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’ Drag, absolute coefficient Cp= q—%
) Profile drag, absolute coefficient 0D°=§Z—S

" Induced drag, absolute coefficient Cp;= S

. AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metrie English
Symbol Abbrevia. | ; ALorovia:
. : revia- . revia-
Umt tion . Unit tion
Length______ l meter_ .. _______ m foot (or mile) ____-__.__| ft. (or mi.)
Time________ 3 second . _____.______ 8 sécond (or hour).._____ sec. (or hr.)
Foree_.._.___ F weight of 1 kilogram___.__ kg weight of 1 pound._.__. 1b.
Power.._.__| P horsepower (metbrie) . - | i . horsepower_ . .._._- _ _-| hp. .
Speed o v {kllometers per hour______ k.p.h. miles per hour._.____.__ m.p.h. .
peed- - - ---- meters per second........| m.p.s. feet per second.__.____ f.p.s.
2 GENERAL SYMBOLS
Weight=mg o v; Kmemamc v1scos1ty ,
Standard “acceleration ~of grav1ty=9.870665 p; Density (mass per unit volume)

m/s? or 32.1740 ft./sec.?
Mass—W
g

Moment of inertia=mk?. (Indicate axis of
radius of gyration k by proper subscrlpt )
Coefficient of v1scosﬂ;y ‘

Standard “density of dry air, 0.12497 kg-m™*s? at
15° C. and 760 mm; or 0.002378 1b.-ft.~* sec.?

Specific weight of “standard” air, 1.2255 kg/m® or
0 07651 Ib./cu. ft.

v

3. AERODYNAMIC SYMBOLS

‘Area

Area-of wing
Gap

" Span
- Chord

Aspect ratio
True air speed

Dynamic preésure=%bV2

- Lift, absolute coefﬁciéﬁt OL=§I—§ ‘

D,
D,

Parasite drag, absolute coefficient ODP=§D§,

N

Cross-wind force,,absolu‘te coeflicient C’c=-q%,

Resultant force

Ty Angle of settmg of wings (relatlve to thrust
line) | .
i1y Angle of stabilizer settmg (relatlve to thrust
- line)
Q, Resultant moment

9, - Resultant angular velocity

pzl: Reynolds Numbei‘, where [ is a linear dimension
» (é.g., for a model. alrfoﬂ 3 .in. chord, 100

m:p.h. normal pressure at 15° C,, the cor-

- responding number is 234,000; or for a model -

of 10 em chord, 40 m. p.s., the corresponding
number is 274 000)

0,, Center-of-pressure coefficient (ratlo of distance
of c.p. from leading edge. to chord length)

o | Angle of attack

€ Angle of downwash
g, Angle of attack, infinite aspect ratio

e, Angle of attack, induced

oq,  Angle of attack, absolute (measured from zero-
‘ 1ift position) . :
¥, Flight-path angle

£



REPORT No. 631

AIRFOIL SECTION CHARACTERISTICS AS APPLIED TO
THE PREDICTION OF AIR FORCES AND THEIR
DISTRIBUTION ON WINGS

By EASTMAN N. JACOBS and R. V. RHODE

Langley Memorial Aeronautical Laboratory

73067-—-88——1 I

‘\\



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

HEADQUARTERS, NAVY BUILDING, WASHINGTON, D. C.
LABORATORIES, LANGLEY FIELD, VA.

Created by act of Congress approved March 3, 1915, for the supervision and direction of the scientific
study of the problems of flight (U. 8. Code, Title 50, Sec. 161). Its membership was increased to 15 by
act approved March 2, 1929. The members are appointed by the President, and serve as such without

compensation.

JoserH 8. AMES, Ph. D., Chairman,
Baltimore, Md.
Davip W. TAYLOR, D. Eng., Vice Chairman,
Washington, D. C.
WiLLIS RAY GREGG, Sc. D., Chairman, Executive Commillee,
Chief, United States Weather Bureau.
WiLLIAM P. MACCRACKEN, J. D., Vice Chairman, Ewxecutive
Committee,
Washington, D. C.
CHARLES G. ABBOT, Sc. D,,
Secretary, Smithsonian Institution.
LyMmaN J. Briags, Ph. D.,
Director, National Bureau of Standards.
ARTHUR B. Cook, Rear Admiral, United States Navy,
Chief, Bureau of Aeronautics, Navy Department.
HArRRY F. GUGGENHEIM, M. A,,
Port Washington, Long Island, N. Y.

SyDNEY M. Kraus, Captain, United States Navy,
Bureau of Aeronautics, Navy Department.
CHARLES A. LINDBERGH, LL. D.,
New York City.
DeNIS MULLIGAN, J. S. D,,
Director of Air Commerce, Department of Commerce.
AUGUSTINE W. RoBINS, Brigadier General, United States
Army,
Chief Matériel Division, Air Corps, Wright Field,
Dayton, Ohio.
EDWARD P. WARNER, Sc. D.,
Greenwich, Conn.
OSCAR WESTOVER, Major General, United States Army,
Chief of Air Corps, War Department.
ORVILLE WRIGHT, Sc. D,
Dayton, Ohio.

GrORGE W. LEWIS, Director of Aeronautical Research

JourN F. VICTORY, Secretary

HeNrY J. E. Rem, Engineer-in-Charge, Langley Memorial Aeronautical Laboratory, Langley Field, Va.

Joun J. Ipg, Technical Assistant in Europe, Paris, France

TECHNICAL COMMITTEES

AERODYNAMICS
POWER PLANTS FOR AIRCRAFT
AIRCRAFT MATERIALS

AIRCRAFT STRUCTURES
AIRCRAFT ACCIDENTS
INVENTIONS AND DESIGNS

Coordination of Research Needs of Military and Civil Aviation

Preparation of Research Programs

Allocation of Problems

Prevention of Duplication

Consideration of Inventions

LANGLEY MEMORIAL AERONAUTICAL LABORATORY

LANGLEY FIELD, VA.

Unified conduct, for all agencies, of
scientific research on the fundamental
problems of flight.

W

OFFICE OF AERONAUTICAL INTELLIGENCE
WASHINGTON, D. C.

Collection, classification, compilation,
and dissemination of secientific and tech-
nical information on aeronautics.
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AIRFOIL SECTION CHARACTERISTICS AS . APPLIED TO THE PREDICTION OF AIR
FORCES AND THEIR DISTRIBUTION ON WINGS

By Eastman N. Jacoss and R. V. RHODE

SUMMARY

The results of previous reports dealing with airfoil sec-
tion characteristics and span load distribution data are
coordinated into a method for determining the air forces
and their distribution on airplane wings. Formulas are
gwen from which the resultant force distribution may be
combined to find the wing aerodynamic center and pitching
moment. The force distribution may also be resolved to
determine the distribution of chord and beam components.
The forces are resolved in such a manner that it is unneces-
sary to take the induced drag into account.

An illustration of the method is given for a monoplane
and a biplane for the conditions of steady flight and a
sharp-edge gust.  The force determination is completed by
outlining a procedure for finding the distribution of load
along the chord of airfoil sections.

INTRODUCTION

This report originated in a request of the Bureau of
Air Commerce, Department of Commerce, for a coor-
dinated system of applying airfoil section data to the
determination of wing forces and their distribution.

The system presented herein yields, within the limi-
tations of our present knowledge of aerodynamics, a
general solution of the resultant wing forces and mo-
ments and their distribution. For the sake of complete-
ness and facility in use, the report contains a table of the
important section parameters for many commonly used
sections and all other necessary data required to solve
the most practical design problems coming within the
scope of the system.

Although the usefulness of the system extends into
several phases of airplane design, its application to
structural design is illustrated by following through a
wing loading condition corresponding to that specified
in reference 1.

Two basic principles underlie the system employed.
First, a force coefficient is treated as the independent
variable, thus eliminating, as far as possible, the angle
of attack; and second, the forces are derived throughout
in terms of certain basic parameters of the airfoil sec-
tion, which are tabulated for each airfoil section. The
method followed then builds up the forces progressively
from simple combinations of certain basic forces and
simple formulas involving the basic airfoil section pa-

rameters. As the forces are thus built up, they are re-
solved into any convenient components. This method
also has another important advantage in that the in-
duced drag, which is really only a component of the local
lift at each section, may be entirely eliminated from the
analysis.

In some problems it is desirable to know the location
of the aerodynamic center of the wing and the pitching-
moment coefficient about this center in order to con-
struct the balance diagram of the complete airplane.
Meéthods are therefore given for determining these two
properties. For problems in which the aerodynamic
center and the pitching moment are not required, a direct
solution of the forces and force distribution can be
made.

BASIC CONSIDERATIONS

The forces on a wing may be considered to be func-
tions of the characteristics of the airfoil sections and of
the spanwise distribution of lift. At a given section
lift coefficient, the resultant air force and moment on
the section are, according to wing theory; assumed to be
independent of all geometric properties of the wing
except the section shape; moreover, the forces and
moments acting on any individual section may be
considered to be independent of adjacent sections or of
other characteristics of the wing, except as they affect
the lift distribution and thus the local lift coefficient
at that section.

The problem is thus divided into two parts: First,
the determination of the spanwise lift distribution;
and, second, the determination of the corresponding
forces and moments at each section and the summation
of these quantities to obtain the corresponding forces
and moments for the entire wing. The spanwise lift
distribution is obtained in terms of values of the local
section lift coeflicient ¢, for a number of sections dis-
tributed along the span. The subseript zero is used to
distinguish this section lift coefficient, perpendicular to
the local relative wind at the section, from the lift
coefficient ¢, perpendicular to the relative wind at a
great distance from the wing. The lower-case letters
used for these coefficients have been chosen to dis-
tinguish the lift coefficient for a section (¢,=dL/gedy)
from the usual lift coeflicient for the wing, Oy,

1
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In order to permit easy reference, the symbols used
in the text, the figures, and the tables are grouped in
appendix C.

For many purposes, it is convenient to express the
air forces in terms of components along two axes fixed
with respect to the airplane rather than as the usual
components, lift and drag. This resolution is con-
veniently accomplished from the ¢;, values, when the
profile drag and other fundamental characteristics of
the airfoil section are taken into account, by means of
simple formulas involving parameters given for each
airfoil section in a table of airfoil characteristics. This
method has an important advantage in that the induced
drag, which is really only a component of the ¢;, at
each section, is entirely eliminated from the analysis.

For the purpose of determining the lift distribution
corresponding to the ¢;, values along the span, the lLift
load along the span is considered as being made up of
two independent parts that will be referred to as the
“basic lift distribution” and the ‘“additional lift dis-
tribution.” 'The basic lift distribution is represented
by the ¢, distribution along the span when the total
wing lift is zero. This basic lift distribution, which is
the distribution arising by virtue of aerodynamic twist,
may be considered to exist unaltered as the lift and angle
of attack are changed. The additional lift distribution,
as the name implies, represents the distribution of addi-
tional lift associated with changing the angle of attack.
Wing theory indicates that, as long as the airfoil sec-
tions of the wing are working within a range of normal
lift-curve slope, the form of the additional lift distribu-
tion is the same at all lift coefficients and is independent
of wing twist, of aileron or flap displacements, and of
other characteristics that affect only the basic lift dis-
tribution. Experiment shows that this deduction is
approximately correct for wings with well-rounded
tips. For such wings, the additional lift distribution is
given as a function of the plan form and aspect ratio
in terms of the additional lift coefficients ¢, that is,
the section additional lift coefficients for a wing lift
coefficient of 1. The lift distribution for any wing is
then found in terms of the wing lift coefficient C;, the
basic lift coefficient ¢;,, and the additional lift coeffi-
cient ¢;,,

(’/lozﬁzb“i‘OL (G (N

GENERAL PROCEDURE

MONOPLANE

It is advisable first to choose a backward fore-and-aft
reference axis z usually parallel to the reference axis, or
thrust line, of the airplane and an upward 2z axis per-
pendicular to it. (See fig. 1.) Upward and backward
air forces and distances are thus considered positive.
Air-force components along these axes are then ex-
pressed at each section of the wing by

dX=c,qcdy 2)

and dZ=c, qc dy 3)
where X and Z are the components of air load along the
axes, and ¢, and ¢, are determined from ¢;, and the

known characteristics and attitude of each airfoil sec-
tion. The pitching moment about the origin contrib-
uted by each section is

dM=cy, , ¢ dy+ce.qeczdy—c, gecady 4)

where z and z are distances measured from the origin
to the aerodynamic center of the airfoil section (see
table I and appendix B) and the signs of the terms arc
so taken that stalling moments are positive.

Wing .
gerodynamic

F1GURE l.—Airplane drawing and balance diagram.

Thus far the origin has been arbitrarily chosen. If,
with this arbitrarily chosen origin, the coordinates z, ..
and z,, of the aerodynamic center of the entire wing
(fig. 1) are found, the origin of coordinates may then
be moved to this point and from equation (4) there
may be determined a value of M, . /¢ that has sensibly
the same value for all flight conditions.

Aerodynamic center and additional lift distribution.—
For the purpose of finding the acrodynamic center of
the wing, it is necessary to consider only the additional
distribution. In fact, the aerodynamic center of the
wing may be considered as the centroid of all the addi-
tional loads. For wings with linear taper and rounded
tips, values of L,, giving the load distribution for Oz=1,
may be found from table II for various sections along
the span. The values of L, were derived as outlined in
reference 2. The corresponding values of ¢,, for various
sections along the span are found from the relation

LS

Cra =" The corresponding values of ¢4, at each
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section are calculated using the method indicated in
figure 2 or, if the profile-drag polar curve for the section

is available, they may be read from it. Then

Caq = Cay €OS 0,,—Cy,y SIN 0, (5)
and

Cogy=C1,y €OS 0, Cq, 81D 0, (6)

- . la1 . . .
in which ¢ —|-oz,0 1; @y, the section lift-curve

20

slope, and a,, the angle of attack of zero lift, are given
in table I; and 7 is the incidence of the chord at each
section with respect to the z axis.

036

032

i
|
1

|
|t
L1 |

Lt

0 o2 3 4 5 6 .7 .8 .9 /0

]C,D‘ C; upl’/Cl max

FigURE 2.—Chart for the determination of the profile-drag cocfficient cq, at
any lift coefficient cyy.

The next step is to plot ¢;,.¢, ¢.,.¢, €2,4¢2, and
against 4 and to fair curves through the plotted points.
Twice the area under each curve from y=0 to y=»5/2
is then, respectively: Xu/q, Zu/q, Mx, /0, Mz,/q. The
coordinates of the aerodynamic center of the wing are
then found

“Cropt

— € €T

— Mg,

xa.c.:—Z—al— %
My,

Pue =X (8)

Pitching moment about the wing aerodynamic cen-
ter.—The additional load distribution for Cp=1 and
the position of the aerodynamic center are now known.
The next step is the determination of the basic load dis-
tribution (that corresponding to Cz=0) and from it the
basic pitching moment or the aerodynamic pitching
moment of the wing about the aerodynamic center.
The basic distribution for wings with linear twist may
be obtained from table IIT in terms of the load pa-
rameter L, for a number of sections along the span.
The method of deriving the L, values is given in refer-
ence 2. When the wing has partial-span flaps, the
basic distribution may be obtained from reference 3,

Following the system that was previously used, ¢,

values corresponding to the basic lift distribution are
found for each section from ¢;,= L, bS s corresponding

¢q, values determined, and ¢,, and ¢, calculated from the

formulas
Czp=Cqy COS O —cCyy, SIN 0, (9)
€2y =C1y COS O, -Fcqy SIN 0, (10)
C; .
where 8,,=—" 4 a;,—1.
)
Likewise are plotted curves of ¢,,c2’ and —ec,,c2’,

where 2z’ and 2’ are the new coordinates of the section
aerodynamic center from the aerodynamic center of
the wing. The areas are then determined. In addi-
tion, another curve formed by plotting ¢, , ¢* is drawn
and the area determined. Twice these areas then give,
respectively, (Mx,/q),,, (Mzlq),., and M/q. The

desired wing pitching moment abou‘o the aerodynamic

center is found from
<A[,b> +

Ma.c. (AJXI)
¢ N g e

Lift distribution and total lift,—When the total wing

lift or normal-force coefficients are known or specified

by design conditions, the force distribution may be

found immediately in terms of ¢;, values along the

(11)

span from

CZO:CID+OLCL(L1
For wings having well-rounded tips, the lift distribution
may thus be found in terms of the ¢, and ¢;;, values
previously determined. This method will give a good
approximation of the actual lift distribution in such
cases. When, for any reason, the tip loads are of
critical importance, that is, if the wing is tapered less
than 2:1 and has a tip blunter than semicircular, the
lift distribution should be determined according to the
method given in appendix A or reference 4. If the
wing plan form departs from a straight taper, the lift
distribution should be determined from suitable theo-
retical methods (references 2 and 3). In any event,
the loads are represented by the ¢, distribution and

may then be resolved to give chord and beam compo-
nents and moments.

In general, the wing lift coefficient Oy’ for the steady-
flight condition preceding an accelerated-flight condi-
tion will be first determined. After the tail load and,
finally, the wing lift L are determined from the balance
diagram for the steady-flight condition, the correspond-
ing wing lift coefficient is found

L

S (12)

OL,—_—'
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The wing lift coefficient Oy, for an accelerated-flight
condition may then be determined. For example, it
may be that the acceleration is produced by a sharp-
edge gust, and the wing lift coefficient is determined
by the simplified formula

=Gy Y (13)
where O, has just been found, U/V is thoe ratio of the
gust velocity to the flight velocity, and m is the slope
of the wing lift curve, which may be determined from
the values of @, or ms, tabulated for the airfoil sections,
by employing the method indicated later in figure 12.

The required lift distribution is then found in terms
of the value of ¢, at each section from

ciy=c1,+Crer,, (14)

From these values of the lift coefficient at each section,
the required coefficients representing the components
of the air load may be computed and the total load
components then determined as before by measuring
the areas under curves representing ¢, ¢ ¢ and ¢, q ¢.
Some question exists, however, in regard to the values
of ¢4, that should be used in the computation of ¢, and
¢, for the accelerated-flight condition.

Conditions and forces encountered instantaneously in
accelerated-flight conditions after a suddenly changed
angle of attack.—In an accelerated-flight condition the
C,, value calculated from (13) and the ¢, values from
(14) may exceed the maximum lift coefficients. Such
conditions are possible on entering a sharp-edge gust or
in abrupt maneuvers owing to the considerable time
required to accumulate the increased volume of re-
duced-energy air associated with the increased bound-
ary-layer thickness or separated flow that will finally
prevail at the increased angle of attack. Lift values
should be based on the lift-curve slope extended without
regard to the usual burbling. Such lift values are ob-
tained simply by following the outlined procedure.
The ¢, values, however, deserve special consideration.
The increasing profile-drag coefficients at the higher
lift coefficients are likewise associated with a thickening
boundary layer or a separating flow that will not occur

-at once when the angle of attack is suddenly increased.

The profile-drag coeflicient for these transient condi-
tions for a given lift, whether or not the lift exceeds the
value given by wind-tunnel tests as the maximum, is
undoubtedly less than the profile drag determined in
the wind tunnel under steady conditions. The true
value, however, is unknown and, in fact, a series of
values increasing with time will exist. It may there-
fore be expedient in some cases to determine the force
components on the wing by assuming that ¢, retain its
initial steady-flight value throughout the subsequent
relative pitching motion of the wing. On the other
hand, if it is desired to investigate the higher values that

the profile drag will later assume, ¢,, may be found in
the usual way from the wind-tunnel data unless ¢, is
greater than ¢, ., in which case some value of ¢;, may
be assumed. The value ¢q,=0.1 is suggested.

The distribution of the resolved components and
moments and the total wing components.—Values of
¢qy and ¢y, for the sections along the span having now
been established, the distribution of the air-force com-
ponents, given by values of ¢, and ¢,, may be found from

(15)
(16)

€2==Cqy COS 0,—Cy, SN 0,

¢;==Cy, €OS 0,1 cq, sin 0,
where

Clo .
0,= A + ap—1

The torsional moment contributed by each section
about its aerodynamic center is simply

dMSa.c.:Cmaic. q ¢? dy (17)

For some problems, components and moments with
respect to axes in the wing may be desired rather than
the components given by ¢, and ¢, with respect to the
airplane,  For example, “chord-truss” and ‘“beam”
components may be desired at each section. These
components represented by ¢, and ¢, may be obtained
from a slight modification of (15) and (16).

co=¢q(1-+tan @, tan ¢) cos 6, (18)
—c¢p(1—cot 6, tan ¢) sin 6,
cy=c,(l—tan @, tan ¢) cos 6, (19)

+¢q4,(14-cot 6, tan ¢) sin 6,
where
Cy R
90:6(;—1' Qe

Byt )
T e a —_— ’I/
13 o Iy »

¢:7:b_7;c

and 7, is the incidence of the section chord with respect
to the chord-truss direction (plane of the drag truss)
and 7, is the incidence of the section chord with respect
to the perpendicular to the beam direction (the per-
pendicular to the spar web). The distribution of the
chord and beam components ' and B may then be
calculated from

dC=c. q ¢ dy

dB=¢, q ¢ dy

(20)
(21)

Torsional moments contributed by the sections about
some axes in the wing other than the axes of the aero-
dynamic centers of the sections as, for example, the
wing torsional axis, may be desired in some instances.
The moment about the torsional axis My is found from

dMr=cn, , qc’ dytesqezrdyte, qeardy (22)
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where 2, is the distance of the torsional axis below the
chord plane through the aerodynamic center and zr
is the distance of the torsional axis behind the beam
plane through the aerodynamic center of the airfoil
section.

The total forces and moments may then be found
from the components or, more conveniently for Z and
M, .., from the summations previously made:

Z_Zy

g +CL

and M, . [q is & value obtained from (11). In order to
find X/q, however, the ¢, components should be summed.
Permissible approximations.—For the practical ap-
plication of this method, certain approximations will
often be justifiable. The approximations that will be
found convenient and usually ]ustlﬁable are made by
assuming that
cos 8,=1
and
g, 80 8,=0

The magnitude, but not the direction, of C, and Cy
may then be taken as the same; the following quantities
are also equal in magnitude but not in direction:

C‘l[)) Cay Cz
BIPLANE

The present unsatisfactory status of biplane theory
and the large number of variables in the biplane shape
or arrangement combine to prevent a completely ra-
tional solution of biplane problems by either theoretical
or empirical methods. It is possible, however, to
computbe the forces and moments on ‘“‘conventional”
biplane wings by semiempirical methods that give fairly
satisfactory results.

In general, the biplane calculations follow the prin-
ciples and procedure previously outlined for the mono-
plane, the main extensions therefrom lying in the de-
termination of the lift distribution between the wings
and the determination of the biplane effect on the mo-
ments of the individual wings. The lift distribution
between the wings is found according to the method
developed by Diehl in references 5 and 6; the biplane
effect on the moments of the individual wings is found
according to a procedure outlined later in this report.
Although a biplane has no aerodynamic center, a locus
of points about which the pitching-moment coefficient
of the cellule remains constant can be found. This
locus is analogous to the aerodynamic center of the
monoplane but lacks its practical utility. Neverthe-
less, since it leads to a better understanding of biplane
phenomena, the locus of points of constant pitching
moment will first be discussed.

Locus of points of constant pitching moment.—Ac-
cording to Diehl’s solution of the lift distribution be-
tween the wings, the lift coefficients of the individual

wings plotted as functions of the biplane coefficient are
straight lines that intersect at some value of the biplane
lift which is, in general, not equal to zero. A typical

U,ope/\’

G, =(1+Kz) Crp + K,

QU&L

FiGURE 3.—T'ypical biplane wing lift curves.

1+K,
1K, 5,78,

__7,(1*—‘

A Z,cc

"AZ;cc Sy,

FIGURE 4.—Force diagram for determination of ¥ and z.

case is shown in figure 3. These individual wing lifts
may be considered to have their points of application at
the aerodynamic centers of the individual wings, be-
cause, as will be indicated later, the monoplane value of
the aerodynamic center of either wing is not affected by
the opposite wing; only the basic moment is affected.

Now, if it be assumed that the biplane lift relations
are equally applicable to the Z components,! it is clear
that the location of the center of the Z components may
be considered fixed in the direction of z, the ratio of the
change in Z force on the upper wing to the change on the
lower wing being constant. Reference to figure 4
shows that the x location of the locus of constant mo-
ment can be found from the relation

- I—KQSL
- 14K,
St — 58\
1—Kg

1 This assumption is perfectly valid in this case, since the slight error involved is
within the error of the semiempirical method of determining the lift distribution.
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in which K, is Diehl’s biplane lift function, as indicated
in figure 3.

Unlike the ratio of the Z forces, the ratio of the X
components is not independent of the biplane lift be-
cause of the nonlinear relation between profile drag and
lift in combination with the inequality in lift on the
upper and lower wings and because of the trigonometric
relation between the lift and its X component. The
point about which the pitching moment remains con-
stant therefore moves in the z direction with changes in
lift or in X force ratio. Thus, according to figure 4, at
any value of the biplane lift for which the X components

may be determined
.
T XX

A graphic illustration of the behavior of 2 is given
in figure 5, which shows values calculated for the bi-

@
S

3
T

8

/

Z ,percentage gop Ffrom upper wing
S
|

0 .z .4 ’ .6 .8 1.0
C,

B

A
~

FIGURE 5.—Variation of z with biplane lift coeflicient.

plane selected for the illustrative example given later
in the report. At the higher values of the lift coefficient,
the points of constant moment are close to the upper
wing. In this condition both upper and lower X
components act forward, the upper component being
the larger. At a lift coefficient of about 0.33, Z is
indeterminate because the upper and lower X compo-
nents are equal in magnitude but opposite in direction.
In this condition the resultant force is in the z direction
and the X components form a purc couple. At the
lower lift coefficients both X components act rearward
and are of nearly equal magnitude so that z is approxi-
mately half the gap.

It can be seen from the foregoing discussion that the
biplane has no useful counterpart of the monoplane
aerodynamic center. For this reason, biplane problems
are best solved by proceeding directly to a solution of
the forces and moments.

Lift coefficients of individual wings.—The first step
in the biplane solution is to determine the lift coeflicients
of the individual wings as functions of the lift coefficient
of the cellule. As previously indicated, this step may

be performed according to the method developed by
Diehl in references 5 and 6. When this method is
used, however, it is recommended that, in cases involv-
ing large negative stagger, values of Kj be determined
from a curve faired through the experimental points of
figure 13 of reference 5, rather than from the linear
relation between Ky and s/c (equation (15a), refercnce
5).

Distribution of force components.—The wing lifts
corresponding to any biplane lift having been found, the
force distribution on the individual wings is determined
in the same manner as for monoplanes. This procedure
neglects the effect of interaction of the individual
wings and leads to some error, which is probably small
in practical cases.

Pitching moment of biplane cellule.—The pitching
moment of the whole cellule about any arbitrarily
selected Y axis is found in the same manner as for the
monoplane from a summation of the moments due to
the Z and X components of force and to the section
characteristics. To this total moment a correction,
constant throughout the lift range, may be applied to
staggered arrangements to obtain a more accurate
result.

The correction is based on the fact, indicated by
available test data, that the couple created by the lift
forces on the individual wings of a staggered biplane
with no decalage at zero cellule lift is exactly balanced by
predominating increments of moment on the individual
wings plus a secondary couple due to the biplane effect
on the drags of the individual wings. The moment
correction, therefore, constitutes simply a subtraction
of the couple created by the K, forces due to thickness-
gap ratio, stagger, and overhang from the total moment
M previously found. Thus

Myy=2M— K+ K+ Kis) Sy sq

where Ky, Ky, and Kj; are Diehl’s lift functions for
thickness-gap ratio, stagger, and overhang and s is the
stagger measurcd between the aerodynamic centers of
the individual wings.

The function K, which is due to decalage, is not
included in the correction.

Pitching moments of individual wings.—As previously
mentioned, the couple due to the K forces, if decalage
is neglected, is exactly balanced by predominating op-
posite moments on the individual wings and a less im-
portant couple due to biplane effect on the drags. This
drag moment is small compared with the K, couple and
therefore negligible, since the K; couple itself is small.
The K, couple may therefore be considered to be en-
tirely balanced by increments of moment on the indi-
vidual wings. No information exists, however, as to
the distribution of these moment increments between
the upper and lower wings; a consideration of this prob-
lem led to the conclusion that a reasonable assumption
would be to divide the balancing couple equally between
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the wings. This assumption leads to very low incre-
ments of pitching-moment coefficient on the individual
wings; in several cases that have been examined the
values were well below 0.01. In view of such low values
and the uncertainties in regard to the distribution, it is
believed advisable to neglect these increments in com-
puting the pitching moments of the individual wings.
Another biplane effect on the individual wing mo-
ments, however, should be taken into account. Its
physical cause is not known at present, but it is probably
due to the profile drag of the wings, which results in a
pressure gradient from the leading to the trailing edge
between the wings and to the curvature in the stream-
lines at each wing induced by the opposite wing. An
examination of test data obtained both in flight and in
wind tunnels showed that this biplane effect on the
wing moments is, for all practical purposes, a linear
function of the thickness-gap ratio given by the relation

t
©)
These increments, for the data available, do not notice-
ably contribute to the resultant biplane moment; the
total increment of moment on the upper wing must
therefore be approximately equal and opposite to that
on the lower wing.

In order to effect the practical application of these
increments to the wings, it is assumed: (1) That the
increment is distributed along the entire span of the
shorter wing but only along that portion of the span of
the longer wing that lies within the projected span of
the shorter wing; and (2) that the increment of pitching-
moment coefficient is distributed uniformly along the
span of each wing between the limits of the pitching-
moment distribution. On the basis of assumption (1),
the value of Ac,, ( t) is found for the upper wing from

G

Ac

the foregoing relation using the average value of #@
based on the lower wmg for the portion of the span
affected. Then

Sy’ el
~ACpy XX
ONEN OB
where SU’ is the area of the portion of the upper wing
involved.
S/, the area of the portion of the lower wing in-
volved.
¢y’ average chord of the portion of the upper
wing involved.
¢, average chord of the portion of the lower
wing involved. .

CmO

LOAD DISTRIBUTION OVER AIRFOIL SECTION

The solution of the general problem has been com-
pleted except that the distribution of the air forces
along the chord at each section has not been determined,

73067—38—2

the net section lift, drag, and pitching-moment coeffi-
cients having been employed heretofore rather than the
distributed air loads at each section. Although the
distribution of the air load around the airfoil section
may not always be required, this distribution will be
considered in order to make the analysis complete.

General procedure.—The previous analysis gives the
section lift coefficient ¢, the method of finding the
normal- and chord-force coefficients ¢, and ¢,, and the
pitching-moment coeflicient ¢, , at each section cor-
responding to any given loading condition of the com-
plete airplane with which the designer is concerned.
The corresponding distribution of the air load over the
section will be given in terms of the normal-force co-
efficient by giving the distribution of the normal-pres-
sure coefficient P along the chord of the section. Of
course, this distribution gives no chord force but the
chord force is known and may be considered as applied
at the aerodynamic center. Its distribution will not
be considered, the chord force being small and dis-
tributed over only a small distance equal to the wing
thickness. Although the moment contributed by this
distribution cannot be entirely neglected, the normal-
foree distribution will be slightly modified, more or less
arbitrarily, so that it will give exactly the correct pitch-
ing moment about the aerodynamic center.

Determination of normal-pressure coefficients.—As
previously stated, the distribution of the air load along
the chord is found by determining the normal-pressure
coeflicient P, that is, the ratio of the pressure difference
that may be considered as acting at any point along the
chord to the dynamic pressure ¢. The distribution is
defined by the values of P at a number of points along
the chord. As with the span load distributions, it is
convenient to consider the distribution as made up of
two independent parts, one the distribution for zero
normal force Py and the other an additional distribu-
tion giving all the normal force. The total normal-
pressure coeflicient at each point is then

P="Py+\e¢, P (23)
The value of P, is fbund from
P(L Pa1+xa £ (24)

where values of Py and P, .. are given by curves and
tables for typical airfoils in figure 6. The designation
of the airfoil class in this respect corresponds to a letter
given for each section in the PD column of table I.
Values of z, . /c are also found from table I by dividing
by 100 the z coordinate of the aerodynamic center.
A single table of the P, .. distribution, which is taken
as the same for all airfoils, is given in figure 6.

The value of Py is found from the so-called “‘basic
distribution,” thus

PO_PD cnb (25)
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! 1 I

o 2 o) .8 Lo
Chord
Pa
Station | Pg
Class B| Class C|Class D| Class E

) 0 0 0 0 0

1.25 3.2 5.93 4.98 4.32 3.87

2.8 4.5 4,37 4.23 4.02 3.81

b 5.6 3.20 3.22 8.256 3.27

7 5.9 2.63 2.68 2.76 2.81
10 5.7 2. 26 2.32 2.39 2.44
15 5.0 177 1.85 1.90 1.956
20 4.3 1.47 1. 54 1.58 1.62
30 2.8 1.10 1.14 1.16 1.18
40 1.4 86 .87 .88 .89
&0 0 67 68 .68 69
60 —1.4 51 .51 .51 51
70 —2.9 38 W37 .37 36
80 —~4.3 25 .24 24 23
4] —5.7 13 .12 .12 11
95 —5.5 06 .06 .06 06

100 0 0 0 0 0

Notg.—Type A distributions have not yet been determined.

FIGURE 6.—Pressure distribution—additional.

The basic distribution P, and the basic normal-force
coefficient ¢,, are, in turn, found as the sum of two parts
due respectively to moment and camber, thus

Pb=_cma.c.Pbm+%Pbc (26)

and

Cuy=—Cmg 5. (0) T 2 (e, @7)
Values of P, and the corresponding values of (c,),,, are
given in figure 7, as well as values of Py, and (c,),, for
airfoils of classes as indicated in the airfoil table by the
number following the letter in the PD column. For
example, the number 10 indicates that Py, is class 1
and P, is class 0. The zero signifies that P, and (c,),,
are both zero. The values of ¢n,, and the section
camber z/c are both found from table I, z./c being
found by dividing the mean camber as given, in percent
of the chord, by 100.

When the actual calculation for any given airfoil
section is made, values of Py and P, should be calculated
and tabulated for the standard stations along the chord.
For any section normal-force coefficient c,, the corres-
ponding values of P are then found simply from (23)
by multiplying the values of P, by ¢, and adding to P,.
The actual pressure difference acting at each point in
pounds per square foot is, of course, obtained by multi-
plying by the dynamic pressure in consistent units.

10
]
( M
\ T~
B, 5 <
7 “Class! (eplom = 6-30 ™~
0 | | | {
] !
1 Class? (ep), =18.75
50 s
\ k_‘.:
»'Pbc 0 N,
~Class! (en)y, = 9.70
__50 I | i |
0 =4 4 .6 .8 1.0
Chord -
Pyn Py,
| Station
Class 1 | Class 0 | Class 1 | Class 2
0 0 0 0 0
1.25 2.85 2.5 32.5
2.5 4.25 5.5 47.0
b 6.05 10.0 56. 5
7.5 7.10 14.5 69.0
10 - 7.80 18.0 57.5
15 8.80 23.0 47.5
20 9.30 25.0 37.0
30 9. 50 25. 0 24.5
40 8.80 20.5 18.0
50 7.75 14.0 13.0
60 6. 60 6.0 9.0
70 5.30 —2.5 5.5
80 3.75 —5.5 3.5
90 2.05 —4.5 1.5
95 1.10 —2.5 1.0
100 0 0 0
(e, =630 0 9.70 18.75
-'=(t‘,.) bo

z
Py=—Cng o P+ (,T.Pb'

Ze
Crp=Cmg o (Cn) ,, F T (Cn)y,

FIGURE 7.—Pressure distribution—basie.

Finally, consider briefly how the air pressures are
divided between the upper and the lower surfaces.
Pressure-distribution diagrams, given elsewhere, indi-
cate the pressure on the upper and on the lower surface
as measured from the static pressure as a reference.
The designer, however, is not primarily concerned with
these pressures but with the pressure differences across
the wing covering which, of course, produce the air load
on it. These pressure differences are a function of the
internal pressure, that is, the pressure within the wing.
If the wing is well vented, the internal pressure and the
upper and lower covering loads may be estimated. For
this purpose the lower-surface pressure distribution is
estimated, remembering that the positive pressure can-
not exceed by 1¢ the static pressure, and the upper-
surface distribution determined from the known values
of the differential-pressure coefficient P. If greater
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accuracy is required, the method of reference 7 or the
results of reference 8 may be employed to calculate the
pressure distribution on the lower surface.

SAMPLE CALCULATION

MONOPLANE

In order to make this example as general as possible,
a case is chosen for which the design condition repre-
senting a 30-foot-per-second gust encountered at high
speed causes the lift coefficient to exceed the usual
maximum lift coefficient for the airfoil. The example
does not, however, deal specifically with the procedure
to be followed in cases for which portions of the wing
are replaced by the fuselage or nacelles. The treat-
ment, nevertheless, is exactly the same in such cases if
the standard N. A. C. A. wing area, including those por-
tions of the wing imagined as inside the fuselage or
nacelles, is used for 8. The solution is thus found by
considering those portions of the wing to be actually
present and undisturbed, the wing being imagined as
extending continuously over those portions of the span.
The calculated loads for these imaginary portions of the
wings may later be applied to the fuselage and nacelles.
In extreme cases a special treatment may be required.
A wing of the U. S. A. 35 type is chosen so that some
aerodynamic twist will be present in spite of the fact
that the wing is not twisted with reference to the air-
foil chords. The drag truss, for generality, is taken at
an angle to the plane of the airfoil chords. The
analysis is begun from the airplane drawing in figure 1
and from the following data on the airplane and wing:

Weight .. ______ L ___. 1,000 1b
Power. .. 35 hp.
Propeller efficiency ... . 75 percent.
Highspeed_ . . ______. 95.3 1. p. s.
Wing incidence. . ___ . ____________ 4°, ’

Wing: U. S. A. 35 type, aspect ratio 5, rounded tips,

area 180 sq. ft., root chord 8.268 ft., taper ratio

0.5, no geometric twist, beam direction perpen-

dicular to chord, drag truss (chord direction) in-

clined upward at the leading edge with respect to

the chord 4° at root to 2° at tip, airfoil section at

root U. 8. A. 35-A, at tip U. 8. A. 35-B.

Calculation of wing aerodynamic center,—The first
step in the procedure is to choose the reference axes.
The axes are chosen, for generality, originating at the
center of gravity with one axis parallel to the thrust line
although, in this instance, some simplification might
have resulted from choosing an axis in the direction of
an airfoil chord because this direction is the same
along the wing (no geometric twist) and perpendicular
to the beam direction. Table IV is then filled in to
give the necessary data for computing the aerodynamic
center of the wing. The various columns leading first
to the calculation of the additional-load curves for
Cr=1 and finally to the position of the wing aerody-
namic center are filled in as follows:

Column 1.—Stations along the span chosen arbi-
trarily or to agree with those in table II. These sta-
tions are indicated on the airplane drawing (fig. 1).

Column 2.—Values of L, from additional-load table
(table I1) for aspect ratio 5, taper ratio 0.5.

Column 3.—Values of ¢ from the airplane drawing.

Column 4.—Values of ¢;,, from the multiplication of
(2) by S/eb. ‘

Column 6.~—Values of ao from airfoil characteristics
(table I) interpolating between U.S. A. 35-A and U.S. A.
35-B sections for intermediate sections of wing.

Column 6. —Values of ¢, /a, from (4) and (5).

Column 7.—Values of «;, by the same method as (5).

Column 8 —Values of —4, the incidence of the wing
chords with respect to the x axis with reversed sign, from
airplane drawing.

Column 9.—Values of c;. The profile-drag coeffi-
cients are calculated for each section as indicated in
table IV-A. The thickness ratio of each section ¢/c is
obtained from the airplane drawing.  Minimum pro-
file-drag coefficients ¢4, are obtained from a curve of

profile-drag coefficient against section thickness, paral-
leling the typical curve given in reference 9 (fig. 91) but
passing through the values indicated in table I for the
U.S.A.385-A and U. S. A. 35-B sections. Valuesof ¢,,,,

and ¢,,,, are obtained from table I. From the values
in the preceding columns, the ratio M’ is com-

clma:c_clopt
puted. From this ratio and the curve of figure 2, the
Acg, values are obtained, which are added to the values

of Cag, . to give the desired cy,.
Column 10.—Values of 0,,.

6), (7), and (8), where 0,, is (

tions (5) and (6).)

Columns 11 to 16.—From preceding columns.

Column 17 —Values of ¢,,, from (13)+ (14) following
equation (5).

Column 18.—Values of ¢,,, from (15)4-(16) following
equation (6).

Column 19.—Values of z from the airplane drawing,
upward coordinate of aerodynamic center of section.
May be obtained from airplane drawing after locating
the aerodynamic center of the tip and the center sec-
tions from table I. The corresponding aerodynamic-
center positions for the intermediate sections may be
taken along the straight line joining these points except
for the rounded-tip sections.

Column 20.—Values of 2, backward coordinate of
aerodynamic center of section, obtained from the air-
plane drawing as with (19).

Columns 21 to 24.—Products from previous columns,.

These pitching-moment and loading results are
plotted as in figures 8 and 9, and the areas measured to
find Mz, /q, Mx,/q, Za/q, and Xa/q. From these values

From the addition of
c’“‘—i—a,o— ) (See equa-
0

a,
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the coordinates of the wing aerodynamic center are
found from equations (7) and (8).

—110.08
Ya.c.~"180.0 =—0.612 ft.
15.08
Z,,.c_—-z—.l—S'—?).G ft.
12 »
N Camer, Areq = 5504717
. M,_, [q =110.08 f#?
4 N
N 0 A
5
-4
L2
. \Lé,-cxalcz frea- %71542%%3!
’ Mz /g = 150871
|
-4 S/_.,\
T R

0 2 4 & 8 10 12 /4
y. 17

FIGURE 8.—Plots for the determination of the components of the additional
wing pitching moments and the wing aerodynamic center.
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0 E 4 5 8 0 2 4
y, 1T

FIGURE 9.—Distribution of additional z and z components and determination

of additional wing components.

Calculation of wing pitching moment about aerody-
namic center.—The next step is to carry out practically
the same procedure for the basic load distribution in
order to find the wing pitching moment about the aero-
dynamic center. The origin of coordinates is moved to
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the aerodynamic center and another set of calculations
is made for the basic load distribution as indicated in
table V. The only differences worth noting are the
different values taken from the tables, values for the
basic load distribution L, from table I1I, and the method
of obtaining from these the ¢;, values in table V. The

¢y, values follow from those in the second column taken
from table III, by multiplying by easS/cbh.

The term ea, takes into account the aerodynamic
twist of the wing, which is assumed to vary linearly
along the span. The twist ¢ is measured with respect
to the zero lift directions for the center and tip sections,
being positive when the effective incidence is washed in
from the center toward the tip. It is evident that the
term eaq is a ¢; difference between airfoil sections corre-
sponding to the center and tip sections when the section
angles of attack have the same relation as in the wing.
In other words, ea, may be calculated as follows:

€dy=—= [ao ((x— azo) ] tip ™ [(1'0 (04_ alo)]center
This procedure is strictly correct theoretically only
when a, does not vary along the span. When qg
varies, the best practical result is probably obtained by
calculating eaq as a Ac; for an « near the value at which

the load distribution is desired.

The value of « may be taken as zero for the center
section and, because no geometrical twist is present,
the value of « at the tip is then also zero in this instance.

€Qp= (_aoalo) tip (_aoalo)cenzer
=[—1(0.099) (—5.2)]—[— (0.095) (—8.0)]
=0.515—0.760=—0.245

Values of the factor eaoS/ch are then obtained at
each station along the span by which the values taken
from table III are multiplied to obtain the ¢;, values.
From the ¢;, values, the calculations proceed to the final
results, which are given in the last columns of table V.
These results are plotted and the areas determined to
find (Mx,/0)a.c.. Mzy/Q 0., and (M;/Q)s.c. as in figure
10. These values are added to obtain MM, . /g.

.M._é__~°‘:0—]—4.84——113.36=—108-5

which, multiplied by ¢, gives M, .., the required pitch-
ing moment of the wing about its aerodynamic center.

Calculation of forces and moments in accelerated-
flight condition.—The exact procedure to be followed
from this point on is dependent on the result desired.
If a result meeting arbitrary design requirements is
desired, the particular specified procedure will be fol-
lowed. If, on the other hand, the most reliable actual
air loads for a given design condition are desired,
another procedure may be advisable.

From the method of references 1 and 10, for example,
the applied load factor n, is determined and the wing
normal-force coefficient Cy, is taken as m;8/¢r where
s is the effective wing loading and ¢y is the dynamic
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pressure for the design speed. Corresponding values
of the chord-force coeflicient ¢, are obtained as more or
less arbitrarily specified, and the pitching character-
istics of the wing are rather arbitrarily given by speci-
fying that the center-of-pressure position be taken as
the most forward position for the wing between
Cr=Cy, and Cp=0,,,,,, unless Cy, exceeds Cy,,,, in
which case a value taken from the extended center-of-
pressure curve is specified. After Oy is calculated from
the specified Cy,, the lift-coefficient distribution may be
found by adding the basic and additional lift coeffi-
cients in accordance with the relation
CZOZCII,‘I‘OLCIM

and including, when necessary, the tip corrections
given in appendix A. The corresponding specified
values of the center of pressure and of ¢, may then be
applied at each section and the forces and moments
resolved as desirede for structural analysis.

Y, 1
/0 < 4|Z | Ef r g /0 2 /4
S A B .
_C:z,,C.z"A/‘ea = 2423 (/VZb/Q)a.CI? 284 'f,{a
‘\\\ ~L = [ oy
OF— = & :
€y, €T
%‘Area =0 Fi
- (]‘be /q)a.c.:*/{
.—2 /
-3
&
5
-
I 2
- C”‘a c,c‘
Area = -56.68f1*
] | ) f A
T T T 1 T
-6 /] (Ms/q)a.c.=~113.36 112
=7
ol

FiGURE 10.—Plots for the determination of the components of the basic wing pitch-
ing moment.

The foregoing procedure, however, will not be fol-
lowed in this example. Specified design conditions and
methods vary and, in many instances, it is believed
that designers will wish to investigate loadings under
conditions other than those specified. The example
will therefore be carried through using the procedure

that may be expected to give the best approximation
to the actual air forces.

The first step is to obtain the lift coefficient C.’
corresponding to the steady-flight condition before
entry into the gust. For the present example, this
condition is represented by high-speed level flight.
The corresponding C;’ value is obtained from the
balance diagram for the airplane for this condition.

For the construction of the balance diagram, it is
necessary to know the angle of the flight path so that
the direction of the weight vector may be determined.
A trial value of €/ is first taken, assuming a down tail

W$F‘=O.53O. The wing angle of

load of 30 pounds,
attack as measured by «,, the angle of attack referred

to the chord of the center section, may then be deter-
mined by the method indicated in figure 11:

as=%+ () FJe

=5
A
-
—
Elliptical wing | —— T ——1 ] g
-4 =l ] —
e
I B v
-3
1
J
~2
-~/
0 2 4 & .8 .0

Toper ratio, ¢;/cs
Determine the angle of attack from:
as=Crfa+t(aiy),+Je

where a,, angle of attack referred to the chord of the central section of the wing.
C1, wing lift coefficient.
a, wing lift-curve slope per degree.
(axn),, angle of zero lift of the central scetion.

¢, angle of aerodynamic twist.
A, aspect ratio.
Cr=0las—(a1y),—J€] or, angle of zero lift for the wing referred o the chord
of the center section=(ersp),+Je.

FiGURE 11.—Lift in terms of angle of attack for tapered wings with twist.

Irom figure 12
N

57.30/@
1+=7

o=f
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Taking a,=0.096 as a mean value for the sections of
the wing

0.096
““0'9991 | 573X 0.096
5
—0.0711

The angle of zero lift for the root section (ay), is taken

from table I. The twist ¢ is eao/a, or —0.245/0.096=
—2.55°. The factor J from figure 11 is —0.408.
Then

o=t () e

_0.530
~0.0711

=0.5°

— 84 (—0.408) (—2.55)

As the incidence of the center section is 4°, the angle
of the thrust line with the horizontal is 0.5°—4.0°=
—3.5°. 'The weight vector may therefore be drawn as
indicated in figure 1 and the pitching moments may be
taken about the wing aerodynamic center to determine
the tail load F;. The dynamic pressure is

q———-;: (0.002378) (95.3)?

—10.79 Ib./sq. ft.
M
L

——108.52¢10.79
= —1,171 Ib.-ft.

Although for other purposes, such as balance calcula-
tions, a better moment analysis may be necessary, the
thrust moment in this case may be determined with
sufficient accuracy on the assumption that three-quar-
ters of the thrust is used in overcoming parasite drag,
which may be assumed to act approximately along the
thrust axis and therefore to contribute no moment
about the wing aerodynamic center. The thrust is

35X 5560X0.75

953 =151.5 1b.

Then writing the moment equation

(0.25X151.5X3.82) +(1,000X0.82) —1,171 — F,14.62=0
F,=—1431b.

The final value of the lift coefficient for steady flight
C,’ may then be computed

1,000+14.3
~10.79X180

=0.522

0%

The new wing lift coefficient Cy after entry into the
gust is now determined from the slope m of the wing
lift curve and the gust velocity U
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=0y +my
0,=0.522+4.07°2 —1.803
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Compute the lift-curve slope from the equation: =

_ 57.3aq ae a (per d ,
= T 5730w A O ¢ 157 30qwA (PoF degree

where m, lift-curve slope (per radian).
g, section lift-curve slope (per degree).
a, wing lift-curve slope (per degree).
A, aspect ratio (6%/5).
£, plan-form factor.

V\éhen the lift-curve slope is normal, the following approximate equations may be
used:

_,_ 5l.3m _ ms
=] 711854 " ™/ CTeIT1.409/4
where ms, lift-curve slope (per radian) for wing of aspect ratio 6 with rounded tips.
Taper ratio=—-=s—"r——————«

FI1GURE 12.—Values of f for computing the lift-curve slope.

where the value of m is found from figure 12 and table I.
The lift distribution is now determined by calcu-
lating the ¢, values in table VI from

Czozczb+Ocha1

where c;, is taken from table V and ¢, from table VI.
The calculations indicated in table VI proceed then to
the determination of chord and beam components from
equations (18) and (19).

It will be noted that the steady-flight value of the
profile-drag coefficient ¢, has been used in the accel-
erated-flight condition. This procedure should be fol-
lowed when a large forward-acting chord force is critical
for the structure.

The last three columns of table VI give the required
data on the air-force distribution as chord and beam
forces and pitching moments per running foot of span.
In order to complete the balance diagram, however, the
total air forces and moments on the wing are required.
The pitching moment of the entire wing in this case is
the same as that previously found for the steady-flight
condition, because M, . /¢ has not changed.

M
Ma ¢ :( a.c.)
«=\"Tq q

=—108.5X10.79=—1,171 1b -ft.
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The total wing air-force component Z perpendicular
to the thrust line may be found with sufficient accuracy
from the Z,,/q value previously determined without the
necessity of resolving and summing the section forces

(%)

=1.803180.0X10.79
=3,510 1b.

The total component X for the wing, however, should
be found by resolving the section forces along the x
direction and summing to find the total force compo-
nent X. The values of ¢, and ¢;, are taken from table

VI and resolved by equation (15) to find the ¢, values
at the various sections along the span. In this example
a large forward-acting chord component is assumed to
be conservative so that the profile-drag coeflicient ¢y,
for the accelerated-flight condition is taken as equal to
that in the preceding steady-flight condition for the
determination of ¢,. These values are then multiplied
by ¢, plotted as in figure 13, and the area determined
to give X. The result is

=-—42.2%10.79=—455 lb.

y,
0 2 4 024

i /
& -8
v s
¢

L2

Area= 2112712
)
N C-C X/g=-2li2x2=-4227;
S

FIGURE. 13.—Distribution of X component in the accelerated-flight condition.

It will be noted that the preceding calculations of
the forces in the accelerated-flight condition have been
made on the basis that the dynamic pressure ¢ remains
unaltered after encountering the gust. This condition
is possible when the gust has a small angle with the
vertical, and the procedure is further justified by the
fact that the gust velocities specified have been largely
determined on the basis of their effects on airplanes as
indicated by the simple gust formula without taking
into account such changes of velocity. In some in-
stances, however, it may be desired to take into account
the dynamic-pressure increase due to a gust, in which
case the gust velocity should not be taken as nearly
vertical but may be taken at an angle with the hori-

zontal and the angle determined to give the maximum
load.
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The total air forces and moments are now known and
may be applied at the aerodynamic center of the wing
so that the balance diagram may be completed for the
accelerated-flight condition, thus completing the solu-
tion with the exception of the determination of the air-
force distributions over the ribs.

Calculation of the air-force distribution over a rib.—
In order to complete the example, the rib distribution
will be determined for the central section of the wing.
Reference to table I will show the pressure-distribution
classification of the U. S. A. 35-A section to be E10.
The additional pressure distribution is therefore found
from the class E P, distribution. Values of P, and
P, . are taken from figure 6, and the additional pres-
sure distribution is then calculated from equation (24)

P,=Pu+™5P,,
where z, .. is the distance of the section aerodynamic
center forward of the quarter-chord point, from table
I. The calculation may be carried out in tabular form
as shown in table VII.
The basic pressure distribution as given by values
of P, is then found. From equation (26)

2e
Pb=_0ma‘c'Pbm+'5Pbc

The designation in table I of the basic pressure dis-
tribution for this airfoil section is indicated by the
number 10 following the E. The designation 10 indi-
cates that P, is class 1 and P, is class zero, that is,
P,,=0. The basic pressures may then be computed
as indicated in table VIII, taking values of P,, from
figure 7 and the value of the pitching-moment coefficient
Crg . from table I.

The zero lift distribution given by values of Py is
then obtained by deducting a part of the P, distribu-
tion corresponding to ¢,, according to equation (25)

Py=P,—c,,Pa

The value of ¢,, is obtained from equation (27)

2
Copp™= h—cma.a(cn)bm_i—? (Cn)
4 be

where the values of (¢,),,, and (c,),, are given in figure 7,
for the various distributions. In this case (c,),,,=6.30
and (c.),,=0, hence
Cny=0.1116.3040
=0.699

and
P,=P,—0.699P,

For the accelerated-flight condition, the pressure dis-
tribution as given by values of P is then found from

P=P,+}-c, P,
where ¢, in this case is the same as the beam-component
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coeflicient ¢, and is taken from table VI for the center

section,
P=P;41.695P,

Finally, the actual pressure differences p are obtained
by multiplying by the dynamic pressure, ¢=10.79
pounds per square foot. These pressures, calculated
as indicated in table VIII and giving the final result,
are plotted in figure 14.

50

EN
()
L1 .

/

3

10

Local pressure difference, p, /b./5q.Ft

0 20 40 60 80 100
Distance from L.E, percent ¢

FIGURE 14.—Pressure distribution over center section in the accelerated-flight

condition.
BIPLANE

The following example is given to illustrate the appli-
cation of the method to biplane problems and also to
illustrate the alternative method of finding the force
distribution in a case where the empirical tip correc-
tions may be important. A simple biplane (fig. 15)

Figure 15—Biplane cellule fof illustrative example.

has been chosen in order to avoid, as far as possible,
steps that have already been illustrated in the example
for the general monoplane. The calculations are made
for an airplane having the following characteristics:

Weight__________________._ 1,636 lb.

High speed..______.___.______ 100 m. p. h. (¢=25.6 1b./sq. ft.).
Wing cellule:

Upper: N. A. C. A. 2412 seetion, span 30 ft., chord 434 ft.,
area 135 sq. ft., no taper, no twist, no dihedral, incidence

Lower: N. A. C. A. 2412 section, span 22 ft., chord 4 ft.,
area (including projection through fuselage) 88 sq. ft.

REPORT NO. 631—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Distance from leading edge of upper wing to c¢. p. of tail
plane (1), 15 ft.

Distance from leading edge of upper wing to c. g. (¥e.0.),
1.75 ft.

The objective of the calculations in this example is
the solution of the force and moment distribution along
the upper wing in the 30-foot-per-second gust, corre-
sponding to design Condition I of reference 1. In
order to make the example more illustrative, the wing
lift coefficient for the initial condition of steady flight
is found from a balance computation, as in the mono-
plane example, but only the tail load is considered as an
extraneous force. Because the biplane has no aero-
dynamic center, an exact balance can be obtained only
through a process of trial and error; in the example the
calculations are not repeated to obtain the exact solu-
tion.

Lift coefficients of individual wings.—The following
data are pertinent to the solution of the lift distribution
between the wings:

Effective stagger s, between one-third-chord points
at zero lift, 1.67 ft.

Overhang, 30—22__.267.
30
8 1.67 o4
o T—0.42. CU—4.5_0'889
G 4.5 t 0.12
C—LMT—I 125 _é——l.125—0 1065
1012
(¢

With the foregoing data, the method of reference 6
yields—

K=—0.0178
K, =0.0123

K= —0.0274
Kyy=—0.0178

K, =K+ Ky +Kig+ Ky = —0.0507
FyK,=0.0951
K;=0.0083
12=0.0650
Ky, =Fo Ko+ Ky + K, =0.1684

OLU: 0L3+ (K1+K20LB) (28)
=1.168C;,—0.0507
Cra= O (Bt EoCi) 5 29)

—0.7420;,40.0778

Wing lift coefficient in steady flight (first trial).—
Neglecting tail load,

w1636
B (Sy+Su)y (135-4-88)25.6

OL :O.286
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With this value of €, the general method can be

applied to each wing for the lift coefficients derived
from equations (28) and (29) to find the moment about
some arbitrary Y axis and, from this result, the tail load.
The simplicity of the biplane cellule chosen permits,
however, a relatively simple solution of the moment.
Since the wings are rectangular and of constant section,
the aerodynamic centers of each wing lie on the locus of
the aerodynamic centers of the sections; the resultant
wing forces may therefore be considered to apply at

FIGURE 16.—Skeleton diagram of airplane for biplane example.

these centers. Reference to figure 16 indicates that the
moment about the axis 0 may be expressed as

Zy Eut+2Z, T+ Mo+M,+X, G
=F1+W 2z, .+ K —Ky)Sy sq

in which s is now the stagger between the aerodynamic
centers of the individual wings, and (K,—K,,)Sysq is
the moment correction to allow for the increments of
moment, which are not taken into account on the
individual wings.

For the steady-flight condition the resultant forces
at the aerodynamic centers of the individual wings are

Zy'=Cry" q Sy
=(1.168Cr,—0.0507) X25.6 X135
=1,035 1b.

:OLL, q Sz
= (0.7420; ,-+0.0778) X 25.6 X 88
=654 1b.

The forces X’ and X, are found by summation of
the force components along the span in accordance with
the general procedure described in the report. Tor this
purpose the span distribution of ¢, (or ¢;’) has been

found according to the alternative method given in
appendix A, neglecting the tip corrections, which at low
lift coefﬁments are very small.

Xv'=1.78 1b.
X =6.14 1b.
My=Cp,Sycpqg=—06%4 Ib.-{t.
Myp=CpySrerg=—397 1b.-ft.
—K;=-—0.0234
With the foregoing data, and from the airplane
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characteristics, F,=69 Ib.,
corrected value of (.’ is

acting downward. The

1,636-69

Oy’ =355 (135+88)

=0.30
which is the value taken for the initial steady-flight
condition prior to entry into the gust.

Wing lift coefficient in accelerated flight.—The incre-
ment in lift coefficient due to the gust is determined
from the slope m of the cellule lift curve and the gust
velocity U. The slope of the lift curve may be deter-

1.6
.2
Fe
.8
4
0 4 .8 L2 1.6 2.0
Wing C;
i
.08
Squore tip A=3
—====Circular #p
7
.04
B -7 /}A=6
T -1 =%~ T4=9|
== .:é%:?f‘— “F-
0 10

.2 4 & .8
Ratio, tip chord to roo# chord

¥1curE 17.—Corrcction factors for wing Cr.

mined, as in the case of the monoplane, from the
expression

4 5734,
f 1 5_7;320
TA
. . (kD)>
For the biplane, fmay be taken as unity and A= 5
Su+8,

in which Munk’s span factor £ may be determined from
reference 11. In the present example,

 57.3X0.007
M= 7 350,007 591

=7 02300
T 135188

OLBZOLB,‘l'm 'g'

30 =1.10

=0.30+3. 91146 6
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From this point, the distribution of forces and mo-
ments on the upper wing are to be determined by using
the method for finding the span load distribution given
in appendix A. The first step is to find the lift co-
efficient of the upper wing.

1.2
16
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~
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N 1.0
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8
z 1 6]
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F1cURE 18.—Tip corrections.

1. From C;, and equation (28)
OLU=1.168X1.1O~—0.0507=1.233

Distonce from center line, fl

-4 - j

c,cl—

-8

Distonce from center line,ft
4 & 8

-5

FIGURE 19.—Distribution of forces and moments on upper wing of biplane.

2. In order to reduce Oy, to allow for the tip cor-
rection, Fy and F, are found from figure 17

F1:0.038
F2=1.06
F1XF2=0.04:0

The value of O, used to enter the charts is (tables IX
and X) '
Opp"=1.233—0.040=1.193

3. The aspect ratio of the upper wing is

(30)
135

4. The distribution of ¢, is found from table IX,
which gives the distribution for aspect ratio 6. The
aspect ratio of the upper wing will be considered herein
as sufficiently close to 6 to require no interpolation.

=6.67
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Values of ¢,,, are tabulated in column 2 and values of
Cr," Xey, are tabulated in column 3 of table X1I.

5. Since there is no twist, the values of ¢, are zero.

6. The tip increments are determined from figure
18 and are tabulated in column 4 of table XI.

7. The tip corrections are added to the values of
¢i,” to obtain the final ¢;, values tabulated in column
5 of table XI.

From this point the procedure follows the general
method of this report to find the values of ¢.c of column
14 and c,c of column 17. The values of Acy, given in

table XI have been computed for the initial steady-
flight condition in accordance with the principle of the
delay in the growth of the boundary layer in accelerated
flight. These values give the distribution required;
they are plotted in figure 19.

In order to find the moment distribution, the basic
section moment coeflicients are tabulated in column 18,
and to these are added the increments due to ¢/@ and
the tip effect. The value of Ac,, ( t) is found from the

G

expression

)
Ay, :0.1<~>
(ﬁ) G/
=0.1X0.1065=0.011

These values are applied only along that portion of
the span of the wing which lies between the projected
tips of the lower wing, as indicated in column 19.

The tip-moment increments are found from figure 18
and are tabulated in column 20. The resultant dis-
tribution of ¢, is given in column 21, and the final

values of moment are tabulated in column 22 and
plotted in figure 19.

Lancriy MEMORIAT, ABRONAUTICAL LLABORATORY,
Nartonan Apvisory COMMITTEE FOR ARRONAUTICS,
Lancrey Fiewp, Va., March 25, 1938.



APPENDIX A

DETERMINATION OF SPAN LOAD DISTRIBUTION FOR
SPECIAL CASES

The tables of span load ordinates (tables 11 and 1II)
referred to in the development of the method and used
in the monoplane example are, in general, suitable for
the determination of resultant wing forces and for the
determination of force distribution for structural appli-
cations except in cases, such as some externally braced
wings, in which the tip loading has an important
influence. For such excepted cases empirical tip cor-
rections should be applied, in accordance with the
following procedure. Also, in cases in which the plan
form departs widely from the straight tapered shape or
in which there are discontinuities in twist such as occur
with partial-span flaps, the span load distribution
should be determined from the basic wing theory.
For such cases, the method discussed in reference 3 is
recommended.

The results from reference 4 are to be used. The
following procedure should be utilized for obtaining
the span load distribution with special tip corrections:

1. From the conditions of the problem determine

18

C;, based on the actual wing area, for which the dis-
tribution is to be determined.

2. Find AC,(F,XF,) from figure 17, interpolating
when necessary. Subtract AC, from the value of C,
found from step (1).

3. Determine the geometric aspect ratio of the actual
wing. ‘

4. From table IX find the ¢, distribution and mul-
tiply by the value from step (2).

5. 'Add to the distribution found in step (4) the ¢,
distribution from table X, reduced or increased in
proportion to the actual twist.

6. Find the tip corrections (Ac,) from figure 18(a).
The affected distance is 40 percent of S/b. The tip
increments of figure 18(a) are multiplied by both the
aspect-ratio and taper-ratio factors given in figure
18(c).

7. Add the Ac, increments, corrected for aspect
ratio and taper, to the distribution of step (5).

8. Add to the section ¢., values the tip Ac,, incre-
ments from figure 18(b) corrected for aspect ratio and
taper ratio by the factors given in 18(c).



APPENDIX B

TABLE OF AIRFOIL CHARACTERISTICS (TABLE I)

A form of presentation of the airfoil characteristics
has been adopted that permits all the characteristics
necessary for the solution of problems such as those
considered in this paper to be compactly presented.
All such characteristics for a given airfoil section are
presented by entries across a single line of a table.
Characteristics are given in this form for certain well-
known and commonly used airfoil sections in table I.
The information presented for each section is discussed
in the following paragraphs under subheadings corres-
ponding to the column headings in the table.

Airfoil: The first column of the table gives the com-
monly used designations of the airfoil sections.

Reference: The second column gives the reference
to an N. A. C. A. report or technical note (R or N), in
which additional data for the section, including the
official table of ordinates, may be found.

CLASSIFICATION

Chord: The letters in this column classify the air-
foil sections with respect to the type of their chord.
The letter A designates a chord joining the extremities
of the mean line, the N. A. C. A. 2412, for example;
B designates the chord as being tangent to the lower
surface; and C designates an arbitrary chord from which
the section ordinates are specified.

PD: The letters and numbers in column PD classify
the airfoil section with respect to the character of the
pressure distribution about the section. The letter
refers to the character of the additional and the accom-
panying numbers to the character of the basic pressure
distribution. The section of the present paper that
discusses load distribution over an airfoil section,
figures 6 and 7 that give the various distributions for
the airfoil classes indicated, and the sample calcula-
tion of the pressure distribution about the U. S. A.
35—-A section should be referred to for further details.
The typical pressure distributions employed are based
on Theodorsen’s method (reference 7) modified to
improve the agreement with experiment. The modi-
fied method and some experimental results may be
found in reference 12. No data are available for class
A airfoils. o

SE: The character of the scale effect as affecting the
maximum lift coefficient is indicated by the classifica-
tion in column SE. The numbers and letters correspond
to the designations of the typical scale-effect curves
presented in figure 20 except that no data are available
for class A airfoils. This information is necessary for
determinations of stalling speeds. The Reynolds Num-
ber corresponding approximately to the stalling speed
is first determined. Then {rom the curve of figure 20
corresponding to the designation in the SE column, the

increment ACL,,,, corresponding to this Reynolds Num-

W= T
¢ prd sl L I AT |
17 L T —TT1T T T -
L % E 6l | B e W — o
- o | 2% NI s
- . /7 7/// / 7
iy | '§ T3] = g 'é_
A T e )| e B § 12 LTl Type D| | €
’-——;—__—::—————————: = L bl
1 9] }/ // (/; i
- S 2] S
, S 5
y 5 8
e
< ) el I . 1
0 6] ]
%?/ “ 5 || W
L1 LT _L—+T 1+ n
P A R e e N
' 6 T e NessEE s ey sal N
IR ST I B ey gl g L § e §
AL 4= ! |
— A N 0 N
-6 / - g i g_
-8 Sl g q
g5 6. 1,000,000 2 3 4 5 6 /0,000,000 6 1,000,000 Z 3 4 & 6 /0,000,000

Reynolds Number

To obtain the section maximum lift coefficient at the desired Reynolds Number, apply to the standard-test value the increment indicated by the curve that corre-
sponds to the scale-effect designation of the airfoil. For type A, acy, =0.

FIGURE 20.—Scale-effect corrections for ci,, , .
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ber is obtained. This increment is added to the stand-
ard test value of the maximum lift coefficient given in
table I to obtain the maximum lift coefficient to be ex-
pected for the particular airfoil section in flight at the
Reynolds Number corresponding to the stalling speed.
~ Application of the section data to the prediction of the
Crpay OF tapered wings may be found in reference 2.

This method for the prediction of maximum lift coef-
ficients in flight is based on scale-effect tests of a number
of related airfoils. The experimental data and a more
complete discussion of the subject may be found in
reference 13.

Cr, ... Under the heading C, ,, the airfoil sections
are classified according to the character of the lift-
curve peak. The airfoils are classified A, B, C, and D
in accordance with behavior in the neighborhood of
maximum lift.

In type A the lift is more or less steady until it breaks
suddenly to a lower value without an appreciable
change of angle of attack.

In type B the lift becomes so unsteady and erratic
as to preclude the taking of measurements for a range
of angles of attack beyond an angle referred to as that
of maximum lift.

In type C, before reaching the lift referred to as the
“maximum,”’ the lift breaks intermittently from a rather
definite value to another rather definite but lower
value, and then returns to the higher value. As the
angle of attack is increased, the breaks become more
frequent and of longer duration. The maximum lift
is taken -as the higher value occurring at an angle of
attack at which it is & maximum or beyond which the
higher value can no longer be determined with con-
fidence.

In type D the lift is reasonably steady in the neigh-
borhood of the maximum or any breaks occurring are
small so that average values of the lift are measured
throughout the range and the lift coeflicients are repre-
sented by a continuous curve in the neighborhood of
the maximum.

FUNDAMENTAL SECTION CHARACTERISTICS

Effective Reynolds Number: The values in this
column represent the values of the Reynolds Number
at which the section characteristics should be con-
sidered as applying to flight. The effective Reynolds
Number is obtained from the actual test Reynolds
Number by the application of a factor to allow for the
effects of turbulence present in the tunnel. The tur-
bulence factor 2.64 has been used for the variable-
density tunnel. Comparative tests (reference 14) indi-
cate that, at the effective Reynolds Number, maximum
lift results from the tunnel tend to agree with those in
flight.

¢,,,: This column gives the maximum lift coefficients
corrected to represent values for the airfoil sections.

a: In this column are tabulated the angles of zero

lift in degrees.

@ This column gives the slope (per degree) of the
curve of lift coefficient against section angle of attack,
that is, the lift-curve slope for a section of a wing of
infinite span. The corresponding slopes for wings of
finite span are found from the @, values by the method
indicated in figure 12.

¢1,p,: The optimum lift coefficient, that is, the lift
coefficient corresponding to the minimum profile-drag
coefficient for the section, appears in this column.
The profile-drag coefficient for the section at any lift
coefficient may be inferred approximately from ¢,

Cag,, . and ¢; . by the method indicated in figure 2.
Ca, . The values in this column give the minimum

profile-drag coefficients. The values given, however,
are not the ones read from the usual plots of profile-
drag coefficient made directly from the test data. They
are corrected for the different skin-friction coeflicients
to be expected at the effective rather than at the test
Reynolds Number (see footnote on p. 21 of reference
13) and for support interference. The support-
interference correction, which gives an important
reduction of drag for the thicker airfoils, was evaluated
only recently and results published heretofore do not
include the correction. Furthermore, another small
correction is applied to these data to allow for a tip
effect present in the tests of rectangular-tip airfoils. A
corresponding correction has been applied to certain
other characteristics including a, and the maximum lift
coefficient; other characteristics are indirectly affected.
A discussion of this subject may be found in reference
13.

Cmg .. - The values in this column give the pitching-
moment coefficients referred to the aerodynamic center
of the section rather than to the usual quarter-chord
point. The aerodynamic center, by definition, is the
point about which the pitching-moment coefficient is
constant. Experimental results indicate that, by the
use of an empirically derived aerodynamic-center posi-
tion as suggested by Diehl, a constant pitching-moment
coefficient ¢.,, may be specified for each section
that does not depart from the measured pitching-
moment coefficients by more than the experimental
error, over the range of lift coeflicients between zero
lift and slightly below maximum lift.

@. ¢.: In these two columns the coordinates of the
aerodynamic center ahead of and above the quarter-
chord point are given in percentage of the chord.

DERIVED AND ADDITIONAL CHARACTERISTICS
CippanlCag o The values of this ratio are given because
min

the ratio has been employed as a speed-range index.
Strictly speaking, for this purpose, values of ¢, and

Cay, . should not be taken at the same value of the

Reynolds Number; but the method has the advantage
of simplicity and is of some value in comparing airfoil
sections.



THE PREDICTION OF AIR FORCES AND THEIR DISTRIBUTION ON WINGS 21

¢. p.at e, . Values are given in this column repre-

senting the center-of-pressure position in percentage of
the chord behind the leading edge, or the forward end
of the chord. The values are the measured values.
Wing characteristics A=6: Wing characteristics are
given for a wing of aspect ratio 6 having the given airfoil
section and for a modified rectangular plan form with
rounded tips. (Tip length approximately one chord.)
The values of mq represent the slope of the curve of lift
coefficient against angle of attack expressed as changes

in lift coefficient per radian. The values of Cp,

represent the minimum drag coefficients for the wings.

Thickness.—Data are given in three columns that
refer to the airfoil section thickness at the indicated
representative stations. The thicknesses are measured
along perpendiculars to the chord and are expressed in
percentages of the chord.

Camber.—The camber expressed in percentage of the
chord is represented by giving the maximum displace-
ment of the mean line from the straight line joining its
extremities.



APPENDIX C

SYMBOLS

BASIC CONSIDERATIONS

S, wing area.

L, lift. :
g, dynamic pressure (1/2pV?),
¢, chord.

b, span.

OL:Q_-ILS', wing lift coefficient.

cl=—L*: section lift coeflicient.
gedy

¢y, section lift coefficient acting perpendicular to
local relative wind.

Subsecripts:
al, refers to additional part of load distribution
fOI' OL-———I
a, refers to additional part of load distribution
for any Ci.
b, refers to basic part of load distribution for
OLZO.

9, distance along lateral airplane axis.
GENERAL PROCEDURE
MonoprLANES

z, distance along longitudinal girplane axis.
2, distance along normal airplane axis.
Tas., Zac,  and z coordinates of wing aerodynamic
center.

L., additional load parameter, clalc%-

%', 2', x and 2z coordinates with respect to a system
of axes originating at the wing aerodynamic

center.
Ly, basic load parameter, c,b%%.
X, Z, components of air force in the xz and z direc-
tions.
¢z, €, scction force coeflicients.
M, wing pitching moment.
M,., wing pitching moment about wing aero-
dynamic center.
M,, part of wing moment due to section pitching
moments about their aerodynamic centers.
My, My, parts of wing moment due to X force and Z
force.
M, wing pitching moment about torsional axis.
er, Tr, distances of the torsional axis below the chord
plane through the section aerodynamic
22

center and behind the beam plane through
the section aerodynamic center.
Cmg .., S€CHiON  pitching-moment coeflicient about

section aerodynamic center.
¢qy section profile-drag coeflicient acting parallel

to local relative wind.
ao, section lift-curve slope (per degree).
ay,, section angle of attack for zero Lift.

1, incidence of section chord with respect to x
axis.
¢;, tip chord (for rounded tips, ¢, is the fictitious
chord obtained by extending leading and
trailing edges to the extreme tip).
¢s, chord at center of wing or plane of symmetry.
A, aspect ratio, b*/S.
¢, aerodynamic twist, assumed linear, and meas-
ured as the angle between the zero lift
directions of the center and tip sections,
positive for washin.
wing lift coefficient for steady-flight condition
preceding accelerated-flight condition.
m, slope of wing lift curve (per radian).
mg, slope of lift curve for nontapered wing with
rounded tips and aspect ratio 6 (per radian).
minimum section profile-drag coefficient.

2

optimum section lift coefficient, lift coefficient
corresponding to ¢q,,_, .

V, flight velocity or air speed.
U, velocity of gust.
a, slope of wing lift curve (per degree).
f, plan-form factor.
B, beam component of force.
(', chord component of force.
¢s, ¢, section coefficients of beam and chord com-
ponents.

) clo .
z_a)—{_al()_z

Br="" 1 )
=—an—1
b a/() Iy b

Cyy .
b.= EO_]— Q%
¢:7:b_7:c

15, incidence of section chord with respect to the
perpendicular to the beam direction.

is, incidence of section chord with respect to the
chord-truss direction.

Oy, wing normal-force coefficient.

¢, Section normal-force coeflicient.
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z, 2, distances defining the locus of the aerodynamic
centers of the biplane cellule.

ete., Diehl’s biplane lift functions (references 5
and 6).

G, gap.

¢, thickness of wing.

s, stagger, distance between aerodynamic cen-
ters of upper and lower wings measured
parallel to z axis.

so, stagger, distance between ¥-chord points of
upper and lower wings measured parallel to
the zero-lift direction.

Myy, net biplane pitching moment about arbitrary
¥ axis,

Acrno(é >, increment in section moment coefficient due
to biplane parameter /6.

portion of upper wing area to which the /G
~moment correction applies.

S.’, portion of lower wing area to which the #/@
moment correction applies.

average chord of the portion of the upper wing
corresponding to Sy’.

average chord of the portion of the lower wing
corresponding to S’

Sy,

L
Cy ,

’
Cr

‘Subseripts:
U, refers to upper wing.
L, refers to lower wing.
B, refers to biplane.

LOAD DISTRIBUTION OVER AIRFOIL SECTION

P, normal-pressure coefficient, p/q.

p, the pressure difference across the wing scetion
at any station along the chord.

P, value of P for the pressure distribution at
zero lift.

P,, value of P for the additional part of the pres-
sure distribution when the additional sec-
tion lift coefficient is 1.

P CE‘E&PQ.C., components of P,. (See fig. 6 and
equation (24).)
Lg.c.

»distance in terms of chord of section aero-
dynamic center forward of quarter-chord
point. (See table I.)

Py, value of P for the basic part of the pressure

distribution.

—Cmy o Lom %c P,,, components of P,. (See fig. 7.)

2, camber ratio; distance, in terms of chord, of
the minimum height of the section mean line
above the straight line joining its extremi-
ties. (See table 1.) ,

€y, Section normal-force coefficient corresponding
to basic pressure distribution.

2
—Comg o () 5 cl(c") »e, cOmponents of ¢,,. (See fig. 7.)

SAMPLE CALCULATION

W, weight of airplane.

F,, force on horizontal tail surfaces.

ny, applied wing load factor, basic design Condi-
tion I (a), reference 1.

s, effective wing loading, reference 1.

¢r, dynamic pressure corresponding to design
high speed.

Yy wing normal-force coefficient corresponding
to ny.

a,, wing angle of attack based on chord of central
section.
(o) s 20gle of zero lift of the central section.

J, parameter for determining angle of zero lift of
twisted wing. (See fig. 11.)
¢q, , section profile-drag coeflicient for steady-
flight condition.
¢’, dynamic pressure for steady-flight condition,

Birvane

distance from y axis to c.p. of horizontal
surfaces.
F, F,, factors for reducing wing lift coeflicient to
allow for tip increment. (See fig. 17.)
k, Munk’s span factor.
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TABLE III.—BASIC SPAN LIFT DISTRIBUTION DATA
VALUES OF L, FOR ROUNDED-TIP WINGS

AN
\»// ﬁmm 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
O
Spanwise station Yo Spanwise station ¥ —0.8
b/2 b2
T
2 .. —0.121 —0.121 —0.120 | —0.120 { —0.120 0.072 0.079 0. 080 0.082 0.083 0.085 0. 085 0. 086 0. 086 0.084 0.081
L S —. 160 —. 164 —. 162 —. 161 —. 160 . 088 . 098 .10L .102 . 104 . 108 .109 110 . 110 . 108 . 106
—.192 —. 199 ~.196 —. 194 —. 182 .100 L 113 L120 2123 .128 L1238 .128 .130 .130 . 130 .129
~. 221 —. 225 —.221 —.219 —.218 .109 .125 L1356 . 138 . 140 .143 147 . 148 . 148 . 148 . 149
—. 248 —.252 —. 244 —. 243 —. 242 L115 .135 . 148 . 152 . 156 . 160 .160 .162 .163 . 164 . 165
—. 269 —. 272 —. 264 —. 261 —. 258 L121 L 142 . 158 L1683 . 169 L1172 L1738 .173 174 .174 175
—. 288 —. 290 —. 282 —. 279 —. 276 .128 .149 .164 174 . 180 .182 .182 . 183 .183 .184 .184
—.318 ~. 320 —.311 —.305 —. 299 L1368 .160 .178 . 188 .195 . 200 .201 . 202 .203 . 201 .198
—. 342 —. 346 —.331 —.323 —.317 145 .170 . 188 200 . 208 .212 214 L2186 .216 . 214 . 210
—. 364 -. 365 —.350 —. 342 —.334 152 . 182 . 200 . 210 L2186 .221 . 223 . 227 . 228 L2235 . 220
16 L —. 380 —. 385 —.379 —.362 —.358 —~.348 . 159 . 186 205 .216 .222 . 229 232 . 233 . 236 .232 . 229
18 . —. 3989 —. 405 —.403 —. 393 —.376 --. 368 —. 360 L161 .197 . 215 L 224 . 230 . 235 .239 .242 . 243 .242 .238
20 —. 411 —. 417 —. 415 —. 404 —. 386 —.378 —. 369 . 166 . 201 .220 .232 . 237 L2241 . 243 248 . 248 248 . 247
Spanwise station -1.=0.2 Spanwise station L =0.9
b/2 bl2
, !
—0.085 | —0.086 | —0.086 | —0.086 | —G.085 0.059 0. 068 0.072 0.073 0.073 | 0.076 0.075 0.075 0.075 0.075 0.075
—~, 112 —.113 —. 113 ~. 113 —. 113 . 068 .083 . 092 . 098 . 099 i . 100 . 100 . 100 .100 . 100 . 100
—.138 —.137 —. 137 ~.137 —. 137 . 074 .098 J111 L1118 P 122 .123 .123 .123 L 123 .123
—.159 —. 159 —. 158 —. 158 —. 158 . 081 V107 .122 L131 . 140 L141 . 141 .142 L 142 . 142
—. 176 —.176 —. 176 —. 176 —. 176 . 087 L117 . 136 .148 . 159 . 160 . 160 . 160 160 . 160
—.192 —.192 -. 192 —. 191 —.191 . 090 .123 146 . 160 171 L171 L172 .172 172 L1172
—. 204 . 204 —. 205 —. 205 —. 208 .092 .131 153 L 170 .182 .183 L184 .185 .136 . 187
—. 224 —. 225 —. 225 —. 226 —. 226 . 088 . 139 . 166 . 184 . 201 . 203 . 205 . 207 . 209 . 210
—. 240 —. 239 —. 238 —. 238 —. 238 . 100 . 147 .178 .198 . 218 . 221 .225 . 228 . 229 230
—. 249 —. 248 —~. 248 —. 248 —. 248 . 102 . 156 L 188 . 208 . 220 7 .231 . 238 . 241 . 243 . 245 246
—. 258 —. 257 -—. 256 —. 256 —. 256 .103 . 161 L1997 . 219 . 231 P 241 . 249 . 253 . 258 259 . 260
—. 264 —. 265 —. 265 —. 265 —. 263 L1053 .. 166 202 . 228 . 243 . 252 . 260 . 263 . 269 L271 . 275
—. 269 —.271 —. 271 —.271 —.272 —.272 2107 L172 .211 .233 .248 A . 260 . 268 .273 . 279 . 282 . 285
Spanwise station Y —0.4 Spanwise station £.=0.95
b/2 b2
2. —0.011 | —0.013 | —0.015 } —0,01€ —0.016 | —0.016 | —0.016 | ~0.016 | —0.015 0.038 0.051 0.058 0.059 0.060 | 0.060 0.060 0.060 0.059 0.058
—. 010 —.012 —.015 —. 016 —.016 —. 016 —.017 —. 018 —. 018 .044 083 .073 .078 .079 . 080 . 080 . 080 .079 .078
-. 006 —. 011 —.012 —. 016 —.018 —. 019 —.020 —. 020 —.021 . 050 .072 076 . 092 . 095 097 . 099 . 100 . 100 . 099
—. 004 —. 010 —. 012 —. 016 —. 020 —. 021 —. 021 —.022 —. 023 . 052 . 083 .100 . 107 . 110 L1112 113 114 J117 L1168
6o ..., e —. 002 —. 008 —. 012 —.016 —. 020 —.021 —.022 —. 024 —. 026 . 054 . 088 . 109 119 L122 L128 . 130 . 132 L131 . 130
T2 —. 001 - 010 —.013 —. 017 —. 020 —.022 —.025 —.027 —. 029 . 056 .093 L116 .130 .135 .140 L 144 . 148 . 149 145
S 0 —. 008 —.012 -—. 017 —.021 —. 025 —. 029 —. 030 —. 030 . 057 . 100 .125 .140 . 146 152 . 158 . 160 . 160 . 159
100 . . 007 —. 002 —.010 —. 017 —. 022 —.027 —. 030 ~. 032 —..032 . 058 .107 .138 .152 .162 L1171 .178 .182 187 . 183
12 L. . 009 —. 001 -—. 010 —.017 —.025 —.029 —. 032 —. 036 —.038 . 059 L1112 L 143 .165 179 .189 .198 . 200 L2058 . 204
14 . .013 0 —. 010 —. 017 —. 028 —. 031 —. 035 —. 040 —. 042 . 060 .116 L1581 174 . 190 . 202 L211 215 . 221 L 222
16 . .019 . 002 —. 008 —. 016 —. 029 —. 034 —. 038 —. 041 —. 045 . 061 L121 . 159 184 . 203 .218 .222 . 229 236 238
18 . . 022 . 004 -—. 008 —.C15 —. 031 —. 038 —. 041 —. 043 —. 046 . 061 L1286 . 166 L 194 .213 . 229 . 236 . 241 . 251 255
20 il .023 . 006 —. 006 —. 014 —. 022 —.031 —. 038 —. 041 —. 046 —. 049 . 061 .128 730 208 .225 . 239 . 245 . 251 i 265 .271
|
Spanwise station Y ~0.975
b/2
b2 0.052 0.051 0. 050 0. 050 0.050 0. 050 0. 050 0.049 0.049 0.048 0.019 0.030 0.035 0.037 0.037 0.037 0.037 0. 036 0.036 0.035 0. 034
T . 069 . 068 . 068 . 068 . 068 . 068 . 068 . 068 . 068 . 068 .022 . 039 .045 .049 . 050 . 051 . 052 . 054 . 053 .052 . 051
oo . 082 . 081 . 080 . 080 . 080 . 080 . 080 . 080 . 080 . 080 . 026 .043 054 .080 . 062 . 064 . 068 . 069 . 069 . 068 . 067
L SR, . 095 . 092 . 091 . 091 . 091 091 . 091 .09 . 090 . 090 . 029 051 .085 .070 071 075 .078 .081 . 082 . 083 . 083
L T, . 107 .104 . 102 .101 .101 100 . 100 .100 . 100 .100 . 030 . 055 .071 .079 . 082 . 088 .091 . 094 . 097 .097 . 097
Y 117 L114 L1112 111 L110 <110 . 110 110 . 109 . 108 . 030 . 060 078 087 . 091 . 098 .101 107 .110 . 110 . 110
- L122 L121 L 120 L120 L1189 -119 L118 .118 L117 .116 . 030 . 062 . 081 . 091 . 100 L 107 112 .120 .121 .12L L12t
100 .138 L1353 L132 .131 . 130 .130 . 129 .128 .126 L1124 . 031 L0867 . 090 . 105 L1185 L124 . 132 .138 . 141 . 142 . 143
12 ... 2145 141 . 140 . 140 .139 L137 L1358 .134 .132 . 130 .031 . 069 . 095 115 L 131 . 141 . 149 .153 . 160 L1681 . 162
4 . 152 . 150 . 148 . 145 .142 .141 . 140 . 139 .138 L1356 .031 071 102 L 127 . 143 L1563 . 163 LI71 175 177 . 178
16 . 158 . 154 L151 . 149 . 146 . 143 L141 140 . 139 .136 . 031 .077 J11L . 138 . 156 .169 . 178 .182 . 188 .190 . 191
18 s .162 . 160 . 158 L1562 148 . 145 .142 . 140 . 139 .138 . 032 .083 L121 .150 . 169 182 . 191 L1697 200 . 201 . 202
20 o . 169 L1635 . 159 .152 148 L 147 . 143 141 . 140 . 140 .032 . 086 . 128 L158 L 178 . 193 . 202 . 208 .210 .212 .213

9¢

TALLININOD AYOSIAQY TVNOILLVN-—1€9 'ON LYO0ddH

-
G

SOLLAVNOHHVY d04d



“““““““““““““““““““““ T 187% Lo €800 " 1
ST10 1€00 ¥ 081 ge” P800 GL6 "
q1I0 6200 ° or 08°1 Gg” 9800 66"
L4110 8600 ° 68 6L°1 68" 6800 7 6"
$o10 2600° (4% 9.1 98" 3600 ° 8"
L¥10 2300 ° 04 L'l 98" 0010° 9°
1810 1900 74 99°1 L8 9010~ ¥
6510 ° 1400 ° 09 ° 291 8" [N [
181070 1500 "0 AR 287 8€°0 91100 0

o O
[ 0 T rout 10 uine
" nv 770 B ol ey | ot | uonery

Al HT1dVIL
YO4 SHNIVA 2 40 NOLLVINDTVO—V-Al ATdVL

69 6— 80 [4il ! L10° 071 8.9 op6 " z800" 0 or6 " €800 — 110" 8L6
¥¢ 86— 61’ 19°% £E0° 61 89 °F ¥26 GT10° 0 766" 4] GT10” G6 :
6 '¢— 65 05°g £€90° 6 ° e TI6° ¥910° 1000 "— 116" 2%00° L1T0° 6
09 'g— 29 G99 L20° 99 ° ¥y a6 " 2610° 0 a6 " £800° 610" 8
8% " L1 00°9 830" 80— 0% 980T V00" 1000° 980T 200" — L¥10° 9’
08'% 8% 689 81" 0L— 9578 G801 610" 1000 "— G801 9800 ° 2810° 4
L1676 8 L 893 ° 81— g7 ¢ 000°T 880 ° £000 "~ 000°T §LI0 " 6970 ° g’
v el 1e°1 6L°L 91% 0 86 T— 71e ¥6 0 €050°0 9000 0— £¥6°0 9%£0°0 L8100 0
)
Gw | Gw oL ) N, 1 1o w . P T o e 0 i
20— | W ey 9% zy T 2 2 2 29 UIS PO | 2S00 Mio[ g uts Tlo—| 29800 P9 ._wwo_ﬁmmc
uonvlg
¥ €% 44 1t4 02 61 81 JAS 91 18 s er T
................................................... Ze—  |TTTTTTTTL660 0 0 0°1
G800 000°L 4 9110 ¥— g6— g6 660 ¥6 0 g 0%¢” GL6°
0 000°T 0 <110 ¥ §6— £°6 660 Y26 €87 9€¥ * 96"
2800 "— 0001 g — 2110 F— G- %6 660" 116" ¥8°¢ €88 6
G800 "— 0001 g ¥o10° ¥ 8'¢— 96 860" S¥6 [ GLL” 8"
0L00° 0001 ¥’ L¥10 v €'9— 401 260" 980°T 6L°¢ 0001 9
§800 "~ 000°1 o= 2810° V— 69— 101 260" ¢e0°1 99 [44 M3 4
QL0 "— 000°T 01— 8910° ¥— VoL~ 701 960" 000°T L 0%2 T 4
9980 "0— 666 °0 1°¢— L8700 i 08— 66 §60°0 960 128 10€°1T 0
-3op! e g
. , (s |, o) | csop | P [¢sop p)| G| e 7
7 s 26502 =€ 7y 1— ed re o 9 9 QUIf I8JULBD
19 B W0y UoeIs
gl 1T o1 6 8 L 9 g 4 € 4 T

THLNID DINVNAOYHUY ONIM HHIL JO NOILVNINYILIJ HH.L
Od ONIAVAT SINIWOW NV SHDUOd TVNOILIAAV THIL 40 NOLLVINDTIVO—AI HIdVL

yX4 SONIM NO NOILAIIYMISIA dIHHL ANV SHOYOd YIV d40 NOLLDIdHYd dHL



§e— 6 ”w| € Hmm $09°T - 800" 0400 09T JAZARER VI (N €800° | G00°'¢ | 8661 | 02 ¥ | 9SG " | 6FE0"
L 0= 0 .ml 6 .hv 0L8°T - 9800 " 6100° 896 1 9061 " | 1400° 9800 | €6T°C | 9261 | €€ | 60CC " | L9680 "
del— 2 Tl 1899 8T 6800 ° 68100 ° 0957 cL0T " | 1200° 28007 | 96C°¢ | €GRT" | T0P ¥ | GLGG " | ¥8€0 "
L Te— L 97— | 8°68 L19°T - 1600 ° c00 " §19°7T 9815 " | €800 " T0T0" | L60°G | 061 ° | TL6°C | BIFC" | 6190
9 6E— 8 &Ni §1TL 8LT - T010° 8200 " 6LL°T 0415 | 0110 28T0° | L8% % | 9T | BYS'E | I18C° | 680"
6 ki 0 .wm\ L6281 208°1 - 8010 " 0800 " P08 L TP6T° | BT | GR6T " | AG10° | 8¥C 'y | 661G | BYG'E | TI8E" | 6640 °
1 ,No\ 6'8C— | G G¥1 GLLT - 110 ° 1800° CLLE 2806 | 0810° | Q1€ | T2T0° | 688°F | TL0%° | 189°¢ | 126" | 6290°
6 18— 8°92— | €161 9006 °0— | 96971 ¥218°0— | 8110°0 62000 769 1 Y88 0| LZ10°0) 192G °0] 8L10°0) 00G°¢ | LIRL 0| €T6°¢ | 6F4C 0| 66900
. 26 Uis 29 800 29 uls 26 500 NMF
CH/AE) [Culan A.\»c\;:v (62) ms uy (¢ uxy (¢ uwy (puvy | uel | ¢ uey | ¢ uw) | ¢ uwy ) . ' aur|
ey | A ipf e |(18)+08) | -+(88) 0300 °p ue} 19 300 29 uw) ; : \ o | 20900 |99 uny | °9 100 | g un) | ¢ uwy Lo
PIPTIND | APOP A, =10 | —Doo— | 4D | +Dwy | —1yoy | 10309 [T0uTy 9100 | g ury umwwwv
uonwIg
98 g€ 23 €8 (43 1€ 0g 6T 82 1é 9% 44 14 134 (&4 12 02 61 T
09681 186 1062 ° eL6” 0% 8'er £ 0% 0 ¢~ 991 G800 " G800 " L0~ P01 869 T 60— | GL6
1681 : 386 06eg " 6" 12 0°¢r 601 1% 0 L €6— 20T 2300 ° 2800 |20 — 809 1 9901 860 — G6 "
GT8L . £86 : 6613 " 96 2T Lgl §0T1 2% 0 ¢ G- 0791 0600 0600 620 "— 8841 o9 'L 40— 6"
9z61 : 186 GEes " (4% &4 §er 11 L& 0 g¢— 691 £600° €600 €80 "— 099°T £0L°T £v0 " — 8"
6613 X 926 3L9g " 96" 8¢ qgqr Le1 8% 0 €9 0781 010" $010° 060 — e¥8 T 998 °T 60— 9
L¥1G . L6 689¢ €96 " 2e 961 &4 [ [\] 69— £ 61 o1’ 0110” 260" — 6981 498°1 00" i
wmom. 616" 689 296" 9°¢ g¢r1 AN 9°g 0 ¥l 161 9110 " 9110 " POI " — PE8 T €081 160" [
8RL1 0 ¥86°0 0¥ 0 696 °0 0y £l £01 0y 0 08— 88 031070 0g10°0 ro— (522! c0L°T 0¥0 0 0
o4
. (3op) i
Py . g et '3 ‘sep) | (9 ('3op) - N oul
19 urs 9500 | cguis | sgson | ME ( mME (¢ QME An.Mc A:oIE Vo %g L) K2 ) RES a1,y o ,Sﬁmwo
0 . wogy
wonyels
81 AT o1 4 ¥I o1 zl 1T 01 6 8 2 9 ¢ ¥ € 4 T
[suwmyoo oxe sesoyjuoaed Ul SIOQWIN |
SILNUNOJIWOD WVII NV QUHOHD HHL 10 NOILVIOADTIVO—TA HIHV.L
20— j¥ 00 ° LU°T 102 (48 S 100" 6750 "— $000 gee0 — GL6
810 "— 1€ 00" 07 98l 91— 000 0650 1000 "— 280 — 46
610 °"— g8 " 00" 66 Ger 01 " — £00° 9pe0 8000 8240 — 6"
880 "— 9¢° T0° aL T 916 "— §10° 68F0 — 0800 0z¥0 "— 8’
060 "— 80" 20" eF 867 - 150" 8¥20 "— 1200 2380 — 9
160 "— 00" 20" g1” 60— 110" §80 " 9100 " 8610 6800 t°
P01 "— §r° 0" — 81— gL’ 01C " 281 480 810 9080 G’
111 °0— 70 80 0— Ly 00— A 200 SLEO §9¢0°0 6020 0 26800 0
kil
G (€3] (1) (G 1w * 1 .
% oy, N z . “n K ) 1, P g uls 9S00 ouif
) 2 %70 PrAL) I 2z Wy 2 2% P v 2 % °F9 Na) REINED)
woay
uoryels
96 g¢ e ¥4 [44 12 0g 61 81 L 91 4T T
£600 "— 8600 6141 — GR6 66— 6600 " ¥— §'6— g¢ " — 660 ° 0¥60 "— ¥ G L0 [
0010 " — 6600 ° B1LT — 686" 66— 1010 ° b— §'9— 68— 660" G850 "— €8°C I [ R
600 "— 010" ¥eLL - 686 01— 010 ° b gg— PG — 660 9860 "~ 8¢ 0¥1" i
9200 "— 9010° FLL1— 86" 8070 P 8G¢— = 860 18¥0 " — 67 1340 8"
Zro0 "— 81107 G681 " — £86 ST10° v— €'9— ¥o — 260" 1850 — 6L°¢ 160 9°
8000 " 0610 " 1681 "— 786" 6°0T— featin ¥— 69— 0" 260" 0900 299 |10 "— v
0900 310 ° §c61 — 186" 111 9e10” - Vol [ 960 ° 2180 ” 4 ”h 8/G1 - Z
08000 62100 1102 0— 086 °0 91— (43Ul y— 08— v 0 960 0 00¥0 0 %8 G863 0~ 0
% : “3op) . (-8op) (39p) .
g s 29500 I s (30p O (8ep) o (8sp ? an) s "
XU | X% o A ) T e " B | e 9 O I
2
T &1 4! TL or 6 8 . 9 ¢ i b3 4 !

JO NOILVNIWHHLHA HHL OL HDNIAVIT SLNHNOW ANV SIDHO0d DISVH

LINHWONW DNIHO.LId DNIM TH.L

SOLLOVNOYUUYV d0d TALLININOD AYOSIAQY TVNOLLVN—TIE9 ‘ON IAOJHT

MHL A0 NOLLVIONDIVO-—"A HT4dV.L

8¢G



i S09° | 0LLT [ LT6° | 80T | ¥AOT | SIL'L | FIT'T 0T
FLY: Pe9° | 8847 | 0867 | €FOCT | 060°T | €OT'T | 980T 6"
PoF 9¥9" | 808" I PP6T | LPO'T | €80T | 060 T | 9901 8"
q14 " 6997 | 288" 1 096° | 6¥0°L { L20°T | TL0L | 140°T L
88¢” P69° [ 098" | 646° | 6P0°T | 80T | 0%0°T | 186" 9"
96 ° GgL' 1 968" | 00071 | 8KO'T | 090°T [ 280°T | 296" g
009" GLLT | G¥6° | 8GO'T [ 0S0°T | 1S0°T | ¥00°'T | 616° i
099" 98" [ €I0°1 | 990°L 1 8Y0'T | 9HOT | €86 | ¥88" b
891" €L6° | YOL'T | BIT'T | 2L0°T { GYO°'T | 396" | 6¥8° [
¥96 " 091°1 | 86T | ¥61°T | 660°T | L60°) | €¥6° | 0T8" 1
029°'T | 8FP'1 [ GLE'L | F6G°T | 9ET'T | 080T | 08670 | 26470 00
g 01981 j0ads v
LTy TLG' L PELT [ 8687 | 80T | FOT'T | 62L°1 | Z81'T 0L
8% 685 | L84 | V16T | GWOT [ ¥60°T | FIT T | €01 T 6"
i 609" | e8L° 1 ZE6° | 9V0°T | 980T | 460°T | 290°L 8"
08% " geY" | 018" | 086" | 0SOT | BLO'T | 42071 | 080T L
90¢ €99° | 0F8" | 0467 [ GS0°T [ 00T | TS0°T | ¢66° 9
649 ° GOL® | 948" | F66° | 090°T | ¥90T | 980T | €96 g
88¢ €9L° 1 426" | 8G0'T | G90°T | 990°T | 000°T | 16" ¥
099" L¥8° {200 | BL0°T | €L0°L | PYOT | GL6° | ¥28° €
LLL 896" | OTT'T | I¥I°T | 880°'T | ¥80°T | %46 | 868" [
820°T [ O8T'T | 2921 | §6°T | 11T | 080°'T | 286" | 208" T
008°'T [ ST9T { OLF'T | OFET | ¥ET°T | 00°'T | 036°0 | €840 0°0
g o1qer Joadsy
a8e” 614" 6801 | LTL'T | 8GTT | QUT°T 01
0¥ %8 TPO'T [ QIT'T | 98T T | ¥CI°T 6"
44 998" SFO°T | $OT°T | STT'T | 80T 8
i 964 060°T | €60°T | 980°T | 6801 L
9L¥" 789 ° 990°T | 180T | 890 °'T | 266" 9°
g1g” ¥.9° $OOL | 990°T | LG0T | ¥96° q
296" peL” CLOT | €SO°T [ 0001 | TI6" ¥
a9 818" 830°T | €F0°T | GL6° | 048" 3
€8L° 96" 60T°T | 960°T | G¥6° | 828" [
€T | 958 OFPL'T j 080°T | L16° | 06L" I
,,,,,,,,,,,,, G8E°T | 920°T | 068°0 | ¥G4°0 00
¥ orjel 109dsy
g6 96 06 08 09 )2 02 0
ol
Jedu,

uedsiues juestsd ul TONBOO] Iy

[0"1=2D ‘sdpy Emssmui
9 10 NOLLAYIMILSIA TVOILHYOUHL—XI ' IdV.L

v

““““““““““ 0 0 0 0 0 0 0 00f
12 9 [y 1’ [ 0 0 01T G6
Z 08" are 81° €e" 0 0 502 06
L9 Y j2 o oy " 0 0 [ 08
001 €6 " 8¢ qe 69" 0 0 08¢ 0L
g€l gL | 98] 8¢ gL’ 0 0 099 09
49T G9g°T LE°T 8¢ 98" 0 0 Gl or
Z 0% 18°T 28l Ge" 86" 0 0 088 0oF
[ ¥¢°g €0°% 1% 0T 0 0 086 0¢
6 '8¢ 89 G 087 [4 B £0°T 0 0 086 0¢
6°1¢ 96°C L8°¢ 1% '~ 86 X 0 0 08’8 [
[ 98'e faand 18— L8 0 0 08°L 01
£'6¢ ¥9°¢ 98'F 18 °T— 6L° 0 0 01°L [N
8 'G¥ 28°¢ 19°¢ 79°T— 29° 0 0 S0°9 g
¥ oy 08 % 259 e 'c— Ly 0 0 s 9T
gy 0z ¥ 9°9 17— gg” 0 0 @8 At

0 Q 0 0 0 0 0 0 0
2
a1 b/ o ou s 0 Y
&H oﬁw\ Wi g |2y o = | Y A oey 1Sse | 2001
d uonlg

HINSSHYd 40 NOILLVTIADTVO—TITA HTIdV.L

0 0 0 0 001
0" 40— §e— |90 g6
20° ¥ — LG— I’ 06
[ €0 — §F— | €27 08
§e" 00— 67— |98 0L
0%’ 10— vI— 16" 09
69° 00" 0’ 69" 0¢
06° 0" vl 68" (534
021 20" 67 811 0¢

! 99T €0 £y [4 0z
661 ¥~ 06 961 S
67 G §0° P A& 01
98°g S0 6°¢ 18°C gL
8¢ 10" §'G g€ g
98°¢ - g 18°¢ K
06°¢ €0 [ 18°¢ 1
0 0 0 0 0
oy
» 000X~ . u 2
d = ? .uénN d ' d “nooﬁ
" uoels

°d 40 NOILVIADTIVO—"TIA ATV

SONIM NO NOILLAIIYISIA YIMHL ANV SHOUOJL U1V J0 NOLLOIdHYd HHIL



8E617301440 ONILNIYd LNIWNYIA0D SN

078 v — FIG — ARES 0 Y0 — 609 — 280" 99— 08¢ ¥ 400" [ 21
912 3— Pl — 060 — 0 PO — £2g "~ 280" 99g " -y 300 b1
€60 1~ G0 '~ 010 "— 0 ¥0 — €65 — g0 92§ "— LI0 P ¥00 i
168 — PO 0 0 $50 — 59¢ "~ €80 866 '— Sve ¥ 00 ° el
168 — PR — 0 0 P — 0% — €80 gLl — 092 % 500 gl
699 '— €60 "~ 0 110 0 — 160 T— €e0 " $90 1— 187 °¢ 900 6
699 — €80 "~ 0 110 0 — I8 T~ €60 ¥Ig T— LI8°G 200° 9
699 — €80 " 0 o° 0 — 0vg '1— €60 €28 1— Th6 °¢ 200 €
1680~ ¥¥0 0— 0 0 50 0— 892 ‘T €800 168 ‘1~ 267G 200°0 0
Ac (13) eurr
3 ) Que
(12) 2 | (08)+(61)+(8D) Sugy ) v v by ON+HEN="2 | =pso0 vy sgus o | (€1)HOD =99} g ums 2% hwww_wuo
0UBISI(]
(o4 12 07 61 /1 L1 91 g1 2 38 T
12000 | Qe 'y 6vp1 636" 28 1°01 £86° 017 2L 08 gbT
2200 1000 " 201 ¥ over” 166 LA g6 126 091" . 19" 889 ¥l
£200° 2000 * €10 % 0081 " 266" gL £6 668 220" 18" ges’ g1
£200° 3000 078 ¥ SBET 066" 08 86 296 0 796" 86L° eI
€200 000 052 % 5091 ° 186" 26 01T 001 0 001 168" 21
FLO0 £000 QLY e 9061 * 286 011 8751 08 1 0 0vg 1 6€0 T 6
600" ¥000 018°¢ G0z 6.6 8°T1 9°¢1 616 T 0 81g T 9011 9
¢00 $000 966°C 1602 8.6° 171 6°¢l 6¥e T 0 6ve T 0811 ¢
2000 000 0 996 °G 118 0 8260 A 0°F1 18871 0 18871 L8171 0
(171) . . ('80D) (*80p) 0 N 0 e 0 1 () suig
o H0p) 0pg Ypoy zgs00 0% | o uIs 8500 | v bt pzg | opho ®m+E)=" 19y 12,019 =,,’1 12 .ﬂwﬁﬂmﬁm:
g1 s o1 6 8 L 9 ¢ ¥ ¢ 4 1

[sumnjoo o1 sesejudred Ul SI8qUUNN]

ANVIAII 40 HDNIM YAJII0 AHL NO NOLLAFITISIA TDY0d HHL 40 NOILVLAJWOO—IX dATdV.L

008" — 12y "~ 186 — 67— 911" — 8%0 '— 800" €80 ° 8L0° 01
0L — $ge — 098 "— 681 — 911" — 970 "— glo” £01T° ¢Ir” [
96 — 08— 0¥ "— QL — ol '— 90— 910" 21 LET" 8"
i — GLg " — €60 " — 91— 201" — 30— 610" 9g1° eeT " L
61— 09¢ "— 01% '— 091 °— FOI ' — 680" — €20 " per” Go1” 9°
9L — €87 ' — 861 '— PaT 001 "— 280" — 950" LA gL G
091" — 91— 681 — 8FI — 960 "— £80 '— 080" G¥L° 81" ¥
91— %06 — %81 "~ ¥ €60 — 080 — ¥€0° B¥1 " 161 ° g
¥l ' — 061 "— QLT — 281" 680 "~ 820" — 180" P6T° 00g° [
121" 641 — 0Ll — ger’— 980 " — §a0 "— 0%0 " 861" 802 1
10— PLL0— 991 °0— 851 °0— 780°0— €30 °0— €70 "0 g91°0 8120 0
GL6 G6 06 08 0L 09 0y [vig 0% 0
o138a
rdey,
ugdsiwes juedted ur Tworyelo] qry

19=1" ,01=2 {0="1D ‘sd1} 14drBug]
%o 10 NOILNGIMISIA TVOILHEOHHL—X HATIVL

SOILAVNOUAY Y04 HALLININOD XUOSIAQY 'ITVNOILVN—IE) 'ON LHO0dHY



GRS



- X PR L . .
s . R
; - N . .
‘ 4 . - .
o, -




