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REPORT No. 585

SPAN LOAD DISTRIBUTION FOR TAPERED WINGS WITH PARTIAL-SPAN FLAPS

By H. A. Prarson

SUMMARY

Tables are given for determining the load distribution of
tapered wings with partial-span flaps placed either at the
cender or at the wing tips. Seventy-two wing-flap com-
binations, including two aspect ratios, four taper ratios,
and nine flap lengths, are included. The distributions for
the flapped wing are divided into two parts, one a zero
lift distribution due primarily to the flaps and the other an
additional lift distribution due to an angle of attack of the
wing as a whole. ’

Comparisons between theoretical and experimenial
results for wings indicate that the theory may be used to
predict the load distribution with sufficient accuracy for
structural purposes.

Simple computing forms are included for determining,
by the Lotz method, the theoretical loadings for a combina-
tion of any wing with any flap. A discussion of the
method is given showing: (1) the effect on the load dis-
tribution of increasing the number of harmonics for a
wing with partial-span flaps; and (2) the effect of increas-
ing the number of poinis used across the semispan for a
wing of unfair plan form.

INTRODUCTION

A. knowledge of the span load distribution over a
wing is important not only from structural considera-
tions but also because certain conclusions regarding the
behavior of the wing near the stall may be drawn from
it. Indirectly, the span load distribution also influences
such items relating to performance as the magnitude
of the induced drag, the pitching moment of the entire
wing about an aerodynamic center, and the angle of
zero lift. Because of the importance of span load
distribution, numerous methods for computing it have
been proposed but, since they are generally lengthy
and complicated, they have been little used in practice.

In reference 1 the span loading was given for linearly
tapered wings with rounded tips. The results given
therein cover a large range of aspect ratios and taper
ratios, but they are for the case of a wing in which there
is either no twist or only linear twist. Since most
airplanes include some sort of high-lift or drag-increas-
ing device covering only part of the span, the wing with
an abrupt twist is of particular interest. These high-

lift devices, when deflected, may be considered as
introducing an effective twist that alters the load
distribution along the span. As the actual effective
twist depends upon possible combinations of wing angle
of attack, flap type, flap deflection, flap span, wing plan
form, and the variation of the flap-chord ratio along
the span, it is apparent that the resulting load distri-
bution depends upon many variables.

The presence of so many variables precludes the
possibility of making either sufficiently extensive theo-
retical or experimental investigations to provide design
charts for the general case. The present report there-
fore covers only the most commonly used series of
wings; i. e., linearly tapered wings with rounded tips
having chord distributions like those of reference 1 and
equipped with partial-span flaps of constant flap-chord
ratio. Comparisons are made of the experimental load-
ings, taken from reference 2, and the theoretical loadings
to give an indication of the differences to be expected
when the theory is used. Finally, a method for com-
puting the span loading is included so that those
interested will be in a position either to estimate from-
the results given herein the probable loading for similar
cages or, if necessary, actually to make the computa-
tions.

Although the present report presents only the span
loadings, later reports will deal with the effect of the
load distribution on performance and on the behavior
of the wing near the stall.

SYMBOLS
by, flap span.
by, WIng span.
S, wing area.
A, aspect ratio, 5,%/S.
d;, flap deflection, positive downward.
V, wind velocity.
p, mass density of air.

¢, dynamic pressure, %pV‘.

w, induced downflow at a section.
L, lift on wing. -
C, wing lift coefficient, L/gS.
¢, chord at plane of symmetry.
¢, chord at any section.
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ay, effective angle of attack of any section.
angle of attack of any section referred to
its zero-lift direction.

ay, angle of attack of section at plane of
symmetry referred to its zero-lift direc-
tion.

A, ratio of fictitious tip chord, obtained by
extending leading and trailing edges of
wing to extreme tip, to the chord at the
plane of symmetry.

E, ratio of flap chord to wing chord at any
section.

T, circulation at a section.

l, section lift (per unit length along span).

¢;, section lift coefficient, I/gc¢, perpendicular to
wind at infinity.

Subseripts:

0, refers to section lift coefficient
perpendicular to local relative
wind.

b, refers to bagic lift (Cr=0).

a, refers to additional lift for any C;.

a1, refers to additional lift for Cp=1.0.

€1..., maximum lift coefficient for any section.

Ac;, increment in section lift coefficient caused
by a flap deflection, 3,.

section induced-drag coefficient.

section profile-drag coefficient.

additional-load parameter, ¢, ESE

L,, basic-load parameter, c,‘:g%b;.
. I

m, % of entire wing, per radian.

cdl!
Cdoy

L,

Mg, zc—a:of any section, per radian.

m,, :iic-?;of section at plane of symmetry, per
radian,

the part of C}, at a given wing attitude due
to any flap deflection.

the increment caused by a flap deflection
corresponding to a Ag; of 1.0.

¥, variable point along span.

y’, fixed point along span.

cos 6, EyTz (when y=—0,/2, 6=0; when y=0,/2,

0=m).
Ap, By, Czn, coefficients in Fourier series.

ACy,

ACL,

THEORETICAL RESULTS FOR WINGS WITH FLAPS

According to the assumptions upon which wing
theory is based, the distribution of lift over the span
is a linear function of the angle of attack at each point
of the span. Thus it is permissible to compute sepa-
rately either a zero lift distribution or a distribution
due only to the flaps and later to superpose them on
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appropriate distributions due to an angle of attack of
the wing with flaps neufral.

Deflecting flaps on an untwisted wing that previously
was at zero lift produces the angle of attack and load
distributions shown by the solid lines in figure 1. If
the angle of attack of the wing without flaps is reduced
80 that the area under the dashed load curve is equal to
that under the solid curve, their addition will result in
a zero-lift curve. It can be seen that the load distri-
bution due to the flap alone (solid curve) does not follow

Wing
1 Flop ]
+ if“ -~Flop
I — 1
N ?'_“_. ___Wingy _____ 4

Load distribution
F1GURE 1.—Angle of attack and load distribution for a wing with flaps.

the abrupt angle-of-attack change but, owing to in-
duction, is distributed along the remainder of the span
where there is no apparent angle of attack. At these
stations there is, however, an effective angle of attack
due to the upwash produced by the portion with flaps.
Numerically the effective angle of attack ab any section
is equal to the section ¢; divided by the slope of the
section lift curve, or it can be given by

ao=a¢—%'} (1)

In order to determine the theoretical distribution of
the forces and angles for a particular case, it is necessary
to obtain a solution of the fundamental formula for

induced downflow .

3 dr
2
. [ @)
-3 ¥y -y

The graphical and analytical methods for solving
this complicated integral tend to be lengthy and none
is exact. In the genmeral case where the wing plan

’w=z T
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form or angle-of-attack distribution cannot be expressed
as simple analytical functions, either the Lotz or Lip-
pisch methods (referepces 3 and 4) are particularly
applicable, although other methods may be used. - An
adaptation of the Lotz method, which has been used to
compute the theoretical load distributions given herein,
is given in a later section of this report in a form suitable
for routine computation. These load distributions are
listed in tables I and II for 72 wing-flap combinations
that include two aspect ratios (6 and 10), four taper
ratios (1.0, 0.75, 0.50, and 0.25), and nine flap lengths.
The flap lengths, expressed as a fraction of the semi-
span, are:

Flaps at Flaps at
center tip
0.233 0. 240

. 383 . 351
. 649 . 617
. 760 . 767
.00 ...

Table I gives the ordinates of the curves of the addi-
tional load distribution at 10 selected spanwise stations
in terms of the parameter

®3)

and table II gives the ordinates for the basic-load
distribution in terms of the parameter

La:clal%

Lb=czbs,% @

The additional-load distribution, given for a wing G
of 1.0, is independent of wing twist (flap displacement)
and maintains the same form throughout the useful
range of the lift curve. The basic distributions are
zero lift distributions that depend principally on the
wing twist.

The values of L, and L, were computed by the Lotz
method; 10 points across the semispan were used and
10 harmonics of the series were retained. In these
computations the slope of the section lift curve was
assumed to be equal to 5.67. The odd flap lengths
given result from the use of a Fourier series in the solu-
tion for the load curves; in the case of a wing with an
abrupt twist the discontinuity occurs, mathematically,
in the interval including the end of the flap.

Since the parameter L, has been given for the con-
venient wing Oy, of 1.0, the relation between the addi-
tional section lift coefficients ¢,, and ¢;,, becomes

61a=0[,61a1 (5)
The total lift coefficient at each section is
61=01b+C’L01q1 (6)

and the lift at a section is

l=¢yqe (7)
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In the application of the results given in tables I
and IT, interpolation will generally be necessary. For
structural purposes & linear interpolation between the
different variables is probably justified. The results
may also be extrapolated with reasonable accuracy to
aspect ratios 4 and 12, although values of L, may be
obtained from reference 1 for aspect ratios from 3 to 20
without the necessity of any extrapolation.
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FI1GURE 2—Typlcal characteristics of a ssction equipped with a flap.

In order to illustrate the procedure to be followed in
the use of the tables, the span loading of a wing with
the following characteristics will be found:

0L= 1.72
A=0.625
A=6
b£[=0.383.
g=>57.5 pounds per square foot
E=0.20
6f=30°
A table, such as table ITI, is prepared in which the
values of the chord at the various stations are first
entered, interpolations are made for taper, etc., and the
values of L, and L, from tables I and IT are entered in
columns 3 and 4, respectively. From L,, the values of
¢, and ¢;, are found by the use of equations (3) and (5)
and entered in columns 5 and 6.

Before ¢;, can be found, however, it is necessary to
determine from experimental date the value of A,
corresponding to the flap-displacement angle of 30°.
This increment is generally found by correcting the
results of tests made of a finite wing with full-span
flaps of proper type and proper flap-chord ratio to
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obtain section characteristics. It is assumed that such
section characteristics are available (fig. 2); the value of
Ac; to be used may then readily be found. Theoretically,
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FI1GURE 3.—Values of lift increments and Hft-carve slopes for wings with partial-span

flaps.
the effect of displacing a flap would be to displace the
lift curves parallel to each other so that Ae; would be
independent of the effective angle of attack. KExperi-
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mental results, however, indicate that Ac, depends on
the effective angle of attack and some averaging is thus
necessary to determine its value. Since the example is
for a high-angle-of-attack condition, the value of A¢;
is arbitrarily taken in this range at an angle correspond-
ing to & ¢; of 1.2 for the plain section. By the use of
equation (4) together with a value of Ac; equal to 0.6,
from figure 2, the values of ¢;, are computed and entered
in column 7 of table III. The total section ¢; (column
8), from which the load distribution (column 9) is
determined, is the sum of columns 6 and 7.

Standard section characteristics for the plain section
and the section with & flap are sometimes tabulated in-
stead of being plotted as in figure 2. In such a case the
value of A¢; may be found from the formuls

Ac;=c;,(1—-Z—‘;f)+ao(azo—- a,)

where a, is the slope of the section lift curve per degree
and a;, the angle of zero lift measured from the chord
line in degrees. The subscript f refers to the character-
istics with the flap deflected. If desired, the slopes and
angles could also be given in radians.

If the induced-drag distribution corresponding to a
given load distribution is specifically required, it may be
found by the use of the equation

cdi=c,[(a___L_20ﬁA_"')_ 7%] ®
0,

which gives the variation of the section induced-drag
coefficient over the portion of the span without flaps,
and the equation

e (S8t (] )
0

which holds over the portion of the span with flaps. The
increment of wing lift coefficient ACL, and the slope of
the lift curve of the finite wing m to be used in these
equations are given in figure 3 for the series of wings con-
sidered in this report. The value of AC;, (fig. 3) repre-
sents the increase in lift coefficient based on the entire

wing area due to a flap deflection corresponding to a Ac;
ch

of 1.0. Figure 4 gives typical distributions of Gy and
¢; for various wing-flap combinations corresponding
to & Ac; of 1.0. These distributions are thus directly
related to the results given in figure 3.

COMPARISONS OF EXPERIMENTAL AND THEORETICAL
RESULTS

Previous comparisons (reference 5) of experimental
and theoretical span loadings for & 2:1 tapered U. S. A.
airfoil equipped with partial-span flaps of three different
lengths indicated a satisfactory agreement. The first
conclusion given in reference 5 is: “A satisfactory de-
termination, for all conditions of test, of the span load
distribution for an airfoil equipped with a partial-span
split flap may be made by applying the Lotz method of
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calculating the aerodynamic characteristics of wings.
The increments of load due to the deflection of the flap
are computed by the Lotz method and added to the
span load distribution for the plain airfoil.”

Since the publication of reference 5 additional pres-
sure-distribution tests (reference 2) have been made
over a rectangular wing having a 0.6-span constant-
chord split flap. The wing used was of Clark Y section
with a 20-inch chord and a total span of 120 inches.
Some of the span-loading curves taken from reference 2
are compared, in figure 5, with corresponding theoretical
curves for & wing with square tips.
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section the method will be discussed in more detail and
a series of computing forms will be given which, it is
believed, will make the computations simpler and more
direct than if the method of reference 8 were followed.

Outline of theory.—As is customary in aerodynamic
theory, the wing is replaced by & single line vortex whose
strength at every section along the span is equal to the
circulation I' at that section. The lift per unit length

of span is then
dL=pVTdy (10)

and the problem is to find T* for any point on & wing of
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F1GURE 4—Typical distributions of c;%b and ¢; due to a flap deflection. (A=86; Ac;=1.0.)

Figure 6 shows comparisons of computed and experi-
mental values of AC, for various flap locations. The
experimental values of AC; are those given in refet-
ences 6 and 7 at 8° angle of attack. Reference 6 gives
the results of force tests of a rectangular Clark Y wing
with partial-span flaps placed at the center and at the
wing tips; reference 7 gives similar results for a 5:1
tapered wing. In the comparisons given in figure 6 the
experimental results were obtained from tests of wings
with straight tips; whereas the computed results are
those for wings with rounded tips.

THE LOTZ METHOD FOR CALCULATING THE
AERODYNAMIC CHARACTERISTICS OF WINGS

The following method was proposed in 1931 by Miss
Lotz (reference 3), who gave the basic theory involved.
Shenstone (reference 8) gave a brief discussion of the
method and 2 simple procedure to be used in obtaining

the various constants required in the solution. In this

any shape. The relations between T, ¢;, and «, are
given by the equations
eV Vv
rocl oo an

where ay=a,—w/V. Since the induced angle at =
particular station y’ is

b

f a
w_ 1 y
V@) 7

2

(12)

the circulation I' may be expressed by the integral
equation

ar

2L L ay 4



214

This equation is to be solved for I', and the method used
is to replace the circulation by a Fourier series where

r=2"V3 4, sin no (19)
and hence :
2 m, ¢y .
— 23A, sin nf 15
eV =m o 24 (15)
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FIGURE 5.—Comparison between experimental and theoretleal lead distribution
for & wing with partialspan flaps. (Data from reference 2; A=1.0; A=8;
square tips.)

As a result of expressing the circulation by the foregoing
series, the induced angle becomes

w a. 3.

N (16)
By substitution, ancm.ﬁob (18) is transformed into
M Ciin g S A, sin nf=ay, sin 0—2222nAd, sinnd  (17)
Mo © 4b

The new feature introduced by Miss Lotz is to replace
Ms s gin 6 and a, sin 8 by the two series =, cos 2nf

my ¢
and 2B, sin n8, respectively. As the coefficients in
these series are independent of the load distribution,
they may be separately computed, and it is possible to

increase the accuracy by taking more terms without
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changing the values of the coefficients already com-
puted. When the wing plan form is symmetrical about
the center line, the cosine series contains only even
values; whereas, if the angle-of-attack distribution is
symmetrical, as it is with flaps, only odd values of n
are retained. Equation (17), after the foregoing series
have been substituted, becomes

.8 1.0

. cm, .
% cos 218 2A, sin 3m+|w|wl.M3\»u sin nf=
ZB, sin nd (18)
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F16URE 6.—Comparison of experimental and computed values of ACL.
When n is temporarily replaced by the indices & and /,

the double series on the left of equation (18) is trans-
formed into

$30234x Cilsin (k+D)0+sin (k—0)6]

By the substitution of the foregoing series and consid-
erable rearrangement, equation (18) may be expanded
into the following form. In its exact form there are
an infinite number of equations and terms. For the
purpose of calculation, however, the circulation may
be computed at a finite number of points with a finite
number of equations.
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2Py A1+ (Cr~C) As+(Ci— Co) As+(Co— C A Ci—Cro) A
(Ce—C) A1+2P3As+( C3— Ci) AsH(Ci— Cio) A1+H(Cs— Cra)
(C1—Co) A1 (Ca—C) A3+ 2Psds4-(Ca—Cha) (Ci—C)
(Co—Ci) A1+(Ci— Cro) As+(Cr— Cia) As+2P1 AT H C1— Cie) A
(Cs—Ci0) Ar1+(Ca—~C1a) AsH(Ci— Ci) AsH(Cr— Ci) A7 +-2Po A

(Clo—Ci) An+(Cia— C1) At (Cru— Cie) A - (Cre— Cia) Aa+(Cis— Ca) An=2B;
(Cs — C1) Au+(Co— Cie) An+(Cua~—- C10) A1s+(Cru— Ce0) Arr+-( Cis— Cra) An=2B;s
(Cs —Ci0) Au+(Cs —Ci) An+(Cro— Gm)Au—[
(Ci — Ci) Au+(Cs — Can) A+ (Cs — Co) A+ (Cro— Cri) Air+H(Cra— Cee) An=2B;
(Cr —C) Au-H(CGs — Cn) A H(Cs — Cr) A1s+(Cs — C) Ar+(Cro— Ct) A=2B,
(Cro—Ci9) A1 Cos— C1) As-(Co— Cua) As+( Cy— Cig) ArH-(Ca~ Cr)) Av+2Pu A y-+(Cr— Cr) As+H(Cy— Crr) As(Cs — Cea) Arr+(Cs — Cr) A1e=2By
(Cu—C1a) A1+(Cro— Cra) A3-H(Ca— C1) As+(Cs— Cr) ArH(Ci— O ArH(Cr— Ca) Au+2PpA 13- H(Cr— Cu) Au+-(Ct — Ci) An+(Cs —Cr) An=2Bn
(Cri— Cia) A1+(Crr— C1a) As+( Cio— Cr) As+(Co— Ca) A1+ Co— Ci) As+( Ci— Cm) At +( Cr— Cn) A+ 2PusA1s+(Cs — Crt) Air-H(Ci —Co) Aw=2Bys
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o

(Cu— C) Aur+(Cu—Cx) Aw=2B;s

(19)

(Cu— C1) A1+ (Cuu— Cr0) As+{(Cis— Cr) As+(Cro— Cr) A1+ (Cs— O} Ao +(Co— Cr) Aut+-(Ci— ) Aia+(Cr— Cra) Au+2Pur A+ (Ca— Cr) An=2By;
(C1s—C) A1+ Cie— C) As+(Cru— Cr) As+H(Cra— C19) Ar+(Cro— C1) At Ca— Coa) Au+(Co— C-) Ap+-(Ci— C3) A s+ (C1— Co) ArH2P s Ag=2Bp

Py= ot Coutn&e

These equations form a system of normal simultaneous
equations, and it will be seen later that in the nth
equation the unknown A, has the greatest coefficient,
the others decreasing rather rapidly. Because of this
circumstance, the system is most easily solved by a
method of successive approximations.

In the first equation, since the value of all the terms
is small compared with P; 4;, an approximation to 4,
is obtained by assuming all terms except A4; equal to
zero. Then In the next equation, since P; A; is large
with respect to all terms except ((5—C,) 4,, which is
known, an approximation to 4; is obtained by assum-
ing the remaining terms equal to zero. Thus by the
substitution of the approximated values in the other
equations, approximate values of the remaining coefi-
cients are obtained which, when substituted back in
the first equation, result in a closer approximation for
A;. A repetition results in closer approximations for
all the coefficients. In this way the process can be
carried on until the approximations of the coeflicients
cease to differ. Usually the second approximation is
fairly close, and the third may be considered as exact.
(See illustrative example.)

Forms for computing B, and C,, coefficients.—Before
the system of simultaneous equations (19) can be solved,
the B, and C;, coeflicients must be found. Forms for
determining these coefficients are given by plates I to
IV, inclusive. Plates I and II are for the case when
the circulation is to be determined at 10 points across
the semispan and plates III and IV are for 20 points.

It is only necessary to tabulate on each of the forms

the values of ¥, and ¥, and to follow the steps indi- |

cated. The values of 7, are the ordinates for the «sin 6
curves taken either every 9° or 4%° (starting with the
tip as zero), depending upon whether 10 or 20 points
are used. The values of ¥,’ are the ordinates of the
:%;-%‘ sin § curves taken at the same intervals as before.
The checks indicated at the bottoms of these forms
merely serve as checks of the numerical work performed
on that sheet and, if only a few harmonics are to be
retained, the arithmetic may be decreased by comput-
ing only the coefficients necessary and omitting the
checks,
38648—38——15

4b

Number of harmonics or points to be retained.—In
the series of simultaneous equations given by equation
(19) the question naturally arises as to how many
equations should be used and how many points across
the semispan are required. The system shown is for
10 points, but it may easily be extended to more than
10 points by following the indicated trend. In the
case given (equation (19)), the conditions are satisfied
at only 10 points when the whole system of equations
is solved simultaneously; if the system is cut off, as at
A, B, or C, where 4, 5, and 8 harmonics are retained,
the circulation may still be found at 10 points but with
a greater degree of approximation.
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F16URE 7.—Eflect of the number of harmonies on the span of ¢; distribution of a
wing without flaps. (Angle of attack, «, 1 radian.)

0 8 80 /00

As a criterion for gaging the number of harmonics
to be retained, the span ¢; distribution has been com-
puted (fig. 7) for an untwisted rectangular wing
(straight tips) of aspect ratio 6 at 1 radian angle of
attack, using 4, 6, and 10 harmonics. The calcula-
tions were repeated (fig. 8) for the same wing with a

g£=0.649 flap extending out from the center. The

angle of attack for the portion with flap is 1 radian
and that of the remainder of the wing is zero. In
both cases 10 points have been used across the semi-
span. The A,, or circulation, coefficients from which

‘the distributions of figures 7 and 8 were computed

are given in table IV. In figure 9 the distribution
has been computed for a wing with double taper.
Distributions are given for the case using 10 points
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and retaining 4 and 10 harmonics of the series and
also for the case with 20 points and 4 harmonics. For
convenience the distributions have been computed for
an untwisted wing at an angle of attack of 1 radian.

Example.—In order to illustrate the method of
calculating the wing characteristics, an example for a
wing with partial-span flaps is worked through the
forms to determine the B, and C:, coefficients. The
calculations are made for one of the wing shapes
given in this report (A=0.50, A=10, b,/6,=0.489) at
an angle of attack of 1 radian from 0 to 0.489 and 0
from 0.489 to 1.0. The additional types of forms and
tables necessary to compute the load distribution for
a given case are also included.

Table V is a tabulation of the known geometric
quantities of the wing for which the load distribution
is desired. Column 1 of this table merely designates
the points along the span, the numbers increasing

o T
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F16Ure &—ZEflect of the number of harmonics on the span ¢i distribution of a wing
with flaps. (Angle of attack, 1 radian from 0 to 0.648 and 0 from 0.649 to 1.000.)

numerically from the wing tip; column 5 represents
the angle of attack measured from zero lift at the
points along the span given in column 2. Where an
abrupt twist exists, the discontinuity will fall within
the portions of the span given in column 2. The final
computations, however, will be for the case of a flap
whose end lies halfway between these points. Because
of this fact & slight discrepancy in length may occur,
which can be reduced by increasing the number of
points. In the present case only the distribution due
to the flaps is found. In order to obtain a complete
determination of the distribution at other flap angles
and wing angles, it would also be necessary to find the
distribution corresponding to the plain wing. For this
case the (s, coefficients remain unchanged and B;=g«,,
all other B, values being zero. Column 7 is the slope
of the section lift curves along the span which, in
this case, is assumed as 5.67. Column 8 is the ratio
of the slope of the section at the plane of symmetry
to the slopes of the sections at each station. Column
9 is the ratio of the chord at the plane of symmetry
to the chord at each section.

The values of columns 6 and 10 (y, and y.’) are
then tabulated as shown in table VI and the insfruc-
tions of plates I and IT, or of plates ITI and IV as in
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the present example, are followed until the B, and C;,
coefficients are found. If this method were used and
only four harmonics were to be retained, it would be
only necessary to compute B; to B; and (, to Ci (see
A, equation (19)); computing the remaining coeffi-
cients would be necessary only to obtain the check.

¢

Wing plan form
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FIGURE 9.—Effect of the number of points and harmonics on the span ¢ distrlbution
for a wing with double taper.

A calculating form similar to table VII is then pre-

pared. This form, as given, is complete for the case

of 10 harmonics irrespective of the number of points.
It will be noted that each major horizontal division
represents one of the simultaneous equations occurring
in equation (19). In column 1 of table VII are given
the operations required to obtain the coefficients and
in column 2 are tabulated the values of the coefficients,
etc., just found. In column 3 (a) are listed the values
of the A, coefficients when they are known. Since
none are known at the start, 4, is determined as though
the others were absent and listed in column 4 (2). The
value of A; is nest approximated in the same way,
except that the value of A4; just found is used as in-
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dicated. The same procedure is followed for As A,
etc., and these values are listed in column 4 (a). After
all the A4,’s have been approximated in this way, they
are written in column 3 (b) and the whole process
repeated, using the latest approximated value for each
coefficient as it appears. It can be seen that the
third approximation shows very little change from the
second, indicating that a solution has been obtained.
If it is desired to-use fewer equations and harmonics,
the corresponding computing form can be obtained
from the present table VII simply by omitting all
computations dealing with the higher harmonics. Thus
if four harmonics were retained only portions of the
form between the braces would be retained and the
computations would proceed as before.

It will be noted, in the present example, that, although
the B, and C,, coefficients were determined for 20
points, it is not necessary that ¢; be computed for every
point to obtain the final load curve. Even though the
computations of the load distribution may be some-
what shortened in this manner, the value of ¢; should
not be computed at points other than those first selected.

An examination of equation (19) will indicate that,
if » harmonics are retained, » values of B and 2n
values of O are required. Hence, if it were decided to
use 10 harmonics and compute the circulation at 10
points, the B, and C,, values can be determined for
20 points and the process shortened as indicated, or
the B, coeflicients could be determined from plate I
and the (i, coefficients from plate IV.

After the A, coefficients have been determined, the
¢; values (in the present case ¢;=c;) are found from

c,=m—£GEEA. sin nf (20)
These computations for ¢; are given in table VIII for
only 10 points. The wing O, is found from

’Z;f‘Al 1)

When this value is known, the distribution at any other
(., i8 obtained by direct proportion.

If desired, the induced-drag distribution may also
be computed by using the A, coefficients

L.

MyCs \ M0, SIn 70
46 sin @

€a,=¢C; (22)

a8 shown in table VIII; however, an easier method
would be to compute it at each point from the equation

ca,=c1 (a—;—; (3)

DISCUSSION

Although the computed span-loading curves show a
qualitative agreement with the experimental wing
curves (fig. 5), it is not so good as might be inferred
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from the results for the 2:1 tapered wing of reference 5.
In the present comparison, however, the disagreement
at the tip may be somewhat discounted since the square
tip on & rectangular wing is known to give a high tip
load. Comparisons of experimental and theoretical
distributions for plain wings have indicated befter
agreement either as the tip was rounded or as the value
of X\ was decreased.

Rib-pressure curves taken from reference 2 (fig. 10)
gshow & drop in positive pressure near the trailing edge
for a section just beyond the end of the flap. This loss
in lift may partly account for the fact that the exper-
imental distributions give sharper breaks than the cor-
responding computed curves. An improvement in the
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F16URE 10.—RIib pressure distribution on a.Clark Y wing with a partial-span split
flap. (Referencs 2; a=15°; §;=45°.)

M

agreement at the end of the flap may also be obtained
by using more points and more harmonics in the series
for deriving the theoretical distributions.

For the rest of the span the agreement between the
computed and experimental curves would have been
slightly improved if jet-boundary corrections had been
applied to the data of reference 5. This correction,
which varies along the wing span, would effect a better
agreement in the present case.

The number of harmonics to be used in computing
the span loading depends both on the wing plan form
and on the type of wing twist. For wings with a con-
tinuous taper and twist, four harmonics may be suffi-
cient (fig. 7); whereas, for wings with either a sharp
double taper or a discontinuous twist, it may be neces-
sary to increase the number of harmonics and points
(figs. 8 and 9), depending, of course, upon the desired
aceuracy.

Although the data given herein are intended primarily
for structural purposes, they may also be useful in rela-
tion to the stalling of tapered wings with flaps. When a
partial-spen flap is deflected, there is an increase in
effective angle of attack and in the value of ¢, for
the sections with the flap; whereas, for the sections
beyond the flap, the effective angle of attack is theoret-
ically increased without any increase in the value of
Cime,» LThus, according to lifting-line theory, the tip-
stalling tendency of the tapered wing should be aug-
mented by the use of flaps that extend out from the
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center, while the center-stalling tendency of the rec-
tangular wing should be increased by flaps at the tips.

Experimental results from reference 2 (fig. 11), how-
ever, indicate that the pitching-moment coefficient (or
effective camber) of sections considerably beyond the
flap are actually increased by a flap deflection. This
increase may prevent these outboard secfions from
stalling as early as would be indicated by the use of
lifting-line theory. Furthermore, since theory neglects
any transverse flow, any stalling characteristics based
upon it may be at best only qualitatively correct.
This statement is particularly true of & wing with a
partial-span flap, where a relatively large transverse
flow exists owing to the abrupt change in lift distribu-

Percent semispan

20 40 60 80 . /100
a - —
¢Clork Y pitching moment
1
\
T3 & / —
33: -/ 15° .
Q

& P
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45*

FI1GURE 11.~Increment of pitching moment Asme/s caussed by deflecting a 0.6-span
split flap on a rectangular Clark Y wing (reference 2).

tion produced by the flap. Lachmann’s tests (refer-
ence 9), in which the action of wool tufts was observed,
seem to indicate that the transverse flow delays the
stall of sections immediately adjacent to the flap, thus
causing the initial stalling point to move outward away
from the flap end.

In regard to the application of the calculations to
structural design, fore-and-aft forces as well as vertical
forces must be taken into account. An examination
of equation (8) indicates that when ACy, A¢; is equal
to Op (case given by solid lines in fig. 1) the portion
of the wing without flaps has its lift vector displaced
forward owing to the upflow produced by the flapped
part. This forward component may be large enough
to cancel the profile drag. Thus, for a wing with flaps
at the center, the drag force is concentrated over the
flap portion, and there may be an antidrag force over
the outer portion of the wing. Hence, in design these
conditions should be taken into account in some
rational manner.
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For structural purposes the ¢; values obtained by use
of tables I and II, or by computations, may be con-
sidered equal to cy, the lift coefficient perpendicular
to the local relative wind. The values of ¢, and ¢y,
which are perpendicular and parallel to the local rela-
tive wind, may then be resolved into either chord and
beam or any other directions; the fore-and-aft loads
are thus obtained without the explicit use of a section
induced drag. The angle that the local relative wind
makes with the zero-lift direction is obtained by divid-
ing ¢y, by my. In actual practice a portion of the wing
is intercepted by the fuselage so that the actual span
load distribution may be modified, depending upon
whether or not the fuselage carries its proportionate
share of the load. As so few data on fuselage loads
are at present available, it may be assumed that for
conventional cases the fuselage carries an amount of
load equal to the load that would be carried by the
wing it displaces.

LanGcLEY MEMORIAL AERONAUTICAL LLABORATORY,
Narionan Apvisory CoAmMMITTEE FOR AERONAUTICS,
LaneLEY Frewp, Va., November 21, 1936.
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PLATE I.—COMPUTING FORM FOR EVALUATING ANGLE COEFFICIENTS, B,

10 POINTS
" " ] Wi o5 " L4 " ] Yo
nit—s—prtpeer th—petYeomry
Multiply by
8in 0=0,1664 . .cooeeeen-n 1 - . -mn 3
8in 18=0.8000. ... cceeeemnae 2] R 7 2]
Bin 27=0,4540. ..o oo th 7 SNSRI | — —tr
Sin 30m0, 5878 . ccoeeeeeeee i) 2 T [ ) -
8in 45=0, 7071« e Us 13 1 —¥s b1
Bin 54=0.8090. . ......-..... s 72 T (R —— 2] -]
8in 63=0,8910, . oo ok L R P o N -
Bin 72=0.0511. ... ) s 7 [ - —t
B8in 81m=0,0877_ oo " - Y R n "
8in 90=1,0000. ... ceeeeeennn o —¥to 1 —~Ymo 2320
Sumcol Lo
Bum col, 2o
Col. 14col. 2. ool =58 =5B) =5B; = 5By =58,
Ool. 1—col, 20 - =5Byy =5Byr =5By; =5Bn =5Bn
Gheck: By~ By+Bs— Bri-By—Bu-Bu—Bu+By—Bu=fe.
NoOTE.~ as I3 constant along the span, Bj=a, and Bs to By arel.
PLATE II—COMPUTING FORM FOR EVALUATING PLAN FORM COEFFICIENTS, Ci,
10 POINTS
114 n 1y 114 74 ) o [
Ymd 14 o 24 174 o o n
Bum.____.._.._. to n o2 23 o n Do »n D2
Difference......wo w1 2] w Wy go [ @
'8 Glomioy -t
10 Cro=ge—qit+12
Multiply by
8in 18=0.3000_ . - ccvreeme. e wy '] P2 —ws P -0
8in 38=0.6878 e e e w3 0
Bin 54=0.8000cue eereemeean w0 ] 21 —wi < —q
Bin 72=0.9511 e coe e wy —u3
8in 80=1.00000- -eeaeeemmeens wo ) Do W Po go
Bumecol. 1o ovcoeeee
Someol. 2.t =5C =5C¢ =5Cs =5Cy2
Col. 14-col. 2ae oo, =5Cy =5Cs o
Col.1~col. 2umneen e -=25Cys =§5Cyy

Check: Cot-Crt Cit Cet Crt Ciot Cirt Crit-Ciet- Cist- Crom=0.
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PLATE III.—COMPUTING FORM FOR EVALUATING ANGLE COEFFICIENTS, B,
20 POINTS
n 43 ] o s vs 44 ] 4] e i ¥ m ™ s 4 24 Vs ™
i rr—— st rr=n
Ve—~o—ut-prs=r
e
Aultiply by
8in 4.5=0.0785.. .. n - T PO tr 1) —rn 2] i =y
BIn 0.0m=0. 1564 oo 72 [t T3] PSR —s s s bt [ -y ]
8in 13.5=0.2334____ ____ N F- S (S — —n v - 4 41 ¥
8in 18.0=0.3090.. . ... 10 P12 |ammeemaeeaee tu " - =t ~yn bl 14
8iln 22.5=0.3827......... ] —p n " ~¥s Yo Y13 —-n v —vis
8ln 27.0m0.4540. ... 4] 2 -t /U b /1 - " i
Sin 31.5=0. 6225 .. ._.| n yu n ~p 4] vy L] 13
8In 30.0m0. 5878 ... | ¥s —U18 {-emmmmmmemna| e -~ vs =18 famcomccoeen 40 ~h
Bin 40.5=0. 6404 oo} P -7 S VO - H/ - 2 S PR, -t —¥n
Sin 45.0=0. 707 .. ... tho the s ] —o 1] o —¥e Le] Yo Yo
8in49.5=0. 7604 .. 7u L I —| o b1 e 2 N (O -mn "
Sin 54.0m=0.85090_.______. 2t F-73 I P -y Lo /T [ — ot /1 b 1
8in 58.5=0.8528____.._..| 71 7} RO, -J - 2] 4 [, T [PPSR 411 ol 1
8in 63.0=0.8910 . ... e — 18 e b4 -~ — -/ T PO - 4
8in 67.5=0.9230. . ____. o5 s n s —y1s -5 - n s s
8in 72.0=0.0511 ____..___ s s ~9 ~e e - —=is
Sin 76.5m=0.9724 ... o —s -7 - =t N -n
8in 81.0=0. 9877 o c .- e o Y 1 4] ¥o ¥is
Bin 86.5=0.9089 . —._._{ po -2 S P n tu 4] bt /T S PR - 1
8in 90.0:=1. 0000« v __ Y —Yrn i ~3ro Yo —¥rn Wrm —T4 Yo | —Ym
Sum eol Lo — —
Sumeol 2ol — -
Col. 14col. 2., 10B; 10B; 10Bs 10Br 108, 10Bn 10B 10Bys 10Byz 10By
ColLI—col 2. ___| 10By 10Bn 10833 10Bn 10Bn 10By 10By 10By 10By 10Bn
Checlc By—Bs+Bs—Br+-By~ ... + .. Bn=mm.
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PLATE 1IV.—~COMPUTING FORM FOR EVALUATING PLAN FORM COEFFICIENTS, Ci.
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20 POINTS
Y 124 24 o' 14 o 14 2% . no
Yy’ oy o ne oo’ ol ' o o'
Som.__._....._. o [ o3 [ o3 o8 g o3 2] o0
Difference.......w0) 21 w2 03 W 03 0 w W w0
[ 0 o3 0 o u Po b P2
010 L) 2] L2 s s b4 m
et » Pt D2 n D b2 ro 3] n .
Difference. ... ) ) ) @ & a 8
PR A
10 Cro=+/ 2101 — ws—wy-+ wr-Hw)4-wo—1wit-1ws
10 C'm-q:,:(qﬁ-q‘
10 Crom~f2{—101-105-Ft0s—wr —t09) +100— 1044108
20 Cio=po—D1-+Pr—D3+pi—13
Multiply by
L2 7 [ [12 T PR, wy 0
ws O —wy -0 -t ws L+ n -8 n
8in 27m0, 4640 oo v e e £ 7.7 T S et " I PO, EY —1
8in 36=0.6878 e e ee e ws [ ] q | —ws -0y
8in 46=0.707 e ... L2/ P ——— B, 3 . - ws 05
8in 54=0.8000 —_..__.. wy [11] —toy —& —us 1wy & —r ] -1
8in 63=0.8910.. L7 L (O —— -y —wr
Bin 72=0.9511...__ Qi —w -0 W —ws
8in 81=0.9877 —cceen... - R " [ T2 3 —w3 wy
8in 80=1.0000.cee o e oo 0w [ Wy ] wo Wo & e L) o
Sum ol Lo camemeeaos 10Cs 10Cs 10Cy | 10Cn
Som col, 2eee e
Qol, 14-col 200 oo 10Cs 10C% 10Cs 10Cn 100y 10Cus
Col. 1—col, 2.c oo 10Cu 10Cs 10Cu 10Cn 10Cn 10Cn
OCheck: CotCrtCi....Ca=0.
TABLE I.—VALUES OF L, FOR TAPERED WINGS WITH ROUNDED TIPS
A=8 A=10
$/b. b /)
)\\i 0 015 | 0.30 | 0.45 | 0.60 | 0.70 { 0.80 | Q.60 | 0.956 | 0.975 Q 0.15 | 0.30 | 0,45 | 0.60 | 0.70 | 0.8¢ | 0.90 | 0.95 | 0.975 /7
1,00 1164 | L.163 144 | L.115| 1.050 | 0.987 | 0.870 | 0.669 | 0.485 | 0.388 | 1118 1.111 106 | 1.080 | 1.052 | 1.011 | 0.920 | 0.757 | 0.672 ) 0.433 | 1.00
L7610 L2171 1,204 | 1.167 | 1,112 | 1.026 | .963 | .840| .648 | .468 1104 1.170 | L 140 | 1.089 | 1.020| .064] .875| .710| .536) .306 .75
L0 | 1,291 11,263 | L1191 | L107 | .995 ) .908| .789 | .607( .447 | .819| 1.292 | L2571 1.184 | L 093 | .082| .003 | .800| .648 | .492} .367 .50
251 1.302] 1.340 ) 1L.243 ) L1183 ) .954¢| .841) .709} .B21, .388 1.424 ] 1.368 | 1.7 | 1L104] .©40| .823| .695| .528| .407} .308 .25




TABLE II.—VALUES OF L, FOR TAPERED WINGS WITH ROUNDED TIPS
[Valves of Ly given for laps at center. Reverse signs when using for flaps at tips)

A=6 A=10
#/b /
Flapa at conter o0 |o16| 03| 04| 060|070 0s | 00009 |0o76] 0o | 016|030 | 045 0.60( 070 0.8 | 0.90 | 0.95 | 0.976 /# Flaps at tip
L )
A=1.00
— 0.283| 0.400f 0.333|0.003| 0. 117 —0. 147|—0. 158/ —0. 145|—0. 116/—0,085|—0.06L| 0.487| 0.418/—0,023/—0.146|—0. 1730, 181}--0. 170 0. 140 —0. 107, —0.077|  0.767 Fe—
e .a83| .361| .334| .238| —.113] —. 231{ —.236| —.227| —.185| ~.180 —.100| .423] .do0s[ .308| —.145| ~.208| —.283] —.377 —, 281| — 176 —.1 .617 f—
= "o40| 103 .190| .160| .133| .006| —.251| —.513| — 78| —.200| — 187 233 .2e0| .au| 17| 6%y — Bl Z402 — 360 — 20| —.310 . 361 f—
S vteol o110 o109 .100| .003| o060 —.013| —. 288 —. 289| ~.230| —~. 171 180 .147| ,137| .117| .081] .001| —.340{ —, 389 —. 807 —. 2 240 —
A0, 75
b 0.233] 0.400 0.341|—0.004|—0. 120{—0, 148|—0. 164{—0. 143|—0. 113|—0, 033|—0. 080 0.509| 0. 423|—0.027(~0, 185 —0. 177|—~0. 1811—0. 174|—0. 141{—0.107[—0.077  0.767 tr=—=
—— .383| .353| .333| .236| —.114| ~ 218 —.233] —. 223 —.180| —.134| —. .433| 414 301} ~,150 —.m —. 283 —,274] —. 229| —,174] —. 125 ,017 —
— .e40| .102| .188| .le4| .125| .008| —.246| —. 305 —. 26| —. 204 —. 146 . . "o08| o160\ .037| —.3i4| —.301| —.383| ~. 276 — 208 . 361 —=
—— v760| .118| 114|104 .084| o048 —.021| ~. 248 —.278| —.218| —.185| 150 .147| .133} .112] .074| —.001| —.337| ~.373| —. 208 —. 223 . 240 —
A0, 50
o 0.233 0.420| 0.340|—0.008(~0. 1240, 151|—0. 163| 0. 141 —0. 111|—0. 0830080 0.634| 0.436|—0.038|~0. 167/ —0. 183(~0. 183/~0.160]—0. 1401 —0. 107|-0.077| 0,767 =
e .383| .360| .s3s| .227| —.128| —. 221 —, 230 —.218| —.176| —.134| —. 088 .447 44| .291| = 170| —.377| —. 281| —.266] —.224| —. 171 —.124 .817 =
e teao| o10i| me| 1e0| 118 .002| —.240| —. 208 —. 258 —.107| —. 146 220 .1 "1%9| .031| — 308| —. 378 —.338| —.260| — 102 .351 =
_ 60| .118) o113 .100] .078| .0d3| —. 022 —.240| —.263] —.206| —.150 .148 v141| c1z6| C103| .o065| —.004| —. 305 —. 382 —. 281 —.207 . 240 —
A0, 25
0.233| 0,425 aw—uom—ma&—um—o.m—am—ome—aon—ooas 0.558| 0,445|—0. 061{—0. 188] 0. 101|—0, 183|—0. 161|—0. 120|—0, 100|—0.075| 0,767 e—
= .383| .361| .386 .922 —~.134] — 228 — 220 —~.124| —.000| .454| .428] .288) —.198| —.285| —.276| —. 247 —.200] —.154| —. 113 .617 f—
== ced0| .188| .178| .140[ .108] —. 008| ~. 231 -.m —.234 —170| — 131 .223| .218| .183 .138] .004] —.206| —. 335 —. 287| —. 228| —.173 .85l A—
—_— cre0| .ico| 104| .o02| o0 .o035] —.023| —.291| —. 287 —~.188] —.189] .133| ,128| .112| .069| .062] —.000| —. 278 —.300] —. 241 -8 . 240, b—o
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TABLE III—CALCULATION OF LIFT DISTRIBUTION TABLE IV—CIRCULATION COEFFICIENTS
FOR ILLUSTRATIVE EXAMPLE 14, 6 A, 1.0; byfb, 0.649]
[4, 6; byfbe, 0.388; S, 266.7 sq. ft.; b, 40 ft.; X, 0.625; Ct, 1.72; Acy, 0.60; g, 57.5)
No flaps Flaps at center
1 2 3 4 [ (-] 7 8 9
.| 4har- Ghar- | 10har- | 5.5 | 4bar- 6 har- | 10 har-
olont | moxnics | monies | monics oont | monics | monics ; monies
statlon | onorg | | . . ! retained | retalned | retained retained | retained | retained
v/ t.) « b g, 1, T, ¢ ab.y
A 0. 9280 Q. 9200 0. 929? A 0. 6682 0. 6684 0. 8682
0 8.600 | L254] 0.356 | 0.984| Leg3| 0.163 | 1.881 | 9L0 4 e | em | cen | D |CEe (T | oER
L15 | 80221 1.233| .334 | LO25| L782| .167| 1920} 80.0 Ay 0089 0072 S0073 . 0588 T 0385 - 0588
W30 | 754 LITO| .233| LOM3| L.794 1281 L9017 8.1 As T o028 0026 Ay . T o017 . 0019
45 | 7,066 | L110| —118| LO47| L1801 | — 067 | 1.734| 70.5 An 0011 ‘o011 An | loess | — et
.60 | anss| Lo0| —220| 1.022| L7s8| —.134 | 1.624| 6L6 An ) 10005 | Ay - - 0053
.70 | 6269 .830| —.232] .989 ] L700| — 148 | L.552| 56.0 An ” 0003 A o168
i IEEREEREEIRE | 58
05 | 8655| 457 | —l134| Iss5| La3s| —i147| L2 21 Au -0004 | Aw —- 0104
975 | 2.635 .330 | —. 097 .835 | L4356 ) —. 147 | L288| 10.5

TABLE V.—~GEOMETRIC CHARACTERISTICS OF WING USED IN EXAMPLE

1 2 3 4 5 8 7 8 9 10
Fraction of [} a ma for m, [ Mete
4 | somispan | deg) | B¢ | (rea) | *MRO | fmo e < o M08
2 o 9. | 1.0000 1 1.0000 5.67 L0 1.0000 1.0000-
19 L0785 | 6.5 L0980 1 L9969 5.67 L0 L0400 1.0370
18 156k | 81 L9877 I Lo877 567 Lo 10848 Lo7l7
17 ‘mu | 765 : 1 LoT2A 567 Lo 1.1206 11030
16 13090 “o511 1 ~9511 5.67 L0 11827 L1252
15 87 | 68 L0239 1 9220 5.67 Lo L. 2386 L1445
14 1540 -8910 1 ©8010 5.67 Lo 12937 1.1530
13 528 | 68.5 -8528 0 0 5.67 Lo 1.3885 11580
12 ‘ws | s 8000 0 0 567 Lo L4163 L1455
1l eind | 40.8 7604 0 0 5.67 Lo L4785 L1245
10 7L | 46 LT 0 0 567 1.0 1.5489 10939
9 7604 | 40.5 “8in4 0 0 5.67 Lo 1.6100 10458
8 8000 | 38 L5978 0 0 5.67 Lo 1.6793 9860
7 8528 | 8LS -5225 0 0 5.67 1.0 L7415 19100
8 8910 ~4540 0 0 5.67 Lo L8310 872
5 99 | =5 L3877 0 0 5.67 Lo 1, 0605 7500
4 L9811 23090 0 0 5.67 Lo Z o504 L6053
3 o4 | 13.5 334 0 0 5.67 Lo 28280 16300
2 ‘8877 9 1564 o 0 5.67 Lo Loz R
1 -9969 is 0785 0 ] 5.67 Lo 7.9740 +6280
0 10000 ) 0 ! 0 5.67 10

38548—38——16
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TABLE VI—COMPUTATION OF ANGLE COEFFICIENTS, B,

b ] 2] ] ] | El b8 -0 Y10 i 2 fu 4 13 71 J 2T4 7is » Yy
s o © © & v 3 0 e o T % 0 ofolo o920 o081 o0ur 095 00 05000
= —0.92394-0.0734=0.0485
= .8910--0.9877== 0967
r=04-0—-0—0 .9969= 9060
r=0 5000 = 5000

Multiply by
Sin 4.5=00785.| 0 0.0763 0 0 —0.0783
Sin 9 =0.1564 0 —0.1394 0 0.1545 0.1545 ] —0.134 0
Bin13.56=0.2334.] 0 0 0 0 0 2270
Sin 18 =0.3080, (1} 0 (i} 0 0 0 0
in 22.5=0.3327. 0 —0.3536 0.0186 0 0.3536 0.3536 —0.3815 0 - .3530
8in 27 =0.4540. 0 —0.4484 —~ 4045 — 4015 —0.4484 0 0
Sin 31.5=0.5225.| 0 (i} —0.5081 0 0
- 0 —.551 5501 — 5501 5691 0
8in 40.5=0.6484.] 0 0 0 —.6474 0 —.6315 0
in 45 =0.707L. 0 (i} 0.0634 0 0 0 0.0684 0
Sin 49.5=0.7604.] © —.7304 (i} 7880 (] 0 0 0
Sin 54 =0.5090_ 0 0 (i} 0 0 0 0 0
Bin 53.5=0.8526.| 0 0 — 8500 0 8201 0 0 0
8in 63 =0.8010_ 7930 — 8500 0 (] 0 0 — 8800 0.7030
Sin 67.5=0.9239_| 8536 0 210 8538 — 8536 0 0 .0448 8538 0
8in 72 =0.051 0046 0 0 —.9046 9046 0 0 —.0046
Sin 76.5=0.9724.|  .8456 ~ 9604 0 0 0 0 0
Sin 81 =0.9877_ 9758 0 8800 0 0 8800 0 0750
8in 85.5~0.0069_| .9938 0 0 (i} 0 —.9604 ()}
8in 90 =1.0000_ 5000 — 5000 5000 —.5000 5000 —.5000 5000 —.5000 5000 —.5000
Sum col. 1.__.. — 0.0799 —0.6037 05353 —0.0940 -0.3367 . —0.2040
Sum col. 2. .. 3.1741 —2.0785 5684 4007 - 1548 3725 —.4316 0397 3649
Col. 14col. 2___| 5.9671=108; [—4.1409=10B; [1.5080=10B; | 0.5706=10B; |—1.2583=10Bs |0.6829=10By | 0.2776=10Bp |—0.7633=10By0.4945=10By | 0.1600=10B
Col. 1—col. 2___| ~.3811=10Bw | .0161=10By | .3712=10By; | —.4108=10B5| .0309=10Bn | .3807=10Bx | ~4674=10By| .0949=10Bxn| .41561=10Bn | —.5698=10By
"By — By + By ~ Bi + By — Bu+ By — By + By — By + Bn — By + By — Bg + Ba — By + Bu — By -+ By — By
0.59674-0.4141-1-0.1508—0.0571—0.1258—0.0600-1-0.0278-+0.0763-+-0.0495—0.0160— 0.0570 —0.0415-1-0.000 5-+-0.0467-1-0.0381 — 0,0051 — 0.0411—0.0371 10,001 6-4-0. I .0000,
COMPUTATION OF PLAN-TTORM COEFFICIENTS, C;a
0.6260 0.6372 0.6600 0.6953 0.7500 0.8272 0.0100 0.9860 1.0468  1.0039
0.5000 1.0370 10717 L1030 11263 L1445 L1530 11560 11456 11245
Bum.__........ 05000 16630 17080 17630 18205 L 8o4b  1.0802 2.0600 21324 21703 10939
Differance.... —.500 —4110 —.435 —. 4430 —.4200 —.3045 —.3208 —.2460 ~—.1636 —.0787 10830
0.5000 1.6630 17080 L7630 L8206 L8045 15939 3.83833 3.8413
10939 21703  2.132¢ 20860 10802 18945  3.8007  3.8200
Sum. 16030 3.8333  3.8413  8.8200 3.8007 L8645 3.4854  7.6340 7.6703
Difference. —. 5930 —.5078 -—.4235 -—.3080 —.1697 —.3006 .0326 .0123
200, =1.5330-1-3.8333--8.8413--3.8200--3.8007-- 18045 = 18.7927
mc,o=-1.4142(—0. %;-ozw—o.zw-o.mn-omwm—mm-—o 0847
100»:-1.4142(0 0—0.4430—0.3945—|—03450~|—0.07B7)—0.w00+0.4299—01588=—0.3727
= 15930 —3.8333--3.8413—3.8200-4-3.8007— 15045 = —0.3209
Multiply by
Bin 9=0.1564.! —0.0123 ~0.068 —0.0385 —0.
8in 18=0.3090.|—0. —0.0493 0.1328 0.1309 0.1328 —0.0400 0.0038 2.3589 | --0.0101 2,3701
Sin 27=0.4540.} —.m7 . -
Sin 36=0.6378.| —.1915 —0.1781 | —. 2554 —0.2082 | .2564 L1015
8in 45=0.707L - 2790 —. 2790
8in 54=0.8000.] —.3478 ~.3428 .1283 .1202 1283 —.3478 L0264 —~6.2053| —~.0100( —6.1759
8in 63=0.8910] —. 3047 —.3602 .0701 2192
8in 72=0.9511] —. 4133 ~.4825 | .3000 2882 | —. 3099 L4133
8in 81=0.9877. —. 4059 2430 .4376 —. 0777
8{n 80m=1,0000] —. 5000 —. 5939 —. 5000 —. 5939 —. 5000 —. 5000 —. 3006 3.4884 | ~.3000 3.4884
Sum col. 1_..{—1. 5016 —~. 0858 —.184 —.3338 —.2034 —. 2020 —. 2704 —.3680 | —~.3207 —.3174
Sum col.2.___] —1,2038 ~—. 6606 1222 —. 0100 . 0038 - 10 Cs 10 Cis 10 Cx 10 Cn
Col 14-coL. 2_|—2.7052=10 Cy |—1.8464=10 C; | —.0022210 C | —.3438=210 Cpy | —.2588=10 Cyy | —.2027=10 Cis
ColL.1—col. 2| —.2030=10 Crs | —.3252=10 C3s | —.3088=10 Cys | —.3238=10 Cis | —.2070=10 Cas | —.2013=10 Cny

Cbeck: 0.9396—0.2705—0.1646—0. 0062—0.0270—0.0085~0.0344 ~0.0290~-0.0358— 0.0293—0.0330—0.0291~0.0321—0.0207-0.0324 — 0.0373--0.0317—0.0307—0.0325—0.0208 ~0.0160=0,
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TABLE VII—SOLUTION OF A, COEFFICIENTS

1 2 | 3(8) | 3(M) | 3() |4(8) |4 | 4( 1 2 3(8) |3(D) | 30 | 4(a) | 4(b) l 4 ()
Cy1~CiAs.. —0.1059| —Q. 2563 —0. 2487] 0.0271} 0.0263 Cio—Ci) A1eeeee 0.0259) 0.4711
Cy—Cs)As. —~.1534| L0824 .0823(_______ —. 0131 —. 0130 Cv—Cu)As— . .0020{ ~—. 2583
Ci—C) Az . 0208] L0182f .0169).._ ... .0004( .0004 Ci—C)As. .0208) . 0824
—Cio) Ay —. 0185 —.0411] —. .0008| .0007 Ci—C) Ar —.1 0182}
Cio— Cu)As- .0259| L0190 . 0180 .0005] . 0005 Cy—Ca) Ay oo —.2375) —. 0411
Ca—Ci)An. —. 0054 .0092 . 0087| 0 0 Ca—Cr)Ass —.
Ciy—~Cr) Atge e oo - L0068 . __ —.0201] —. 0197 —. 0001} —. 0001 Ci—Cm)Ays —. 1349}
c.a—-c-;An —. 0085 o117 . —. 0001 —. Cn) .
g'u—Cm VT T, . 0037] . 0032 0 0
7‘3#2
1—Z/2, . 5967
A;-g—@B'hz | /1. 2007]
C)*CI;AI ......... —0. I 0.4711| 0. 4650
Cr—CpAs... . 0824
Ci—C)Ateecee e | _____ -| .0187
Ce—Cu\Aa . —. 0411
DA . . 0190
Clo— 16).A13. - L0273 . 0092}
Cii—Ci)Aus.- ~-. 0051 —. 0201
Cu—Co) Arecceeene . 0040] .0117]
gu—Cn AL ccmeene —. 0067, . 0032,
gﬂ
h—Zf.o.... —. 4141
1 4=EZB | g
P;
C‘~C:3A' ......... —0.1584| 0.4713] 0. 4650]
Cr—C)Aye oo —. 2435 ~,2863| —.2487| —
C1— Ciy) Ar. —. 2361 . 0182
Ci—Cpi)As. —. 1350 —. 0411
Cy—Cis)An . 0206] . 0190
Co—Ci) Aty L0023 . . 0082
Cio—Cr0) Atse oo oo N Y1 .11 I, —. (201
Cis—Cn) A1t eeeeace.. - L0117,
C'u-—C'n An.- . 0031 . 0032}
13.—2'&8 . 1508
Co—CAtecemeeee 0.0280 a.4711| 0.4850] 0.4853| ©.0088| 0.0007] 0. Ci~Ci) A1, —0.0085| 0.4711| 0. 4650 &4653—0.!!131—0.%01—0.0030
Ci—Cio A;.,_ ...... —.1561| —. 2563 -.ﬁ - (uool . . 0388 Cu—~Cax)Aa. .. 0010] —. 2563] —. ' . '
Cr—C L2361 . . —.0184| —.0194 As. . . . .0823] —. . . 0004
0008} .
- —. 0028
. . 0002
0 0
Cla—Cs) Ars —. 0047 0 0
z. .
(55 0183) .0182
llé,—z,m L0571
A,-L@%@-__ 12.2677 0169,
Cr—Cie) At e e —0.0185| 0.4711] 0.4850] —0. 0086 C’n—szAn ....... 0.0087| 0.4711 0.4650| 0.4653
. . 2563 —. 2487} —. 0070 C: . 0067| —. 2563 —. -
—. 0112 .0823) 0823
—. 0040 L0168 .0l160
—. 0046 - —. 0400
—. 0012 0189 .0189
—. 0005 . . 0087
0 —~. 0197 —. 0197
. 0001 .0118] .0118
—. 0369
—. 0184
—. 1074
—. 0400
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TABLE VIII.—COMPUTATION OF LOAD DISTRIBUTIONS

20 18 16 u 12 10 8 8 4 2
6. degrees. ) 81 72 o ot 46 36 7 18 9
in 6 Loooo | o0osr7 | ossun | osewo | oswo | orort | osers | o4sio | oseeo | o.1sm4
3 —10000 | —8910 | —.5S7% | —. 1564 5090 .7071 9611 -g877 5090 4540
8in 1.0000 o | o —qorL | ~Loow | —70m1 | o o | oo L7071
Sln 78 —Loo | — 40 5378 ~6877 3000 | —7ori | —.osu1 | —1sM 15090 <8910,
Sin 96, .. 1.0000 1584 | —lgsll | —l4540 8090 o | —iess | —.s010 $3690 ~8877
8in 118 —1,0000 “1564 o511 | —.45i0 | —5000 ‘7071 ss18 | —.80i0 | —I3000 ‘o811
Sin 139 Loo0o | —ab40 | — 5878 gorr | —3000 [ —l7071 oSl | — 1504 | —. 5080 “810
Sin 188 ~1.0000 o | o —rort | Looo | —70it | O o7t | —10000 -7071
8l 178 Loooo | — w10 LB878 | —.1564 | — 3000 o | —.esu s |~ 8090 -4640
. | —esu 10 | —s000 o | —esTs 4510 | ~.3000 J1604
4506 L4425 L4146 3764 .3200 2735 .22 . 1438 o8
217 - 1482 —. 076 —. 1769 —. 2366 —. 2457 -~. 2013 —. 1129
J0s2 - - R L05s2 .0523 0582
—loo7 0009 ~0167 0062 | —0120 | —.0181 | o026 ‘o137 0151
—. 0083 g3l o1 | —loa2 | —lozms : s | ~o24 | — 0396
~0080 ‘o0 | —lomse [ —ois o134 ol | o8 | —~.oos L0187
—om9 | — oost os8 [ —lomzr | —looa1 ; —ooid | —~.o070 Joor7
—o3 | o o1 [ —omwr om [ o —0139 0107 | — 0130
— o105 o069 | —o018 | = 0084 | —.ou3 0117 | 0098 “o054
omL | — 050 ooz | — ‘0z | —.omo ‘o014 | ~—.0010 20005
“7033 8535 L4451 11460 -0384 - 0506 L0378 .24 20120
6162 a8 7.357 8.020 8772 0.2 | 100m1 | 13760 | 23100
437 4384 3,268 LI L7679 -4817 3005 . 2358 .32
458 4425 L4146 L3784 3200 2135 L2112 L1438 L0138
8850 T4387 ‘uer | —lzmoe | —mzmy | e | —imm | —ems |
10 | 0 —2010 | —lams | —2010 | o -2010 .41 +2910
— 053 . 0696 1170 s | —omr [ —mw [ —oiss -0958 1
—. 0584 .3428 .1636 —. 2016 —. 2540 .2119 .3212 ~. 1114 —. 3500
g3t e | —lom3 | —liest um Gz | -isst | 0843 2052
—o518 | —. 0064 e [ —ose | —ome 01 | =l | —ooud 1007
—200 | O 2001 | 2087 - 2001 — 2091 220857 | — 201
—.1780 L1181 —. 0314 —. 0621 L1421 —. 1911 . 1085 ~-.1626 . 0912
1815 sln 106. Y o | —osm 037 | —lossr 026 | —losu ‘oz | —oiss ~004
Znd, sln n6_ . L4859 ‘om0 | 1438 766 | —L132 | —.367%5 [ —.3340 | — 1183 | ~—.1052 | - 0281
MeeAXZ0/n L2852 8w lmm umm | —me | —lores | —oes1l | —lozm | —oe2 [ —
eagmcs [Eﬂxz—o L2 e | 129 a4 | —os2 [ —omt | —o0 | —oos | .00 [ —.005




