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SUMMARY

This report gives a simple method of estimating the
torsional stiffnese of thin shells, such as- box beams or
stressed-skin wings under large torque loads. A general
efficiency chart for shells in torsion i1s established,
based on the assumption that the efficlency of the web
sheet in resisting deformatlion decreases linearly with
the average stress. The chart 1s used to calculate the
torsional deflections of eight box beams, a test wing pan-
8l, and a complete wing; the results of the calculations
are shown in comparison with the test results, The agree-
nent is probadbly as good as might be expected conaf&bring
the empirical nature of the method and the well-known dis-
persion between results of teste on thin sheet-metal
structures,

INTRODUCTION

A knowledgo of tho torslonal stiffness of box beams
and stressed-skin wings under large torsional moments is
necessary for calculating the interaction between sgpars
(referonce 1). Thin sholls of this nature bducklo under
small loads and the cover plates work no longer 1n shear,
but in diagonal tension, This transition decreases the
torsional stiffness conslideradly, dut 1t 1is not sufficient
to explain the large deformations that tests show, partic-
wlarly under large loads., The exXpsrimental load-deforma-
tion diagrams are etves rather then straight 1ines, 4indi-
cating that the torsional stiffness decreases continuous-
ly as the load increases. A nethod of correcting fthe
theoretlcal~stiffness constants was therefore developed
based on the assumption that the efficiency of the sheet
metel in resisting deformation decresases linearly with
the averege stress lan the sheet, the rate of decrease de-

pending on the aspect ratio of the individual sheets.
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CALCULATION OF THE TORSIONAL STIFFNESS OF SHBLLS

When concentrated torques T act on the ends of a
tube (fig. 1) of length I the resulting angle of twist
is

e=-5} (1)

where G is the modulus of shear and
J is the toreion constant of the section.

For a thin-walled tube the torsion constant is

a3
7= .‘.‘i_.; S 42)
f't

where A is tho ares bounded by the median line of the
crose section, ds 1ls a differentlial element of the per-
imeter and ©t 318 the thickness of this element. The
ghearing stress at any point 1is

£q = 5%; .(3)

Formulas (2) and '(3) are derived under the assump~
tions that the wall thicknesses are small and that the
cross sections do not change their shape. Both formulas
have been verified experimentally by various investigators
and have been found to check the sxperimental values
within very close limits for round, rectangular, and
streamline tubing of the thickness-dlameter ratios usual
1n aireraft construction.

Box spars and strossed-skin wings are also thin-
walled tubes, but the wall thlicknesseos are vory much
smaller in relation to tho dimoensions of the cross soction
then in tho case of tubing. Whon such a thin shell 1s
subjected to torsion, the sides wlll buckle at a very
small load and will be transformed into diagonal—tension
field Dbeans.,
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For the presont purpose it is convenlent to calculate
"the deflections occurring after the diagonal-tension field
has formed by using the formulas for shear deflection,
Consider a square sheet with a slde length of unity and a
thickness %, subjected to a shearing force: S. "If the

- 8heet d1d not buckle, the shear dofloction would be

y = T

where ¢ 1s the modulus of shear, If the same sheef were
a panel of a Wagner beam, 1.e., If it d4id buckle, fthe de-
flection would be

- 48 '
E “being the modulus of elasticity. When (4) and (5) are
- compared 1t will be seen that (4) can be used to calculate
the deflectlion of a Wagner beam panel provided that the
actual thicknese t 18 replaced by an effective thickness

or, for duralumin tg¢ = 5/8 t.

- Pormula (5) is based on the elementary theory of the
wagner beam presuming riglid flanges. In the particular
type of structures under consideration, however, the
flanges of the beams are very flexiblie. In some cases the
flanges conslist of angles of & lesser thickness than the
web 1tself. ¥or beams with such flexible flanges, the ap-
Plicability of the theory is vory doudtful, It is only
known that the atress distribution in the web loses uni-
formity more and more while the load incregses, the stress
concentrating along the folds as indicated in figure 2.
The effect of thie change in stress distribution on the
shear deflectlion can be indicated by writing

s.' ' oo T . ) .
Y = Gton , _('77

where N 1is an efficiency factor depending on the average
stress and on the flexlbility of the flanges. Since mM
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. decreages with increasing stress, the torsional stiffness
of a8 shell is nat &, opnstant but. decreases with increas-
'1ng torque. resulting in a curved, load-deformation dlagram,

A convenient means of establlishling empirical rela~
tions for n was afforded by the test resulits glven in
reference 3, which describes aseries of tests on box bsams
of similar construction. The beams consisted of smooth
speata. 0,010 to 0,041 inech thick, riveted t0o 4-inch chanw
nels, 0,015 to 0.049 inch thick, (See figs. 6 to 12,)

The bulkheads were made of sheet 0,037 to 0.049 inch thick.

- It was.found that M vould be assumed to decrease
“1inearly with tncrease of stress from unlty at zero stresns
(fig. 3)., The average shearing stress fs calculated by
formula (3) was used as an index for convenience, although

thie stress does not actually exist as a shearing stress
after the dlagonal-tension field has formed, The rate of
¢hange of efficiency with stress was found to be only a
function of the spacing of the uprights supporting the
flanges of the Wagner bsams or, -in other words, of the as-
pect ratio 4&/h' of the component plates (fig. 2). This
fact was somewhat surprising, because one would naturally
expect the cross sectlon of the flanges to have some ln~
fluence., TFor the very flexldle flanges, however, which
are & characteristioc of the beams investigated, the evi~
denco appears to indicate that this influence is of a mi-
nor nature., Undoubtedly, flanges consisting of heavy an-
2les, would have some such influence, The beam of figure
12 has corner reinforcements, but as the test was not car-
ried tp feilure, no concluslons could be based on it,

y The procedure of calculating the torsional stiffness
for & glven beam or shell under any given torque will
therefore be as follows:

(1)  Calculate the critical buckling stresses in
shear for the component sheets., The edges of the sheets
should be assumed to be simply supported, becawse the
beneficial effect of the existing celastic restraint 1is
probably moro than canceled by tho dotrimontal effoct of
initianl buckles. Tho critical stross calculated is prod-
ably not conservative dut is, in general, sufficliently
accurate for the present purpose, ZFigure 4 gives a graph
for calculating the buckling etresses of Quralumln sheets
based on values given in reference 3.
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(2) OCalculate f, for each sheet by formula (3).
If this stress is higher than the critical buckling stress
found in step (1), use the efficlency chart (fig. 3) to

(3) Oalculate the torsion constant & by formula
(2), substituting for the thickness the actual vealue
1f the sheet has not buckled, or the value tg X M = 5/8 tm
i1f the sheet has buckled.

In structurally complex shells, o.g., wWings with
gseveral spare and longitudinal stringers, 1t may be dif-
ficult to declde the proper value of h to use. If longi-
tudinal seams exlst between spars in the skin, as on the
panel shown in figure 13, the distance between seams should
be used, In any complex, built-up shell, values of d/h
less than 0.8 should bPe used with cauntion and Bubstantiated
by’ tests if necossary. - -

If 1t 18 desired to construct a load-deformation dis-
gram, the load 1a divided into a number of convenient 1in-
tervals, ssy 2,000 in.~1b, The stiffness 18 then calcu-
lated for the middle of each intervael (1,000 in.-1b,.,
3,000 in,-1b., etc.) end the increment in angle of twist
due to-each increment of torque is calculated, %The incre-
ments of twist are plottod against btorque; the resultant
broken line givee e serlies of tangents to the desired
CUrve.

COMPARISONS BETWHEN CALCULATED AND EXPERIMENTAL
DEFORMATION DIAGRAMS

Figures5 to 12 show the calculated deflection curves
and the experimental voints for the beama of rsference 2.
The construction of &all the beams 18 very similar, The es-
sential dimensions are given on each figure. i .

The beams of figures 5, 6, and 7 are idontical.with
the excoption of bunlkhsad spacing. The becam of figure 9
is the only one of the serles ‘thet shows conslderably more
deflection than predicted. No explanation could be found
for this behavior. Comparative welght estimates indicate,
howéver, that some Sheets of this beam may have had less
than nominal thickness. It must be remembered that the
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commercial -tolerance for thickness variation is 0.0015B
inch -or 7 percent of the top and bottom cover,

The beam of figure 10 has a cambered top cover. The
buckling stress for this curved sheet was assumed to be
the ‘same as 'if the sheet were part of a cylinder and was

calculated by the method glven in reference 4,

The resulte on the wing panel (fig, 13) were taken
from reference 6., The sheets are supported by ribs and
stringeras so that they are. divided into nearly square
component panels, ‘The effect of the curvature.on the
critical buckling stress was neglected; 1l.e,, it was ag-
eumed that the leading edge buckled at the same. {time as
the £lat part of the covering; so that te = 5/8 t  over
the whole surface. Tals assumption 1a contrary to the
experimental evidence; tests always show that the sharply
curved nose covering does not buckle until large losds
are applied; in fact, buckling of the leading edge 1is
usially the causo of ultimate fallure of thu-wing ehell
in torsion. (See fig. l4.) However, the part .of the
nose that does not buckle is.a small part of the whole
cover., Furthermore, the cover does buckle a short dis-
tance behind the nose, where the curvature is still very
largo; tho bducklos occurring at .this location tend to -
pull tho shoot down to chord linoe subtonding  the actual
curve of the profile, thus reducing the ares included by
the profile forward of the front spar, Thlis reduction
of includoed area reduces the stiffness (formula (2));
therefore the assumption of all the covering buckling
tends to gilve an average. The fact that the actusl stiff-
ness was larger than the calcoculated value is partly due
to the fact that the web of the froat spar was noglectod
in the calculation of the torsional stiffness. Inner
walls, such as this spar, usually contribute leass than &
percent to the torsional stifriness of a shell but in this
case the more exact formula, which includes the effect of
the front spar, gave a torsional stiffness 7 percent high-
er than that calculated .by the simple-formula (2).

Figuroe 14 shows tho calculated and tho- oxporimental
twiet at 6 stations of an all-metal wing (reference 6).
- No data were avallable on the spar system except photo~
g€raphs, which showed & multispar system simllar to the
Junkers type (transposed flanges) with apparently very
light web members., Calculations given In reference 1
show that for 2-spar, etressed-skipy wings the influence
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of the spars on the torsional stiffness i1s negligible:
the .same thing is probably true for this multispar wing.
The value d/h = 1 was used, because it 1s representa- -
t?ve of the major part of the cover.

Fallure occurred between stations 4 -and 5 by buck-
ling and rupture of the leading odge. ‘The result wai
the large deformation recorded at.statlon 5 for the last
two load increments.

Omitting curve 2 of figure 14, because there was
obvlously some disturbance of the apparatus before the
last three readings wore taken, and also curve 5 of tho
same figure because failure gccurred here, the average
ratlo of calculated to observed deflection for the last
points of all test curves gilven 18 0,92. :

CONCLUSION -

The method given for estimating the torsional stiff-
ness of g thin shell under large torques cannot lay claim
to great accuracr. It 48 empirical in nature and based
on not very extensive evidence. Additional experimertal
or theoretlcal ressarch may replace tho stralght 1inos of
the efficlency chart by curves, change the. spacing of the
curves, and introduce the stiffnesses of the flanges and
of the bulkheed as factors. Untlil such additlonal work .
18 done, the chart mey serve as a gulde.

Lengley Memorial Aeronsutical Laborabtory,
National Advisory Committee for Aeronautics,
Langley Fleld, Va., June 11, 19534,
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