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in the subsequent investigation of the drag-truss
svstem, due attention should be given to all the
force components which will be applied to the
attachment points by the lift truss.

3.1121. Lift struts. Consider the strut-braced
monoplane wing shown in figure 3-2. The spars
in the figure are shown perpendicular to the basic
wing chord (the reference line for normal and
chord leads 1s the M. A, C. of the wing). If the
spars are not perpendicular to the chord reference
line, the resultant of the chord and normal loads
should be resolved into components parallel and
normal to the spar, as shown in figure 3-3a. Also.
in the general case. the drag truss will not be
perpendicular to the spar face. This angularity
should be considered (fig. 3-3b), unless it is of
small order, which would result in a negligible
correction.

The vertical reactions on the front and rear
spars from the lift struts may be determined by
taking moments about point C (fig. 3-2) of all
the external loads on the spars (sec. 3.114).

Then RfJg“

?

; and R,:‘nj” where M, and M,,

are the moments about the spar-root attachment,
point C, of the front and rear spars, respectively.

The strut and spar axial loads may be deter-
mined by graphical or ansalytical methods on the
basis of the truss A B C, if the fitting 1s eccentric
to the peutral axis of the spar. If the grapbical
method is used, the correction for angularity of
the strut to the V-H plane should not be over-
looked.

The strut loads also can be determined by the
following formula, which includes the correction
for angularity:

M true length

Strut low:wxprojected length in V-H plane

3:5)

After the loads in the struts have been deter-
mined, the axial load in each spar 1s: (strut

load)x(%) and the chord component acting on

the wing from each strut is: (strut 10&d)><<%>-

When an eccéntricity, e, in the root fitting
exists, the chord loads and reactions will act in a
plane which generally is not parallel to the line
AC. The effect of the eccentricity is to modify
the vertical reactions at the strut point and root.
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(a) DRAG TRUSS PERPENDICULAR TC SPAR FACE

(b} DRAG TRUSS NOT PERFYNDICULAR TC SPAR FACE

Figure 8-3. Resolution of forces inlo components acting on
spars and drag truss.

The increment of reaction to be added or sub-
—I%f (fig. 3-4d). Then, the total
vertical reaction component at the strut point is
R+ AR. It is, at once, apparent that the value
of the drag-truss reaction, Ry, is a function of the
strut load (fig. 3—4c¢); therefore, if extreme accuracy
is desired, it becomes necessary to solve for the
reactions on the lift and drag truss by means of
simultaneous equations which include expressions
for all the unknowns mvolved. The reactions

tracted is: AR=
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may also be determined by trial and error with
comparable results if sufficient trials are made.
However, unless the value of AR is in excess of 2
percent o1 R, it is considered satisfactory to assume
that the total reaction is R+ AR.

3.1122. Jury struts. In computing the compres-
sive strength of lift struts which are braced by a
jury strut attached to the wing, it is usually satis-
factory to assume that a pin-ended joint exists
in the lift strut at the point of attachment of the
jury strut. The jury strut itself should be inves-
tigated for loads imposed by the deflection of the
main wing structure. An approximate solution
based on relative deflections is satisfactory, 1if the
jury strut is conservatively designed to withstand
vibration of the lift strut. When the jury strut
1s considered as a point of support in the wing-
spar analysis, rational analysis of the entire
structure should be made (ref. 3—-17).

3.1123. Nonparallel wires. When two or more
wires are attached to a common point on the wing,
but are not parallel, the distribution of load
between the wires may be determined by least
work or equivalent methods. The following ap-
proximate equations may be used for determining
the load distribution between wires, provided the
loads so obtamed are increased 25 percent.

Vl Al Ll L23

P ’=[T/’#A1L23+VEA2L13 B @6

_ Vz A, L13L2 ] B
Pl g rar v B 6
where:
B=beam component of load to be carried at the
joint.

P,=]oad in wire 1.

P.=]oad in wire 2.

Vi=vertical length compoenent of wire 1.

V,=vertical length component of wire 2.

A, and A, represent the areas of the respective
wires.

L, and L, represent the lengths of the respective |

WIres,

The chord components of the air loads and the
unbalanced chord components of the loads in
interplane struts and lift wires at their point of
attachment to the wing should then be assumed to
be carried entirely by the internal drag truss.

3.1124. Biplane lift trusses. In biplanes that.
have two complete lift-truss and drag-truss sys-
tems intereonnected by an NV strut, a twisting
moment applied to the wing cellule will be resisted
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in an indeterminate manner, as each pair of trusses
can supply a resisting couple. An exact solution
mvolving the method of least work, or a similar
method, can be used to determine the load distribu-
tion (ref. 3-16). For simplicity, however, it may
be assumed first that all the external normal loads
and torsional forces about the aerodynamic center
of the cellule are resisted by the lift trusses. This
assumption is usually conservative for the lift
trusses, but does not adequately cover the possible
loading conditions for the drag trusses. A second
condition should therefore be investigated by
assuming that a relatively large portion {approxi-
mately 75 percent) of the torsional forces about the
aerodynamic center of the cellule are resisted by
the drag trusses. In the case of a single-lift~truss
biplane, the drag trusses must, of course, resist
the entire moment of the air forces with respect
to the plane of the Jift truss.

3.1125. Riggung loads. Wire-braced structures
should be designed for the rigging loads specified
by the procuring or certificating agency. Some-
times it may be necessary to combine the rigging
loads with internal loads from flight or landing
conditions.

The effects of initial rigging loads on the final
internal loads are difficult to predict, but, in cer-
tain cases, may be serious enough to warrant some
mvestigation. In this connection, methods based
on least work or deflection theory offer the only
exact solution. Approximate methods, however,
are satisfactory if based on rational assumptions.
As an example, if a certain counter-wire will not
become slack before the ultimate load is reached,
the analysis can be conducted by assuming that
the wire is replaced by a force acting in addition
to the external air forces. The residual load from
the counterwire can be assumed to be a certain
percentage of the rated load and will, of course,
be less than the initial rigging load.

3.113. Drag-truss analysis.

3.1130. Single drag-truss systems. Single drag-
truss systems are employed in strut- or wire-
braced wings where the ratio of the span of the
overhang to the mean chord is not excessive.
The requirements of the specific agency involved
should be reviewed in regard to the upper limit on
this value above which double-drag bracing is
required.

An example of a conventional drag truss is
shown in figure 3—4 for a strut-braced monoplane
wing. The chord loading, (, in pounds per inch
run (fig. 34 (a)) may be distributed to the panel
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points of the truss (2) as concentrated loads 1, 2,
3,4, ete. In addition to the chord loads due to air

load, the lift struts also apply loads in the chord

plane. In section 3.1121, the method of deter-
mining the chord components was given. These
components are shown in figure 34 (¢), assuming
that the wing is so loaded that the lift siruts are
subjected to tensile loads. If items of concen-
trated weight, such as fuel tanks and landing gear,
were not accounted for when the running chord
load was computed in table 3-2, the resultant
inertia loads from these items of weight should be
applied to the drag truss. In figure 3—4 (d) are
shown all the loads and reactions acting on the
drag truss. ' '

The loads in the drag-truss members may now
be determined by graphical or analytical methods.
Exact division of the drag reaction, Rp, on the
truss is generally indeterminate, insofar as the
front and rear root-spar attachments are con-
cerned. In general, overlapping assumptions
should be made, or the drag reaction conserva-
tively assumed to be resisted entirely by one root
fitting. Occasionally, the drag reaction may be
divided equally between the front and rear root-
spar fittings if they have approximately the same
rigidity in the drag direction.

3.1131. Double drag-truss systems. A double
drag truss 1s employed in cantilever wings or
braced wings where it is necessary to provide
additional torsional rigidity outboard of the strut
point. The investigation of double-drag trusses
follows the same line of procedure outlined in
section 3.1130. The design of the double truss

i1s usually dictated by torsional rigidity require-
ments rather than by the actual design loads
applied to the structure.

In showing compliance with requirements in
which the upper drag wire in one bay and the lower
drag wire in the adjacent bay are assumed in
action (the remaining wires in these two bays
assumed to be out of action), the loads on the strut.
take the form shown in figure 3-5. R,, and R,
represent the wire force components along the
drag strut. In general, it will be necessary to
balance these components in the drag direction
by a reaction, R, — R.,; then, taking moments
about a convenient point, the vertical couple
force R. may be determined. Having the forces
and reactions on the drag strut, the internal
forces readily may be determined.

3.1132. Fixity of drag struts. Drag struts should
be assumed to have an end-fixity coefficient of 1.0,
except in cases of unusually rigid restraint, in
which a coefficient of 1.5 may be used.

3.1133. Plywood drag-truss systems. In a two-
spar, plywood-covered wing, the plywood cover-
ing, together with the drag struts, is usually
depended upon to carry the chord shear. Section
3.12 gives methods of analysis of this type of
structure.

3.114. Spar shears and moments. The fun-
damental principles of statics should be employed
in the determination  of wing-spar shears and
bending moments. Before proceeding with the
detailed determination of these items, it is essen-
tial, in order to avoid errors, that all the external
loads and reactions be determined for the spar.

Components Along Drag Jtrut
From Wires

&,‘-R.m

]

Drag nrection

ol
/—’mwar Drag Wire
Bay 2

= s -4-—-Rc
<~Upper Drag Wire
Bay R,
Section A-A

Figure 3—-5. Double drag truss—two drag wires in action.
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Figure 3—6. Determination of shears and bending moments.

The primary bending moments at various
stations on a cantilever spar may be determined
conveniently by the equation:

M=M+8Sz+> Fa (3:8)

where A4, and §; are the moment and shear at
station 7; z, the distance between station ! and z;
and > Fa, the sum of the moments sbout stationz
of all the loads acting between the stations. It
will be found desirable to prepare a table similar
to the one shown in figure 3-6 to facilitate the
computations. If the distances between the var-
ious stations are relatively small, the center of
gravities, a of the trapezoidal loadings may be
assumed to lie midway between the stations with
negligible error and slightly conservative results.
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If concentrated loads exist at points on the span,
the table may be modified easily to account for
these loads.

The case of an externally braced spar may be
handled in a manner similar to that for the can-
tilever spar, insofar as the determination of the
shears and moments outboard of the strut and
the moment at the root due to external loads are
concerned. The root moment required in section
3.121 to determine the lift-strut reactions may be
obtained conveniently by the foregoing procedure.

.The general form of the moment and shear
curves is shown in figure 3-7, (¢) and (b), for
braced and cantilever spars. It always is de-
sirable to plot the bending moment and shear
curves as a general check of the computations and
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to facilitate the investigation of stations along the
span not covered in figure 3-6.

3.1140. Beam-column effects (secondary bend-
ing). In connection with the bending moment
and shear curves for a braced spar inboard of the
strut point, where the spar is loaded as a beam and
a column simultaneously, the effects of secondary

939770°—>51 12

bending should be taken into account by use of
the “precise’”’ equations or the ‘“‘polar diagram’
method. The solution of the beam-column prob-
lem is covered extensively in several textbooks
relative to airplane structures, and, therefore,
will not be covered here (refs. 3-1, 3-15). It is
necessary, however, to base such computations
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on ultimate loads rather than on limit loads, in
order to maintain the required factor of safety.
Continuous spars having three or more supports
should be investigated by means of the three-
moment equation or other methods leading to
equivalent results.

3.1141. Effects of varying axial load and moment
of inertie. The drag-truss bays of a braced wing
usually are shorter than the lift-truss bay, as
indicated 1n figure 3-4. The axial loads in the
spars due to the chord loading, therefore, vary
along the span.  Although the “precise’ equations
fo. a beam-column assume a constant value of
axial load in the beam. it is generally satisfactory
to determine a weighted value of axial load for use
in determining the “precise’” bending moment.
Referring to figure 3-8: ‘

p _PLi~PL=PL
T LA Lt Ly

(3:9)

where P, is the weighted axial load due to chord
loading, and P,, P,, and P; are the spar axial

loads in the drag bavs 1, 2, and 3. The total
axial load in the spar is:
P=P P, (3:10)

where P, is the spar axial-load component from
the lift strut or wire.

Generally, the moment of inertia, 7. also
varies along the span and a weighted value of J
may be determined for use in the ‘‘precise”
equations, as follows:

7 =11L1+12L2+13L3
“ Li4+ L.+ L,

(3:11)

where I, I., and I; are the moments of inertia in
bavs 1, 2, and 3. If the “polar diagram’™ method
is used, the actual variation can be taken into

3.115. Internal and allowable stresses for spars.

3.1150. General. The allowable stresses for spars
may be found in section 2.3. In beams subjected
to combined bending and compression. the margin
of safety computed by a simple comparison of the
internal and allowable stresses may be meaning-
less, particularly when the beam-column is
approaching the ecritical buckling point. True
margins of safety may, therefore, be determined
only by successive approximations. For example,
if a spar 1s rechecked after increasing all external
loads and moments by 10 percent. and still found
satisfactory, the true margin of safety is at least
10 percent.

3.11581. Wood spars. In general, a spar will be
subject to bending, axial (tension or compression),
and shear stresses. The total strese due to hending
and axial load may be computed by the usual
expression:

Me P
S (3:12)
where M includes secondary bending. In com-

puting the sectlon properties of a wood spar, the

following points are worthy of attention. Con-
sider the spar section shown in figure 3-9.

(@) Where the two vertical faces of the spar

are of different depths, the average depth

of the section may be used, as shown by A.

(b) If the webs are plywood, only those plies

parallel to the spar axis and one-quarter

of those plies at 45° may be used in the

computation of A and 7 of the sections.

These are approximate rules to allow for

the difference in modulus of elasticity of

the plywood and the solid wood. If the

plywood webs are neglected entirely, the

computation of the section properties is

simplified and the results are more con-

account. servative.
T 1 F 'J . S
M2 : W-lb,.per in. : l A Ml
! | : i !
(R m— ' -= N )
L ' !
L 5 I5
L ‘ Ly —Ly
Py [ P, Py

Figure 3-8. Distribution of forces on wood spar seclion.
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{c) When investigating a section, such as
A-A in figure 3-9, the full section should
be considered effective only if the glue
area is sufficient to develop the full
strength of the side plates. In general,
the distance a should not be less than 10
times or 15 times the thickness of a side
plate for softwoods and hardwoods,
respectively. The reinforcing blocks
should be beveled, as shown, to prevent
stress concentration which may lead to
consequent failure in the glued joint at
the edge of the reinforcement.

(¢) Filler blocks may likewise be used in
computing the section properties, pro-
vided the length of the blocks and their
glue area to webs and flanges is sufficient
to develop the required bending stresses.

(e) In the detailed investigation of a spar
section, the reduction in strength due to
bolt holes should be considered when
computing the section properties. In
computing the area, moment of inertia,
etc., of wood spars pierced by bolts, the
diameter of the bolt hole should be as-
sumed greater than the actual diameter
by the amount specified by the procuring
or certificating agency. In computing
the properties of section A-A (fig. 3-9),
it should be assumed that all the bolt
holes pass through the section, because
failure might actually oecur along the
line w—v.

The longitudinal shear stress in the web of a
spar may be obtained from the expression:

_SqQ
fS""W

(3:13)
In the determination of €, for spars with plywood
webs, the recommendations in (8) should be
followed. However, the value of 4" in the expres-
sion should be the total web thickness. For
tapered spars, the shear stress may be reduced to
allow for the effects of taper in accordance with
section 3.1352.

3.116. Special problems in the analysis of two-
spar wings. :

3.1160. Lateral buckling of spars. For con-
ventional two-spar wings, the strength of the
spars against lateral buckling may be determined
by considering the sum of the axial loads in both
spars to be resisted by the spars acting together.
The total allowable column strength of both spars
is the sum of the column strengths of each spar
acting as a column the length of a drag bay.
Fabric wing covering may be assumed to increase
the fixity coefficient to 1.5. When further stif-
fened by plywood or metal leading-edge covering
extending over both surfaces forward of the front
spar, the fixity coefficient may be assumed to
be 3.0.

3.1161. Ribs. Analytical investigation of a rib
generally is not acceptable as proof of the struc-
ture. In some cases, however, a rib mayv be
substantiated by analysis when another rib of
similar design has been analyzed, and subse-
quently strength-tested. In general, it mayv be
desirable to analyze a rib in order to determine
the approximate sizes of the members.

3.1162. Fabric attachment. Although the fabric-
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Figure 3-9. Wood spar section.
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attaching method usually is not stress analvzed,
it is, of course, important that the rib-lacing
strength and spacing be such that the load will be
adequately transmitted to the ribs. The specifica-
tions of the procurement or certificating agency
in regard to lacing-cord strength and spacing
should be followed. Unconventional fabric-at-
tachment methods should be substantiated by
static tests or equivalent means to the satisfaction
of the ageney involved. '

3.12. Two-Srar Prywoop Coverep WinGs.

3.120. Single covering. Two-spar wings covered
with plywood on only one surface (upper or lower)
should be considered as independent spar wings,
in accordance with section 3.11, and the plywood
covering designed to carry the chordwise sheer
loads with the ribs functioning as stiffeners and
load distribution members. © The center of shear
resistance of the plywood covering may be ec-
centric to the applied drag load (fig. 3-15 b).
The resulting torque will then be resisted by a
couple consisting of up-and-down force on the
two spars.

3.121. Box type. Two-spar wings with both

- upper and lower surfaces covered with plywood,

forming a closed box, should be treated as shell
wings in accordance with section 3.13.

3.13. ReiNnrorceEp SHELL WINGS.

3.130. General. The types of wing structure
considered under this heading are those in which
the outside covering or skin, together with any
supporting stiffeners, resists a substantial portion
of the wing torsion and some of the bending.
Various tvpes of shell wings may be classified
according to: the number of vertical shear webs,
or number of ““cells’ into which these webs divide
the wing section; whether the spanwise material
is concentrated mainly at the shear webs or dis-
tributed around the periphery of the section as
longitudinal stiffeners; whether the skin is “thin”
so that it buckles appreciably at ultimate load,
or “thick” so that it does not buckle appreciably.
Trypical shell wing sections are shown in figure 3-10.

In shell wings the distributed airloads normal
to the surface are carried to the ribs by the® skin
and its stiffeners. The ribs maintain the shape
of the section and transmit the airloads from the

“skin to the vertical shear webs or to other portions

of the skin such as the leading edge, which are
capable of carrying vertical shear. Main or
“bulkhesd’ ribs perform similar functions for
concentrated loads, such as those due to nacelle

landing gear, and fuselage reactions. The vertical
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shear from the ribs is carried to the wing reaction
points by the shear webs and portions of the skin.
The shear in these elements creates axial bending
stresses in the beam flange material. When
comparatively stiff spanwise stiffeners are used,
they also act as effective flange material, receiving
their axial loads from the webs through shear in
the skin. The contribution of the skin to the
bending strength of the wing depends on its
degree of buckling and relative modulus of
elasticity.

From this general picture, it is evident that
broad simplifving assumptions are necessary to
make a stress analysis of a shell wing practicable,
and that the computed stresses in the various
elements are likely to be less exact than in the case
of staticially determinate independent spar wings.
In metal shell structures, elements which become
too highly stressed generally yield without diffi-
culty and the load is redistributed to less highly
stressed elements. In wood structures, however,
some types of elements are unable to accommodate
themselves to secondary stresses which would be
of no importance in metal structures, for example,
buckles of sharp curvature relative to the thick-
ness are apt to split plywood. The stress analysis
methods presented in this section should therefore
be considered only as reasonable approximations
until the designer has had experience in applying
a particular method to a particular type of
structure and has correlated the analysis pro-
cedures with the results of static tests.

3.131. Computation of loading curves.

3.1310. Loading axis. In determining the
shear and bending stresses in shell wings, it has
been found convenient to transfer the distributed
air and inertia loads to a suitable spanwise loading
axis by computing net beam, chord, and torque
loadings at points or stations along such axis.
The position of the loading axis may be chosen
arbitrarily if the corresponding moment and torque
components acting at a particular section of the
wing are then properly applied to the various
elements of the section in a manner consistent
with their structural behavior. Since a reinforced
shell wing is usually a complex nonisotropic struc-
ture in which some of the elements resist axial
loads in a particular direction only, the true stress
conditions resulting from the interaction of
elements having various directions at a given sec-
tion are often difficult to analyze. It is therefore
recommended that the loading axie be located
inside the wing, approximately parallel to the
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Figure 3-10. Typical shell wing sections.

principal bending and shear elements. Such a
location should tend to reduce errors in the process
of transferring external loads and torques to the
loading axis and redistributing them to the struc-
tural elements. Section 3.135 shows that the use
of a loading axis in the main shear web is often
convenient for the shear distribution analysis,
without further transfer of loads and torques.

-

If the loading axis is located as suggested, it is
necessary for it to change direction where the
principal structural elements change direction; for
example, where an outer wing panel having di-
hedral or sweepback joins a straight center sectjon.
The loadings due to the air and inertia loads are
computed for each segment of the axis in the usual
manner, but at the point of direction change, the
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total moments and torque from the outboard
segment should be resolved into the proper com-
ponents relative to the inboard segment.

The formulas given in section 3.1311 for com-
puting the running loads and torque at various
stations on the loading axis use airfoil moment
coefficients {or center of pressure locations) based
on sairfoil sections parallel to the airflow. For g
loading axis which is not perpendicular to such
sections, these equations will therefore give small
errors in the bending moment and torque values.
These errors may be neglected unless the angle of
inclination of the.loading axis is large. 7

3.1311. Loading formulas. The net running
load at points along the loading axis and the net
running torsion about these points may be found
from the following equations:

, Lo
Yo=(Cng -+ nse) 2% (3:14)
. c’ ,
Ye=[Coq+ nyee] 144 (3:18)
." 2
mu=[{ O (2~ 0) + Ca,} g et (a— ) 2
(3:16)

where:

yy=running beam load in pounds perinch of span.

Y.=running chord loads in pounds per inch of
span.

m,=running torsion load in inch-pounds per
wnch of span. .
a, j, and x are expressed as fractions of the chord
at the station in question and locate points on
ficure 3—-11 as follows:

a locates the point in the airfoil on which the
moment coefficient, O, is based.

7 locates the resultant wing dead weight at the
station.

‘r is the distance from the leading edge to the
loading axis, at the station.
- g=dynamic pressure for the condition being
mvestigated.

Cx and (4, are the airfoil normal and moment

coefficients at the section in question.

C-=airfoll chord coefficient at each station.
The proper sign should be retained throughout
the computations.

(" =the wing chord, in inches.

e=the average unit weight of the wing, in
pounds per square foot, over the chord at the
station in question. It should be computed or
estimated for each area included between the
wing stations investigated, unless the unit wing
weight is substantially constant, in which case a
constant value may be assumed. By properly
correlating the values of ¢ and 7, the effects of
local weights, such as fuel tanks and nacelles,
can be accounted for directly.

ne=the net limit load factor representing the
inertia effect of the whole airplane acting at the
center of gravity. The inertia Joad always acts
in a direction opposite to the net air load. For
positively accelerated conditions ny will always be
negative, and vice versa. Its value and sign are
obtained in the airplane balancing process.

ns=net limit chord-load factor approximately
representing the inertia effect of the whole airplane
in the chord direction. The value and sign are

c.q &l
c q .(_Lc' A . 2 144
Ma ™ 144 A
ch -c—'—- et
144 e S ¢
e———_ 2 144
¢! inches »—

A1l Vectors Are Shown in Positive Sense

Figure 8-11. Section showing location of load azis.
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Table 3-3. Computation of net loadings (constants)

Stations Along Span

Idstance from root, inches
C1/144 = (chord in inches) /144
X, frection of chord

Y

2, frection of chord {a.c.)

14 ]

4, fraction of clord®
e = unit wing wt., 1ba/sq.ft.»
x5 -0-0

x<) =0~

(gry2
144

0 O 3 o

# Thess values will depend on the amcunt of disposable

load carried in ths wing.

obtained in the airplane balancing . process.
Note that, when Cg 1s negative, n? will be positive.

Positive directions for all quantities are shown
in figure 3-11. The computations required for
this form of analysis can be carried out conveni-
ently through the use of tables similar to tables
3-3 and 3—4.

The values of ¥, ¥., and m, should be plotted
against the span and, in case irregularities are
found, they should be checked before proceeding
with the calculations.

It is sometimes desirable to compute the air-
loadings and inertia loadings separatelv. The
nertia loading, shear, moment and torsion curves
then need be computed for only one condition
(say, n.=1.0), the values for any¥ other condition
being obtained by multiplving by the proper load
factor. The foregoing formulas may be modified
for this purpose by omitting terms containing
ny for the airloading, and omitting terms contain-
ing ¢ for the inertia loading.

3.132. Computation of shear, bending moment and
torsion. The summation of the areas under the
loading curves determined by the method des-
cribed in section 3.131, from the tip to any wing
station will give the values of the total load (shear)
and of the total torque (torsion) acting at the

statlion.

It is advisable to plot curves of the shear and
torsion values against the span to determine if

any irregularities have occurred in the computa-

tions, 1f coneentrated weight and load items were
not accounted for in the loading computations,

they should be taken care of by additional compu-
tations, and their effects shown on the shear and
torsion curves.

The bending moments at any station of the wing
can be found either by computing the moments,
about the station, of the areas under the loading
curves outhoard of the station, taking into consid-
eration moments due to concentrated loads, if
such are present; or by summing up the areas
under the shear curves from the tip to the station.
A convenient tabular method of computing these
values 1s also shown in figure 3-6; and typical
curves are shown in figure 3-7.

The following quantities are now assumed to
have been determined and plotted for any station
on the loading axis:

S»,, the total beam load (shear) through the
loacding axis in pounds.

Sez, the total chord load (shear) through the
loading axis in pounds.

Mz, the torsion about the loading axis in inch-
pounds.

Moy, the beam moment in inch-pounds.

M.y, the chord moment in inch-pounds.

Formulas of section 3.1311 give moments and
torques whose magnitudes and directions are not
necessarily consistent with the direction of the
loading axis, but the errors may usually be
neglected (sec. 3.1310).

3.133. Computation of bending stresses. The
methods outlined herein are based on the appli-
cation of the conventional bending theory to the
wing section as a whole, rather than to individual
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Table 8—4. Compuiation of nel loadings (variables)

CONDITION

c ct
a4 | Priete) c

cl

¥

Distenice b from root

(Refer sleo to Ta¥le 3-2)

E 10 | ¢y (variation with span)

E njcg - @xq

E|2 |ne «(@xn |
13 @ + @ .
1 |y = @) e/

15 | Cp (variation with span)

:g 6 {Cq = @x g
a7 e = @X

T " e

.é 18 @ + @
15 |y, = @x2) 1vs./1n.
20 , (variation with span
21 x @

2| 22 + @

g 23 @ x q

g 24 @ x
s 1@ - @

2 |m = € x(®

spars deflecting independently. It is assumed
that the axial deformation due to bending, for
any element of the wing section, is proportional
to the distance of the element from the neutral
axis of the section. This means that in multispar
shell wings the defiection of all spars is assumed
to be substantially the same. These assumptions
are valid only where the wing contains relatively
rigid torsion cells so that wing twist is resisted by
shear in the walls of these cells rather than differ-
ential bending of the beams. Experienceindicates
that this simple bending theory is satisfactory for
the practical design of shell wings if allowances or
corrections are made for the following conditions:
(1) Excessive shear lag, or shear deflection,

in the shell between wvarious bending
elements. Such deflections cause the

actual stresses in elements remote from

the vertical shear webs to be less than,

and the stresses in elements adjacent to

the shear webs greater than, the values
indicated by the simple bending theory.

In some types of structures as described
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in section 3.1330 (5), these deflections
may be considered negligible in the
design of the wing as a whole. Since
the bending elements receive and give
up their axial loads through shear in the
webs or skin to which they are attached,
local shear stresses and deflections will
be intensified in the region of discon-
tinuities in the bending or shear elements.
Shear lag is therefore likely to be appreci-
“able in such regions. A convenient
method of allowing for shear lag is to
assume a reduced effective area for the
bending elements affected, in computing
the section properties as described in
section 3.1330. The stresses computed
for such elements by the bending theory
will then be too high, and, to be con-
sistent, should be reduced in the same
ratio as the areas used in the section
properties.
(2) The effects of torsion on the bending
stresses at the corners of a box beam.
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This condition is usually dealt with after
the bending stresses and shear distribu-
tion have been determined on the basis
of the simple theory. See section 3.1370
for discussion.

3.1330. Section properties. A sufficient number
of stations along the wing should be investigated
to determine the minimum margins of safety.
The information necessary to compute the section
properties at each station selected for investigation
may be conveniently obtained from a scale
diagram of the wing section. Such a diagram
(fig. 3-12) and accompanying data should show
the following: . .

(1) All material assumed acting in shear or
bending (sec. 3.138) divided into suitable
elementary strips and areas, with each
such element designated by a suitable
item number for use in tabular compu-
tations.

(2) Thicknesses of skin and web elements,
area and center of gravity of stiffeners
and flanges, and the relative moduli of
elasticity of all elements, normal to the
section {secs. 2.1210, 2.52, and 3.138, or
table 2-13). For example, the modulus
of the beam flanges might be taken asa
basic in tension and the moduli of other
elements expressed as ratios thereto.

(3) Reference axes from which the various
elements are located. The amount of
calculation will generally be less if the
reference axes are made parallel to the
beam and chord directions used in the
loading curve determinations.

(4) Effective widths of skin assumed acting
in compression in conjunction with
stiffeners or flanges. These should be
consistent with the methods used In
determining allowable stresses, in accord-
ance with section 3.138.

(5) Effectiveness factors for bending ele-
ments which have elastic modulus differ-
ent from the basic value selected for the
wing, or which are effected by shear lag.
The final factor, e, includes both effects,
and may be expressed as: e=e¢; X e,

element

where ¢ is equal to o and e, is the
basie

shear lag factor.

A value of ea=1.0 indicates that the effective-
pess of an element is not considered re-
duced by shear lag, while ¢,=0 indicates
that it is completely ineffective. Shear
lag may be general or local or a com-
bination of both. General shear lag is
greatest in a shell wing which has a major
portion of the bending elements remote
from the shear webs, relatively thin skin,
and little or no taper in plan and front
views. The general shear-lag effective-
ness factors for such wings should be
based on rational analvsis or test data
for similar wings, unless the spar web
flanges can withstand stresses consider-
ably higher than those computed by the
simple bending theory (refs. 3—4, 3-9, and
3-13). In a wing having characteristics
opposite to those described, general shear

Yl

B *1 > Centroid of element
= ' Y of area, a

| x —
‘z‘ - : Principal Axes
e L] Y {When required)
E 2 s
& y r—
-] =
r X,
3 "
5 [ ] jun i -
B _ .
' : i
G .Horizoltal Reference Axis r X,

Figure 3-12. Liugram for computation of section properiies.
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¢=1.0 or

normal ralue
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Investigated L
’ Effactiveness of
! Stiffensr No. 2.
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: !
l
!
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Qutboard !
l
l— H
L
T
'-q—— ] —

Figure 3-18. Effectiveness of discontinuous stiffener.

lag may be neglected if the spar flanges
can withstand stresses slightly larger than
‘those computed by the snnple bending
theory. Local shear lag due to dlscontl-
nuities and cutouts may be estimated by
determining ¢, from ﬁoures 3-13 and 3-
14, or computed by methods of reference
3—13.

In using figure 3-14, may be taken as 2,511
for conventional econstructions emploving  stiff
45° plywood skin. A more rational value for L,
applicable to all grain directions, ma v be computed
from the followmcr formula which takes into ac-
count the shear rlcrldiby of the skin in relation to
the axial load;

l\'J
o
-—

p=1:231
f

'\/ E'A

(3:17)

‘i}

where
W=width of cutout or free end.
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G=effective shear modulus of skin.
t=thickness of skin.

E’=effective modulus of elastieity of COmMPOos-
ite section in tension or compression.
A=total effective area of skin and stiffeners

In tension or compression.

With the foregoing information available, the
wing-scction properties mayv be computed in a
tabular form, such as shown on table 3-3, the
column headings meaning:

(1) Effectiveness *"actor for item, e.
(2} (a} Geometrical area of item, (A4).
(b) Effective area of item, (a),=rA.
(3) Beam distance of item from reference
axis ().
(5) Beam moment of area about the refer-
ence axis, (ay,).

The location of the .\ axis, passing through the
center of o-xawty and pamllel to the horizontal
reference axis, should next be determined by

dividing 37 col. {5) by =2 eol. (2b).



r— 1

.

- r—-r-rr-r.r-

r - r-

\
\
\
\
\
=
&
Cut~Out %
or =
Wing Tip
-t W T-
=]
v
/‘\ \"‘-b / A
N /
[Sal g r/
=] g N i
= - /
3
) % b4 \ /
Y w = \ . r;\
= = \ / Line of Hdorusl
% o } Effectiveness
B L
.Q:D © [} o L—
= A ~ . /
.’,: g \ i
S o \ ,r/
k- 8 \ ;
: i \
. \ 4
- ‘5 \ !1
@ N v
.lw V
L,;y— ‘
!_ 1 ! 2 4 4i

t—

Figure 8-14. Effectiveness of stringers af cutout,

(7) Beam distance of item from the X axis
passing through the center of gravity ().

(9) Beam moment of the area about the X
axis, (ay). '

(11) Second beam moment of area about the
Xoaxis, (ay®).

(13) Individual moments of inertia of items
which are of sufficlent magnitude to
be included.

The sum of the items in column 9 for all of the
wing elements above or all of the wing elements
below the X axis is equal to the static moment of
the section ;. The sum of items in columns 11
and 13 1s equal to the moment of inertia of the
wing section about the X axis. By a similar
process, the wing-section properties about the ¥
axis can be determined by filling out the remaining
columns in table 35 pertaining to chord distances

and moments. The X and Y axis are not neces-
sarily the principal axes.

The sum of all of the items in column 15 is
equal to the product of inertia of the section
about the center of gravity axes. Careful atten-
tion should be paid to the use of the proper sigus in
computing the products of inertia and in the
subsequent stress calculations. i

When effective widths are used for skin in
compression, it is evident that the section proper-
ties may change for inverted loads, and in such
cases the mnecessary computations should be
repeated accordingly.

3.1331. Bending stress formulas. The following
formulas may be used for the computation of the
bending stresses at any point on the wing section.
These formulas are similar to those described in
section 6:8 of reference 3-15, and permit the
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