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THE STRENGTH OF SHELL AND TUBULAR SPAR WINGS*

By H. Ebner

The following is a survey of the strength problems
arising on shell and tubular spar wings. The treatment of
the shell wing strength is primarily confined to those
questions which concern the shell wing only; those pertain-
ing to both shell wing and shell body together have already
been treated in another report (reference 1, T.M. No. 838).
The discussion of stress condition and compressive strength
of shell wings and tubular spar wings is prefaced by sev-
eral considerations concerning the spar and shell design of
metal wings from the point of view of strength.

I. SPAR AND SHELL DESIGN FOR METAL WINGS

1. Characteristics and Design of Spar and Shell Wings

On the wings and bodies of earlier airplanes, the sup-
port of the skin on the carrying of bending and torsional
loads was, as a rule, wholly disclaimed. Subsequently, the
metal or plywood covering served as shear-resistant bond
for the transverse loads and the twisting moments as well
as to provide the necessary torsional sitffness, while con-
centrated longitudinal flanges or "spars" continued as be-
fore to take up the longitudinal stresses in bending. In
the more modern airplane designs the shear stresses as well
as the longitudinal stresses are taken up wholly or in part
by a strong or sufficiently stiffened skin. In the follow~-
ing, this is considered as being typical of a "shell." 1In
accord with this, a stiffened "shell wing" (fig. 1, right~
hand side) has a large number of circumferentially distrib-
uted longitudinal flanges of approximately equal thickness
supported by suitably close-spaced transverse flanges. The
opposite transvers2 flanges of the upper and lower surfaces
of the wing may be supplemented by webs or members to form
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plate or truss ribs or else to form bending-resistant rings.
Likewise, opposite longitudinal flanges can be joined to
webs or members. A special case of this somewhat general-
ized concept of shell wing is the "pure shell wing,"

which has neither webs nor members (fig. 1, IIa).

In contrast with the "shell wing" (fig. 1, right-hand
side), the spar wing (fig. 1, left-hand side) has only a
few longitudinal flanges forming solid or trussed girders
withwwebsivor (s tirutis . 'Bor ithe Ydi ffusieonof sthe shear
stresses under torsion and in bending under transverse
load in the plane of the wing, the skin of the spar wing
may be utilized ia various ways: On monospar wings (fig.
1, Ib), the ngse itself usually serves for this purpose,
supplemented at times by a central portion of the skin up
to an auxiliary web: On two-spar wings (fig. 1, Iec), the
skin between :the ispars: is either utilized alone or in ‘cion-
Junection with the nose covering. Phie same holds for mul=
tispar wings (fig. 1, Id, Ie)., The portions of the skin
indicated by broken lines in figure 1 are usually not con=-
sidered for the transmission of shear, those traced in
thin outline are occasionally. A "pure spar wing" (fig.
1, Ia) is a wing whose spar, being of tubular design, is
itself able to sustain the whole flexural and twisting
stress of the wing and is stiff in twisting without par-
ticipation of the skin. The different spar wings and the
corresponding shell wings with and without webs are shown
side by side in figure 1. The longitudinal stiffening of
shell wings can be achieved by individual stiffener sec-
thlomis o0 ic onrugateds shieetyy: ortby flanging the websiior ithe
skin. Joining the longitudinal stiffeners to the webs
changes a shell wing to a spar wing, while the elimination
of webs transforms a multispar wing into a shell wing.

While the shell-design method has found widespread
use on bodies of modern metal airplane, the number of shell
wings, particularly in Germany, is not very large. And
this seems so much more surprising since the first metal
wing ever built was a2 shell wing (fig. 2). This is the
steel wing of the Junkers all-metal airplane bullt at the
beginning of the World War. The longitudinal stiffness of
the wing consists of corrugated sheet joined to the smooth
skin; contrary to later Junkers practice, the corrugations
run lengthwise with the wing. The sulitability jof this des=
sign was thus recognized by Junkers more than 20 years ago,
The sketches in figure 1 represent shell wing types of
leading airplane firms in .the United States,: where this de-
sign has found considerable favor. A particularly inter-
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esting version is that of the three-web shell wing of the
Douglas DC-2 (fig. 3). The continuous stiffeners form
Z-sections on the upper surface and bulb angle sections on
the lower. The ribs are solid walls with lightening holes
and reach only to the inside edge of the stiffener sectlons
to which they are attached by small angles. The lower part
of figure 3 shows the riveted angle fitting of the outer
panel bolted on the bottom side to the center section. Very
few bolts are provided on the upper side; the compressive
loads are transmitted through contact of the Z-sections
widened out by corrugated straps and the circumferential
angle. . A recently designed single-web shell wing of the
Henschel Company is shown in figure 4. The closely spaced
longitudinal stiffeners of this wing consist of high hat
sections with corrugated web. The solid ribs with flanged
lightening holes extend as far as the skin and are perfor-
ated to pass the continuous longitudinal stiffeners, The
outer wing panel is attached to the center section by a
heavy extruded section, which transmits the compression
through contact and the tension through bolts. We shall
pass over the well-known German spar wings (fig. 1), but
point to a new departure in spar design developed by the
Hamburg Airplane Company. The wing has a tubular spar,
which ‘takes up all stresses and around which the other parts
have been built. Figure 5 shows the Jjunction point of the
outer wing panel of a small airplane. The tubular spar of
duralumin consists of two half shells riveted together top
and bottom by one strap each. The outer spar fastens to
the inner spar by means of the flange wvisible in figure 55
which in turn bolts onto the corresponding flange of the
inner spar. Figure 6 shows the center section of a large
airplane whose tubular spar of steel serves at the same
time as fuel tank. The two halves of the steel spar are
welded together. The light truss ribs to which the tkin
skin is riveted run with their flanges beyond the tubular
spar to which they are attached by angle fa ttingsi

2. Advantages and Disadvantages of
Spar-and-Shell-Type Wings

The real reason the shell wing has not found as much
favor as the shell body is probably cHiefly due “to ids
constructicnal difficulties and higher cost of manufacture.
If the airplane is large, the shell wing must be made in
several parts,which lvpllpq strong and close-fitting Jjoints.
To avoid such a joint on the fuselage, the shell wing may
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be made to pass through the fuselage if of the low-wing
type. But then part of the otherwise available useful
space is lost. On the spar wing, on the other hand, the
design of the attachment fittings is substantially easier
and, under otherwise identical conditions, obtainable with
less weight than on the shell wing. Recesses for retract-
able landing gear, fuel tank, engine mount, and inspection
panels on shell wings must be carefully faired in or cov-
ered in order to assure unobjectionable transmission of
forces. The extensive division of the cross section makes
a greater amount of supporting rivets necessary and renders
the wing assembly difficult. These difficulties are less
in the design and assembly of spar wings, especially with
a tubular spar carrying all stresses, which also affords
beititer faecilities for servicing: and pepairi

From the point of view of strength, on the other hand,
the advantages are more on the side of the shell wing. For
bending stresses particularly the participation of the en-
tlre section lying in the olbside region: is propitiouss
Admittedly, it is to be observed that as a result of the
extensive division of the supporting cross section of the
shell wing, the crinkling and crippling strength in the
compression zone is lower than on the spar wing where the
concentrated compression flanges can frequently be utilized
up to.close to their material strength. But the thus ob-
tained weight saving is generally less than the weight in-
crease through the supplementary structural parts of the
spar wing, that is, particularly through the skin, which in
bending is not utilized to take up loads, but which for
other reasons, such as good workmanship, strength in hand-
ling, or avoidance of severe wrinkling,. for example, must
be designed with a certain minimum weight.

The question of whether the skin.is to be of the neces-
sary minimum thickness or heavier, plays an important part
on the shell wing. Under a uniform compression stress, the
greatest load capacity is attained when the skin is as thin
as possible and all other weight is carried in the stif-
feners (reference 1). The latter, to insure high crink-
ling or crippling strength, are then spaced as far apart
as consistent with the condition of no premature crinkling
ottt hel skinitunder service condit ions. Then, however, the
effect of cross-section distribution on the carrying
capacity drops for heavier panels stressed under compres-
sion as represented by higher loaded shell wings. Besides,
the transverse load on the shell wing.carries, in contrast
to the shell body, a substantial shear stress in the zone
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of the high compressive stress, Then, if the skin is thin,
it results in tension fields and consequently in additional
compressive stresses which may neutralize the advantage of
the higher buckling strength of the stiffeners (reference
2). Lastly, it should be remembered that with a thin skin,
especlally after the formation of tension fields, the shear
stiffness of the panels also drops considerably and so
causes, near cut-away sections, load application points, and
Junctions a more non-uniform distribution of the longitudi-
nal stresses than with a thicker skin. For that reason,
the shell wing with thin skin and heavy stiffener sections
may, in contrast with the shell body, particularly with
stronger cross section and greater transverse load, fre-
quently afford no gain in carrying capacity. In such
cases, it ls then necessary to use a thicker skin and
lighter stiffeners in order to utilize the advantages of
the thicker skin with a view to better workmanship and
smoother surface.  Added to that, it affords, incideantal-
ly, greater stiffness and strength in torsion than for the

-shell wing with thin skin, since the sections of dindividu-

al stiffeners by unrestrained warping contribute neither

to the support of the twisting stress nor to the increase
in twisting stiffoness. The advantage of greater compres=
sive strength with thin skin and heavier stringers without
substantial decrease of strength and stiffness in shear is
obtainable by stiffening the shell wing longitudinally
with corrugated sheet. The suitability of corrugated sheet
for shell-wing stiffening is discussed later on.

As regards strength and stiffness in torsion, the
spar wing does not compare as unfavorably with the shell
wing as for bending strength and bending stiffness. As
extreme cases, we shall compare the tubular spar wing and
the shell wing with optimum torsional stiffness. The lat-
ter is obtained with a conventional airfoil section by dis-
tributing the given weight over a shell which follows the
wing contour up to two-thirds of the chord and terminates
at a web separating the rear end of the wing (reference 3).
If the weight of the tubular spar is placed around the
shell as skin with uniform thickness, the torsional stiff-
nesses (GJT)S of the shell and (GJT)R of the tubular

spar are in the ratio of

(¢ Jp)g FS/?R\.

(¢ Ip)g US/UR/

where F is the enclosed arca and U the respective per-
imeter of the shell and the tubular spar.
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The evaluation for a conventional ‘airfoil section and
a tubular-spar diameter of about ‘15 percent of the chord
accordingly gives for thée shell wing a torsional stiffmness
twice or three times as high as for the tubular-spar wing
of identical weight, depending upon whether the torsional
stiffness of the skin tube necessary on the tubular-spar
wing is considered effective or not. (In the weight of the
tubular-spar wing, this skin tube was figured as being about
one-tenth of the wall thickness of the tubular spar.) :

Now, however, in order to insure a compression-resist-
ant cross -section, part of the embracing tubular-spar .
weight must prowide for the longitudinal stiffeners in the
shell wing, which do not contribute to the torsiondl stiff-
ness. It is only when the weight remaining for the skin
amounts to more than one-third to one-half of the total
weight, i.e., a fairly thick-walled shell wing, that the
torsional stiffness of the shell wing is.greater than that
of" the tuibular spar btype.  0n the shell wing stiffened iwith
corrugated shee*, ever. a minor weight portion of the smooth
sheet causes the torsional stiffness of the tubular-spar
wing ta be -exceeded. These statements are valid to the ex-
tent that the torsional. . stiffness of the tubular spar wing
or the shell wing does not decrease under increasing load
(through exceceding the proportional limit or the buckling
limit of the skin,for example). The above comparison re-—
fers, moreover, only to the torsional stiffness of the ac-
tual tubular spar and does not allow for the fact that on
the tubular spar wing a rotation of the skin tube joined
elastically by the ribs around the tubular spar itself may
oceux.

The ratio between the shear stress of the shell wing
under torsion before buckling and the tubular spar wing of
identical weight under elastic stress and the same assump-
tilonsiias beif oriel. i1 s

Fr U
for.. o 2 5 _ approximately
TS TR FS UR app me e

[V

if the total tubular-spar section is placed around the shell
skin. Accordingly, the torsional stiffness of a shell wing
stiffened by individual sections and of the tubular-spar
wing is the same if two-thirds of the total section is in
the skin.
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The statements regarding the advantages and disad-
vantages of spar-and-shell design of metal wings may be
summed up as follows: A shell wing of equal flexural
stiffness and not interrupted by cut-away sections and
joints can,as a rule, be built lighter than a correspond-
ing spar wing. With not too thin a skin or with corru-
gated sheet stiffening, such a shell wing then will have
a torsional stiffness not inferior to that of a spar wing.
However, the construector must bear in mind that the design
of joints and the deflection of the loads at cut-aways
in a shell wing involve greater weight than on the sper
wing, and that this weight increase may, under certain
circumstances, balance the weight gain in the undisturbed
zone of the shell wing,

II. STRESS CONDITION IN SHELL WINGS

1. Elementary Stress Condition under Bending and Torsion

The stresses in thin-walled, unstiffened or stiffened
cylinders without intermediate longitudinal walls, as rep-
resented by shell bodies, has been treated in an earlier
report {(reference 1).

As concerns shell wings, the investigations need to
be supplemented, since they are usually designed with in-
termediate longitudinal webs. If the shell section has
several webs (fig. 7), the flexural stresses tcan be com-
puted at once with the elementary flexure theory. Hereby,
it is.not necessary to refer the calculation to the prin-
cipal axes of inertia. This means a simplified calcula-
tion of the shell wing, where, as a rule, no axes of sym-
metry exist.

Given the surface moments

m [~
2
Jo = /ﬂ vy s du, Jy = / z%s du, Iy g =u/ yzs du
JF JF 7
as well as the respective bending moments B, and By and
the transverse loads Qy and Q for any system of axes

through the center of gravity S, the bending stresses are:

3 By
Oy =~ ¥ + zZ
X
& Iy
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J J
yz Yoz
5 $0.993F B & Paet Ty Pz
By ® y'e and By =
: J, J
s JJE -
- | Iy

The calculation of shear flow from the formula wvalid
for any system of axes.through the center of gravity

Qs Qg
G SR S e Je‘ Pz + — Sv
) . i
with
J J
vz yz
Q,y - Q, 7 Q,z £ Ry Q:y
e Ty _ i
Qy = = and Qgy = e
L W el
S "

is not at once possible except with an open or symmetrical
closed section without webs or with center web, for which

the zero places of the shear flow on the free sides or in

the intersections of the axes of symmetry, needed for com-
puting the static moments

Sy =/y s du and §y = fz s du

are directly given.

To compute the shear flow for bending under transverse
load in an unsymmetrical closed cross section or in a cross
section divided by intermediate webs into n-part tubes (Fig.%)
a single, or n times statically indeterminate calculation
is necessary.* Cutting the n-part tubes on the circumfer-
ence or on the webs in such a manner that a continuous
shear Flow becomes impossible in any part-tube, the cross
section becomes.an open cross section whose shear flow to,

*See also: Goodey, Shear Stresses in Hollow Sections, Air-

eraft Hngg., wol. 8, 19364 pp. B3 to 85 eand 102, wheyeritiis

calculation is made in a more roundabout way on the princi-
ple of minimum strain energy.
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because of the then Just sufficient zerorplaces,; can be
determined from the above formula.

For the determination of the additive constant shear
Plowe 4 Hayy B tg..0 A B4 .. 4 By DpoRsible on closed! parts
tubes, there are available the elasticity conditions that
the torsion angles @;, Ppeee Pj oo Oy of the n part-tubes
referred to unit length shall, under torsion-free bending
and by preservation of the cross-sectional form, become
individually zero. For the 3 o0 part—-tube with the inclosed

area Fj, we then obtain for a fictitious torque Ei = 2 Fi,
which produces in the part-tube the shear flow |%t;] = 1:
— P - du
Ti ‘)i = 2 £y Ol = pi tlti SG_ 0
th

Phe« final shear flow - t3 - in the & part-tube is com-
posed of the shear flow t, of the opened section ("stat-
ically determinate principal system") and the statically
indeterminate constant shear flows A ti, A ti-l and A tji42
in the part-tube (i) and in the adjacent part-tubes (i - 1)
(i + 1)w . With, the prefixes of figure 7, 1t is in the outer
wall

ti,i = tO AL
and in the left and right inside web
f1,1=2 = to # & €1 & 4 Pz

and ti,i+1 = to - A ti + A ti+l

So, when observing that the fictitious shear flow in
the outside wall (i,i) and in the left inside webd is
(i, 1 = l):ti=-+l, bug (i, # + 1) 33 = =1 @8 the Fight
inside web, we have

et du du ¢ du
$,bits — =$; b, — + 8 b3 £ —
sG sG sG
N du iy du
3 e e T At / bl — 0]
- tl"l SG’ i+3 / SG‘
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With the abbreviations,

o5y EApE e ah¥ Lb o " f dn
Qi, Y 86’ iy M 2% / el Pi,i+1 = ; sG
g R 2 i, ida
du /‘ du f‘ du _ : du
oR = t, — = to — # / by t
Ti,0 f ¢ S / O e V/ sG \/f °%se
oo Haira o | 14

it gives for the unknown shear flow At a system of three-
term equations:

Jl,lAtl—CPl’zAte —-Cf)lo
= Py,8/8 by ¥ Pos b tg = Py, 5 8 by == Caog

-— - -— - - - - - - - e - — - = em cem Gy e em s ewm e em  em  we = e= e

_‘mn-l»n Aty g+ Py pn 8ty = Pn,o
The solutions may be written in the form:
n
L oi,r Pr,o s 0 S , . o
r=1 3 ’ . T 1,0 Ay T i T

Aty = = = -
) N

where o3 y and N denote functions of the values ®@; x.

To illustrate: for n = 1 (no intermediate web)
and n = 2 (one intermediate web)*
= : = O
%y, = 1 N=9,,,
and
Bayy = Pp,a9 a2 @1 = Prggs Sp,.8 P11
5] v Ci 2
N = Py P m® Vi a2
*The value oo and N for other cases may be found in the

work sbbets of the DVL stress specifications, which also con-
tain the determination of the shear center of thin-walled
sections.
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To insure torsion-free bending, the transverse loads
Q and Q, must be applied at the shear center M (fig.
7¥. If ty denotes the shear flow due to Qy = 1 and
t, due to Q, = 1, the location of the shear center with
respect to any axial system y, z parallel to axes system
vy z through the center of gravity S follows from the
condition that the torque of the transverse force is equal
to the torque of the total shear flow acting in the material
-section TF. (Torque, positive clockwise, transverse load,
positive in negative y-z direction, {fig. ¥z

Q,yx—'_z_M = Qy_[; tyXZdi
sz’iM = wQut tukSd P
From the previous derivatives then follow
n
Zy = +2 F{rtydg = +2_;1f bty o8FE + = 2 F; Aty 3 =z 0+ A zy
T=a
. n
Yy = -ZthzdF = -23[ tg,o 2= I 2 %1 At,q =Tyt s Ty
=
with
Iy Sg JYZ §Y e &y = Iyz &g
ty,o — . - tZ,O = -
Jy Jg - Jyz Jy Jg = Iyz
Bov B30 du 3 oajy,r du
At == 5 — § & b o T Doy o 7Y, -~
yid ThO 5 Z Ziga O ue (1
y =1 N T -G' r=1 :N T bC
u u
§y = /ﬂ zs du, §z = ¥s du
" 0

Herein ;M,O’ yM,O denote the distances of the shear

center for the opened-up section in the ¥ and 7z systenm
of axes and A EM, A yys» the distances of the shear center

of the opened-up and closed section from one another.

If the external forces in the cross-sectional plane
are applied outside the shear center, their effect may be
replaced by transverse loads Qy, Qz in the shear center
and a pure twisting moment T about the longitudinal axis.
Then the shear flow due to T can be obtained in the same
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manner as the shear flow due to transverse load. In this
case, the condition is that all part-tubes must twist
through the same angle ¢ (reference 4):

P, = Ppe-0 =@

Then the energy equation gives for the jth part-tube with
the enclosed section Fj:

S b |
Pypg = 2 Fypy = F t383 = =280
i sG
Since tg = 0, .hence ti = A t3 under pure twist,

it again affords a system of three~term equations for the
unknown shear flows t; in the part-tubes where the left-
hand side agrees with the equations for transverse load,
whose load terms in the present case are:

b %0 Tg P
The solutions then assume the form:

: ®
oi,r Zr § w i

- . n

3 {

= 2 Ay wikbly . sAl = a8y wle . T
i 1 =

(s i

(]

[AV)
o B

r

The still unknown angle of twist © follows from the
condition that the sum of all partial moments T3 mnust
give the total twisting moment T:

n n @ B
3 A, - = b 2 e =
.z Ty = 'z 2 Fy xty = 4 N .3 Ay ¥4 P
ezl = il =
whence
) i

N -
4 7 Ay Fy

and- the shear flows in the part-tubes are:
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which gives, on the circunference: t; 3 = %3 and on the
’

right-and left-hand intermediate web:
Phidea:T M- Yes BRGL Bgosean® 11T Ba

The torsional stiffness of a multiweb shell section is giv-
en withs

5 4 B
GJT=—=—ZAi£i
® N 4o
The values TR for conputing Ai and N are again
 ;
the same functions of the values Pi o as under transverse
3

load and may be obtained for other numbers of intermediate
webs from the cited work sheets. For the simplest case
n =1 (no intermediate webd) equation

d
Dy g 6 0 A, =F, and N = Cpl’lzﬁs—z:

gives the known Bredt formulas:

T 4B’

t, = , G Jp = —=
¢ L §4u

sG

The -determination of the shear flow in nultiweb stif-
fened sections must be effected with a different effective
shear stiffness of the shell surface depending upon the
type of stiffener and condition of the skin. In the case
of individual stiffeners and buckling-resistant skin, we
mnust count with the shear stiffness s G (s = skin thick~-
ness, G = shear modulus) as on the unstiffened shell;
for corrugated sheet stiffeners of wall thickness sy,
spacing b and arc length by the effective shear stiff-
ness is (s + sy b/by)G.

On stiffened shells with skin panels buckled under
shear, the shear stiffness drops as the excess of critical
shear stress T, 1increases. Then a reduced shear modulus

E

depending on the load replaces G = —— .
2(1 + v)

According to experiments by Lahde and Wagner (reference
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5), the drop for flat sheet panels is approximately linear

with Jr}k T 'from value G of the shear-resistant panel to

the value G! of the uniaxial tension field. The reduced
shear modulus. follows according to the tension-field theory
(reference 6) from the displacement of the homogeneous

strain field and amounts, ol the uniaxial tension field, to

E
2(2 - 0x/0 - Oy/0)

G’:_I:
Y

Here 0o, Oxs and Oy, respectively, denote the
principal tensile stress and the stress of the side members.

In the specific case of rigid side members (o0x = Oy = 0),
G' = %; under great compressive stress compared to shear

1
stress (oxg/T or oy/T —> - i gradually goes to zero.

-~

Since, for stiffened shells with buckled sheet panels,
the relevant shear stiffness depends upon the size of the
load, the statically indeterminate calculation is restricted
to a particular loading condition, such as failing load, for
example. The final stress condition resulting from this
load must be estimated for the calculation; if the estimate
is off the calculation can be improved progressively. In
the determination of the reduced shear modulus, the usually
unlike stresses in the side members of the tension fields
are expressed by mean values.

On curved buckled sheet panels, the smooth pullipg
of the curved skin and radial resilience of the stiffeners

‘are also of influence on the shear strain (reference e

Additional details on the stress condition of stiffened
shells with buckled flat or curved sheet panels will be
found in the writer's report on the strength of shell
bodies (reference l).

2. Secondary Stress Condition Due to Applied Load
And Restrained Cross-Secticnal Warping
The vaolidity of the investigations so far was based
on the assumptions of elementary beam theory, e.g., for an

applied load conformably to the elementary stress distri-
bution, as well as for bending under transverse load and
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twisting with unrestrained warping. If these assumptions
are.not satisfied, secondary internal stress conditions
occur which superpose themselves on the elementary stress
conditions.

The magnitude of secondary stresses at the point of
load application is defined by the difference of the ini-
tiated stresses from those of the elementary theory; at the
points of restrained warping, it is governed by the differ=-
ence of the unrestrained warping in adjacent sections.
Warping in bending under transverse load or twist occurs
when the shell departs from the circular form or when its
shear stiffness varies over the circumference. The dif-
flerences in such warping are so much greater as the trans-
verse forces, respectively, the twisting moments or else
the dimensions in the adjacent sections are different., The
secondary stresses necessary to balance the warping dis-
crepancies become so much higher as the shear stiffness,
compared to the longitudinal stiffness, is lower. The as-
sumptions for higher secondary stresses due to restrained
warping are accordingly given in greater measure on the
shell wing than on the shell body.

The disappearance of the secondary stresses due to
applied load (reference 8) or to restrained warping is
governed by their circumferential distribution and the
stiffness of the system. Great stiffness of the longitu-
dinal flanges relative to the shear stiffness of the skin
and inside webs or in relation to the transverse stiffness
of the system afforded by the ribs or bulkheads, invariably
leads to a slow - in the extreme case, linear - disappear-
ance of the secondary stresses. Great transverse stiffness
o shellil,  asy - for. instance, on @& shell wing withysolid: P
truss ribs causes a quick disappearance even by internal
stress conditions which first come in equilibrium in a
more curved or polygonal circumferential zone of the shell.
The disappearance of such "spatial internal stress condi-
tions" - as, for instance, in torsion with restrained warp-
ing and under axial load application - is so much quicker
by great transverse stiffness of the shell as the shear
stiffness of the longitudinal walls is greater; absence of
spatial transverse stiffness of the system on the other
hand, even by great shear stiffness of the longitudinal
walls, renders the disappearance of these internal stresses
gradual.* For the disappearance of the "plane internal

*For the determination of such stresses in stiffened
and unstiffened shells, see Luftfahrtforschung, vol. 14,
WOBY o BOe By Ps 96, papt | LTI, 2 ang By @5 well Zsipae Tedes
erences quoted.
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stress conditions!" extending to smaller and particularly
to flat or slightly curved areas, on the other hand, the
plane transverse stiffness of the skin acting then as
1disk" or of the longitudinal webs is decisive. If this
is sufficiently great, the disappearance by great shear
stiffness compared to longitudinal stiffness is rapid and,
by low shear stiffness gradual.

Thes £latior slichtly curwed top '‘and bottom sides: of
a shell wing then resemble stiffened plates with ribd flanges
furnishing sufficient transverse stiffness. So, while the
shear stiffness of the bottom side stressed in tension in
the decisive load cases remains unchanged under load, that
of the compressed upper side decreases; especially on thin-
walled stiffened shells after exceeding the buckling load
in the sheet panels because of the formation of tension
faelfs (eafs Ily 1w  For shis reason; the compression;zone
of shell wings involves greater and slower disappearing
seccondary stresses. This indicates that in bending, espe=
cially in the vicinity of the load application and restrained
warping*, as, for instance, at junctions and cut-away sec~
tions of a shell wing, a weaker cooperation of the central
area of the compression zone takes place.

The stress condition of axially loaded side members
of stiffened plates has been explored both theoretically
and experimentally (ref. 9amd 10). The experimental results
are in good agreement with theoretical values established
on the assumption of constant stringer spacing, i.e., great
transverse stiffness of the plate. For clarification of
"the stress condition in stiffened shell wings under trans-
verse loads, some experiments were made by the DVL. The
experimental wing (fig. 8) represents the center section
of a two-web shell wing. The stress distribution in the
compression zone being the center of interest, the wing
was first designed as an open trough and the omitted ten-
sion zone replaced by strong tension flanges on the lateral
webs.

This arrangement favored the testing procedure to the
extent of making every.-part of the wing accessible for
strain measurements. The compression zone was a slightly
curved l.2-millimeter-thick duralumin skin over closed

*The case of restrained warping of the wide,unstiffened,
flange plates of a box section in bending under transverse
lozd has been treated by von Schnadel, Werft Reed. Hafen Bd.
9, Nr. 5, 1928, and under flexural twist by the author in
gz ) T It B el s S S el < o 11 e
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hat-section stiffeners; the edge stiffeners on the webs
were thick angle sections. The upper, four-cornered
duralumin tension straps were bolted to the edge angles,
so that they could be removed and the test specimen be
converted into a closed box girder through a continuous
tension zone and so be used for torsion experiments. An
intermediate web may be inserted, if desired, between the
divided ribs and the two separate sections of the middle
sitriniger: The truss ribs with hat-section flanges and
C-section lattices are spaced 50 centimeters apart over
the ceontinuous stringers.

The set-up for bending is shown in figure 9. The
compression zone of the test piece is Dbolted to a heavy
steel plate of the frame by means of an angle. The ten-
sion strap passes through this and Jjoins on a box girder
between the frame supports. Wedges between the stiffener
face and the steel plate provide for the transfer of the
stringer compression forces. The frame being hinged at
all four corners permits the application of pure bending
moments, on special lugs transverse loads at the end and
on the intermediate ribs to the webs. The loads are ap=-
plied by hand cranks.

The first experiments on the described test specimen
were transverse loads applied at the end prior to buckling
of the skin. The strains were measured on all stringers
between the ribs (see fig. 10) under concentrated loads
B = VB5 ko on. ewery we b The mean values of the longitu-
dinal stresses oy evaluated with an elasticity modulus
of E = 740,000 kg/cm® are shown in figure 10 as ordinates
against the test points and combined to a stress concentra-
tion by heavy lines. The longitudinal stresses computed
according to the elementary bending theory and shown as
thin lines, are greater in the center of the sections than
at the edges, on account of the curved compression zone.
The comparison between the measured and the computed
stresses discloses in the central sections a good agreement
between elementary theory and test, whereas near the point
of fixation the anticipated disturbances of the elementary
stress condition can be ohbserved. The introduction of the
transverse loads 2 P does not agree with the shear flow
distribution t, postulated by the elementary theory bdut
rather denotes - disregarding the minor disturbance at the
webs - the introduction of a secondary shear flow A t in
the compressive zone (fig. 10, left-hand side). In “thies
particular test, the stiff edge angle at the load section
had been removed which shifted the equalization of this
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secondary load over to the adjoining shell. A second test
with angles attached disclosed no disturbance of the ele-
mentary stress condition under transverse load. The sec-
ondary stresses at the point of fixity are due to the re-
strained. warping in the shell area. With unrcstrained
warping, it would assume the shape of the line shown on
the right-hand side of figure 10. The equalization of the
warping difference between shell and frame then requires
the illustrated secondary stresses. as they were actually
observed in the test. Additional strain measurements un-
der other loads as well as after buckling of the sheet
panels between the stiffeners are to be made.

III. FAILING STRENGTH OF SHELL WINGS

1. Failing Strength under Bending and Torsion

The load capacity of a stiffened shell wing with thick
skin, which is buckling-resistant up to failure under bend-
ing or torsion, is given by the buckling strength of an
orthotropic plate or shell (referente Ll)s: The cyitisal
buckling stress Gk’o of an orthotropic shell stressed in

compression only is afforded from Dschou's formulas (refer-
ence 12). The buckling strength of the orthotropic shell
under combined compression and shear has not been investi-
gated so far. But in most cases it will be possible to
estimate the buckling strength of the slightly curved com-
pression zone stressed in shear only from the buckling
stress Tk,o of the identically dimensioned and identical-

ly stressed orthotropic plate (reference 13), and to deter-

mine the correlated critical compressive and shearing stress-
stresses Uy, and Ty .under the combined effect of which
the orthotropic plate or shell bduckles, from the formula

T = o
( i = > =1 - = 5 {n * 2 %o @)

e 5.0 k,0

The load capacity of a stiffened shell wing with

sheet panels buckled prior to failure is primarily given
by the buckling strength of the stringers elastically im-
bedded through the skin. Owing to the extremely complicat-
ed effects of the skin on the buckling process, it was ad-
visable in the determination of the compressive strength

of shell bodies to ascertain the compressive strength of
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the compression zone by a compression test on a panel pat-
terned after a full shell (reference 1, III, 1). With
certain limitations, this method is applicable also to the
determination of the faling strength of shell wings. In
contrast to the minor shear forces in the zones of a shell
body largely stressed in compression owing to bending,
these zones in the shell wing also manifest considerable
shearing stresses. So the panel test should preferably be
made for combined compression and shear, which is, however,
experimentally difficult.

But, as in the case of the shell body, the falling
Btress Oy 3 of the stiffeners can also be ascertained

from a compressive panel test by means of the effective
width or else from stress measurements and these can be
compared with the stiffener stresses computed for the

shell wing with respect to the secondary stresses due to
the tension fiels, after which the cumulative stresses due
to load application or restrained warping can be added.
This method is an approximation insofar as the wrinkling

of the skin in the wing shell under combined compression
and shear is unlike that of the panel under pure compres-—
SR 0n. . Since bthe bulging of the stringers by"siientiy dll=
ferent wall thicknesses of skin and stringer is induced by
skin wrinkles and since any change in the wrinkling is
thereby of some influence, according to Kromm's experiments
(reference 14), the actual failing stress must be computed
from the value obtained in the panel test. On the convTrary.
the elastic support of the skin effective for the lateral
instability and torsional buckling of the stringers is not
materially affected by a changed wrinkling formation.

The transverse loading of the shell wing due to dis-
tributed surface loading can, just as the radial secondary
load due to deflection of the tension fields, be duplicat-
ed in the panel test. In this manner, the strength of the
shell wing can be ascertained by panel test for torsion
and combined bending and torsion (reference 1, III, 2).

2. Load Capacity of Curved Panels with
Corrugated Sheet or Separate Stiffeners
The curved panel test can also be used for the deter-
mination of the best cross-section design by equal weight.

And a large nunber of such tests have already been made
for this purpose incidental to the investigations of shell
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body strength. But, as the shells involved on shell wings
have, as a rule, a stronger sectional covering of the cir-
cunference and less curvature than on shell bodies, the
panel tests were supplemented by tests on flat stiffened
pancls of greater average skin thickness (c.f. table I).

The appraisal of the cross-section design of the shell
wing must, apart from the comprGSSive strength in the panel
test, include at the same time the shear strength and shear
stiffness existing in the explored cross—-section design
because of the decisive shear stress on the shell wing.

But the very shell-section design of thiam skin and strong
individual sections, which favors the compressive strength,
is associated with low shear stiffness and shear strength,
hence, unfavorable for the shell wing stressed simultane-
ously in shear. This drawback of the thinner skin is, how-
ever, largely counteracted with stringers of corrugated
sheet, whiech takes up part of the shear and so contiibutes
%o sthe shear strength and the shear stiffnesss A further
advantage of corrugated sheet stiffeners is the delayed
buckling of the smooth sheet on account of the more narrow
swbddwision, of. the. smooth skin and its lower shealr stresSss
The result of the thus incompletely formed tension fields
is a lower secondary stress in the longitudinal stiffeners
(reference 15) and a smaller decrease in the shear stiff-
ness of the smooth sheet under rising load. Besides, since
the shear stiffness of the corrugated sheet remains un-
changed up to failing load, the total shear stiffness of
the shell with corrugated sheet decreases more slowly yet.
Thus the shell wing stiffened with corrugated sheet insures
through its greater and more uniform shvar stifiness a more
uniform stress distribution in bending and torsion, as well
as lower secondary. stresses due to force introduction and
estrained warping adjacent to Jjuactions and cut-away.

o

Prompted by the advantages cited of corrugated sheet
stiffeners for shell wings, a number of tests were made

with flat corrugated panels of varying circumferential-
shapes characterized by the mean wall thickness sp (tadble
5 P The wave form and the thickness ratio of corrugated

to smooth sheet was varied on the panels. The usual sinus-
oidal shape and another made up of two semicircles of dif=-
ferent diameters were selected, the corrugated sheet being
joined to the smooth sheet on the side of the smaller semi-
circles (table I). The corrugated shells were neatly
matched and fitted et the ends with duralumin bands in
inl&ation of the rvib flanges [(figs 11l)s [The failure of

the panels with semicircular corrugations occured in the
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majority of cases through bulging of the wave lying
against the smooth sheet despite its greater curvature
(fdpsall)a On the panels with sinusoidal ecorrugations,
however, the bulging frequently started at the shoulders
in. sthes vicinity. of a turning point of the curvature.

The results of the compression tests with corrugated
panéls are: given in table I. Series 1 to 6 reveal the
influence of the wave formon the load capacity for approx-
imately equal average wall thickness s, and for a corre-

sponding distribution of section over corrugated and
smooth sheet. According to this, the mean failing stress
Op . B serving as indication of the load capacity, on the
k s 3

shells stiffened with semicircular corrugations is only
about 5 to 10 percent higher than on the shells with sinus-
oidal. corrugations. The effect of a different section dis-
tribution on corrugated and smooth sheet is also shown.
While the distribution in series 1 to 4 was so chosen that
both types of sheets had approximately the same wall thick-
ness, the smooth sheet of series 7 to 9 was thinner. As

a result of this, the shells with thinner average wall
thickness (sp = 1.7 mm, series 2 and 7) had about 50 per-
cent higher load capacity under compression, whereas the
difference in load capacity of the thicker shells (sp =

2.2 nm, series 4 and 8) amounts to only about 17 percent.
It should be noted, however, that the shear stiffness of
shells with thinner smooth sheet drops by about 15 percent.

The results of the compression tests on corrugated
sheet shells and shells stiffened by separate sections are
shown side by side in table 1I. With one exception, these
shells were so designed that their shear stiffness was not
substantially inferior to that of the shell of corrugated
sheet. Por comparison of the shear stiffnesses, the last
column of the table gives the ratio of the reduced shear
modulus referred to average wall thickness to the elastic

shear modulus: %% (@ e

Comparison of the mean failing stresses discloses the
corrugated sheet shells (series 7 to 9, top) with on the
average still somewhat higher shear stiffness to possess
about 25 to 35 percent greater load capacity than the shells
with individual stiffeners and corresponding mean wall thick-
ness (series 1, 2, 4, and -5 bottom). Only one shell of the
latter type in series 3 having a considerably lower shear
stiffness approximately approaches the carrying capacity of
the corrugated sheet shell (to within about 10 percent).
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The table finally shows (see also fig. 12) the first
somewhat faster - then on approaching the yield limit
slower - rise in failing strength with increasing mean
wall thickness. Figure 12 shows the failing stress of
corrugated sheet plotted against wall thickness, for cor-
rugated sheet alone and in combination with riveted smooth
sheet of different' thicknesses.' The failing stress of
the corrugated sheet in conjunction with thicker smooth
sheet decreases in spite of the greater mean wall thick-
ness. The reeason for this is' that the' buckling is more
intensely excited.through the thicker smooth 'sheet.

IV. STRESS CONDITION AND FAILING STRENGTH OF TUBULAR SPARS

The previously cited advantages in the design and
mahufacture of tubular spar wings, in spite of the inconm-
plete utilization of the tubular spar in bending, have led
to its rapidly expanding use, especially as a result of
the Hamburger airplane design. From the static point of
view, the design has the advantage of very simple stress
analysis as a result of the clear, static structure.
Since the wing spar is designed to carry the total wing
load by itself, the load grading for bending and torsion
relative to shear center is directly possible. The
stresses in the elastic range conform to the elementary
bending and torsion theory. Disturbances in the stress

conditions due to restrained warping are altogether absent

because of" the round form of the spar, the secondary
stresses due to load application are lower, and the con-
siderations concerning the changes in stress condition and
stiffness after buckling are elminated.

However, the advantages are contingent upon correct
data 2bout the obtainable strength in bending and tension.
A thisoretical' analysis of this strength’ 1s difTieulitiivo
achieve:; on thin-walled tubes of large ratio d/s (4 =
diameter, s = wall thickness) which buckle in the elastic
range, the manufacturing defects in the geometrical form
have a marked effect on the strength. On thick-walled

tubes which buckle in the super-elastic range, the material

properties and their scatter play a prominent part. For
these reasons, the making of systematic experiments is
necessary. The bending and compression tests of Lundquist
(reference 16) and of Donnell (reference 17) on duralumin
and. steel, from which some information about the cxpected
bending strength is obtainadle, cover only the elastic




N.A.C.A. Technical Memorandum No. 933 23

range (/% > 300 to 400 >. Among the bending and compres-—

sion tests in the super-elastic ronge are those by Robertson
(reference 18) on steel tubes with comparatively thick~

walled tubes <9-= 2 o lOO} and more recently, the ex-
s

periments by Stender.* Systematic bending and compression

tests in the more important range 4 = 100 to 300 > other
s .

than isolated compression tests on special materials, are

lacking. The same is true of tests in torsion and combined

bend ing and torsion. ;

In order o f£ill this, gaps,: the DVL in collgboration
with the Hamburg airplane firm has launched an elaborate
program of bending and conpression tests on steel tubes of
d

= 160: toy 2705 To assure a naxinum of uniform material

strength all tubes had the same wall thickness s = 1.5 mm.
This called for the design of a testing machine with an
ultinate bending moment of around 12 mt. Figure 15 illus-
trates the mounting of a tube on the powerful frame. The
flanges riveted to the tube are bolted to a thick steel
plate reinforced by ridbs, which, to accomodate tubes of
different diameters, was. fitted with numerous threaded
holes. The load was applied at a correspondingly designed
counterplate on which oppositely directed horizontal forces
were applied above and below through a special loading de--
vice.

By means of suitable rotation of the loading device
about thé hinges with vertical axis on the counterplate,
the tubes can be stressed in pure bending, in pure torsion,
or in combined bending and torsion.

The test program was started with a portion of the
bending tests and the corresponding compression tests. The
failure of the tubes in bending is caused by the buckling
of the compressive zone at stresses which for the explored

a .
7 (=860 to 270) 1lie in the superelastic range. Tubes

*Unpublished report of the Hamburg airplane firm which
also contains a list of practically every known experi=
ment.
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stressed in pure compression {figs. |la andl'14b) oxhibit

s very similar form of failmures It is therefore to be
expected that the failing strength in bending is, exactly
as, in compression, largely dependent upon the wall ratio
d/s Dbut only little on the length ratio 1/d as confirmed
in preliminary tests. '

‘The ultimate stress op = Bpp/W (Bpp, = ultimate

bending moment) as computed by elementary bending theory
serves as indication. for the bending resistance. For
various reasons, this stress 0p must be greater than the

failing stress of the corresponding compression test
op = PBr/F (PBr = compressive load at failure)s Because

in the_ compression test every point is subject to maximum
stress, while in the bending test only the extreme com-
pressive zone is subjected to the maxinum stress, which
creates a "supporting effect" of the incompletely stressed
zones. -This "supporting effect!" exists in the elastic’as
in the superelastic range. Besides, a stress balance may
take place in the outer zones, because in the present d/s
range the outer fibers are stressed beyond elasticity, so
that the stress op conmputed by elementary bending theory
nerely indiecastes a fictitious —:albeit too high - a wvalue.
Added to that, the defects in geometrical form and the
scatter of material characteristics have a more unfavor-
able effect in the compression than in the bending test
‘because of the smaller range of the adverse stress in the
bending test.

The completed bending and conmpression tests confirm
that the previously defined bending strength is higher
than the compression strength, the ratio of bending to
compression strength amounting to about 1.2 to 1.3 for the
. smaller d/s = 60 to 120, However, in order to adequately
cover this ratio for greater d/s values also, a greater
number of bending and compression tests is necessary, par-
ticularly since the latter is accompanied by unavoidable
scattering.

Strain measurements were made at several points of
the circumference of various tubes prior to failure (fig.
13)s The stress condition resulting from these strains
with a constant E = 2.1x10° kg/em® is shown in figure
15 for a tube of d/s = 150, The comparison of the meas=
ured stresses with those computed by elementary bending
theory manifests a good agreement at the lower load stages.
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At the highest load stage, which is about 80 percent of
the failing load, the compression zone reveals a differ-
ence between measured and computed values. The plotted
values beyond the proportional limit (3,000 to 4,000
kg/cm?) are fictitious. The strains measured after they
exceeded this limit would have to be multiplied by a
lower elastic modulus.and, indeed, earlier in the com-
pression ‘than in the tension zone because of the Bauschinger
effect. ‘This explains the apparent exXcess stress in the
compression zone. The non-lincar strain distribution is
attributable to the change in cross-scctional form during

.loading.

Pranslation by J. Vanier,
National Advisory Committee
for Aeroneautics.
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Table I - Compressive Strength and_Shear'Stiffness.of Flat Sheets Stiffened with Corfugated Sheet
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(a) View from corrugated side. (b) View from smooth side
Figure 11.- Failure of panel with corrugated sheet stiffener.
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