

These high harmonic coefficients are small,
negligible for loading due to ailerons.
for cach of the cases

TABLE C35

|

: hn Case T ‘ IT I 1w ( v Vi
hy 0.1308 0. 1388 0.1379 ’ 0. 1462 0. 1407 0.1402
hy . 1994 . 1963 . 1955 . 2004 .1973 1975
hy L1446 L1388 . 1382 . 1400 C13%4 I 1397

SPANWISE LOADING DISTRIBUTION

The spanwise loading distributions due to the twist
distributions of table C4 are found at three span stations,
and, since these loadings are not completely defined by a few
terms of the assumed loading series, the values of loading at
other span stations cannot be found accurately by direct
use of equation (B23) and table B1. For zero-aspect-ratio
wings, the spanwise loading distribution due to aileron
deflection is given to all span stations by equation (C3).
The loading distribution for other than zero-aspect-ratio
wings will fluctuate about the value given by equation (C3)
in a manner similar to the manner that loading due to rolling
varies about the function sin 2¢ of zero-aspect-ratio theory.
Since the interpolation table of equation (B23) applies only
to Ioadings that vary about the function sin 2¢ the loading
due to aileron deflection ean be divided by the ratio of equa-
tion (C3) to sin 2¢ and the resulting loading will be approx-
imately given by sin 2¢.

The zero-aspect-ratio values of equation (C3) ecan be

/
G(9)/5 Define

sin 2¢

R,=0@/

sin 2¢,

tabulated as ratios of

C12)
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The zero-aspect-ratio values of R, can be tabulated for each

aileron-span case considered.

TABLE C6.—Ra

Qutboard Inboard
Case 1 i 311 v . v Vi

< |” " T )

"\ ne | 1685 0. 4444 0. 8049 0. 5356 0.8315 1. 0000
R S MU e
L1 0.1607 0.2714 0.8275 0. 0642 0.1749 0.3358
[ 2. -0500 - 2800 - 3851 1164 L3464 -3064

3. L0269 JT445 5119 4132 ] . 5300 5578

The interpolation serics of equation (B23) becomes

G < G
R){”Zﬂ €nt (A’)n

and ¢, are given by table B1.

(C13)

v g

where E——— With R, tab-

> |Q

. . ST
ulated, values of loading at span stations m,=cos —g= are
<

obtained.

TABLE C7.—R;

1\ Case ‘

n i 11 181 v AY VI ;

k l I3 l

0. 981 1/2 l 0.1738 | 9. 2663 0. 3162 0. 0559 0. 1484 t 0.3222 |
.831 3/2 l L1056 | 2787 L3409 l . 0802 L2533 . 3589 i

. 556 5/2 . 0341 . 2250 . 4365 2424t L4225 . 4566 |
195 T2 l L0233 l L1212 L5304 1 . 6363 l L7343 L7575 l
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