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ABSTRACT
Qr~ |
'3; This paper presents results for cylindric .l shell configurations
5% using the STAGS éomputer program. Discontinuities have been imposed
a upon the shell's skin by incorporating symmetrical cutout openings. .
E In additiox;, the surface is stiffened with both stringer and ring~
o 2 stringer arrangements. ; %‘u' -_'»‘
3§ The cutout problem has been shown to be highly nonlinear for :
;U smooth surface -shells, but the author has found that bifurcation avnd
] collapse loads are‘close when one is considering stiffened skin con- ,:
3 figurations. In oj_rder to arrive at this conclusion, it was necessary }
Z to evaluate the following: |
E"_’, . c:ompal;:ison between smeared and discrete suffener theory for
S linear solutions
g * numerical finite difference convergence as directed toward
g buckling determination
g o éollapse load results with the various skin stiffene;rs.
: This paper also includes a linear bifurcation study relating to
...% stiffening effects around cutout areas present within stringer and
ting-stringer shell surfaces. Comparisons have been made betweea a
variety of geometric positions considering cutout frame and thickened
okin additions. Thr investigation points toward an optimum positioning.
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NOMENCLATURE

. »

2a = cutout dimension
AI,AZ = cross sectional area of stringer and ring

bl.b2 = gpacing of stringer and rings

E = modulus of elasticity
GJ = torsional stiffness
h,t = shell thickness

Iy,I

y ™ moment of inertia of stringer

L = length of shell

e

ny = resultant shear force pei unit length
n = number of nodes in finite difference scheme
Pcr = bifurcation load
Pé = bifurcation load for shell with no cutout
R = radius of shell
u;v,w = displacement in x, y and radial direction
X,y¥,0 = coordinates
2 = Batdorf ghell parameter (1 - vz)%(L/R)z(R/h)
B = slope of deflected surface at boundary
v = Poisson's ratio
: ; INTRODUCTION

It is oﬁvicus the cylindrical shell is an important structural
configufation with;n the aerospace industry. One finds an unlimited
amount of research papers directed toward khis common shell surface.
Yet, the practical consideration of skin cutouts and their stiffening
has, for the most part, presented certain amounts of analytical
difficulties. Until recently, the stiffening of these cutouts became

an experimental trial and error procedure [1]. It is now possible to



obtain a computational evaluation of cutout effects and reinforcements
using an ali purpose shell program developed by Lockheed. This program
has been named STAGS (Structural Analysis of General Shells). It con-
tains the overall capabilities of either nonlinear or linear shell
analysis leading to bifurcation or collapse loads for sevéral different
shell geometries, in particular cylindrical shells [2, 3, 4, 5].

Studies have shoun that a shell buckling resistance is increased
with the addition of stringers and rings (6, 7]. As mentioned previously,
the positioning of cutouts as geometric discontinuities creates a struc-
ture vhich is extremely practical. A literature search indicated very
little work, either experimental or analytical, in the area of stiffened

- cylindrical shells with cutouts. Thus, the author has carried out such
a study with the assistance of the STAGS program. The remaining portion
of this paper will discuss the

+ linear bifufcation solutions for both ring and ring-stringer
stiffened cylindrical shells with particular interest given to conver-
gence of results due to finite difference refinements.

* ccllapse nonlinear solutions for the above mentioned shell
structures, Compa;ison has been made between linear and nonlinear
solutions,

* comparison between smeared and discrete stiffener results.

* geometry and stiffener effect on buckling.

* buckling load increase due to stiffening in the area of the

cutout.

LINEAR AND NONLINEAR RESULTS

The primary concern of this section is to establish, for the shell
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geometries investigated, a finite difference mesh arrangement which
can be used in collapse load solutions. Thus, one is looking for a
grid system that reduces convergence difficulties and also handles any
large displacement gradient which may arise in the nonlinear solution.
In order to approach the optimum finite difference approximation
economically, one should first do a great deal of parametric study
using the simpler linear bifurcation theory.

Figure 1 shows the shell properties inco. porated into the conver-
gence and nonlinear investigat;ons. One shouid notice the clamped
boundary conditions assumed plﬁs the rectangular shaped internal

stringer. Since the loading conditions are taken to be axially sym-

-metric, the analysis has been carried out over a one-eighth shell sec-

tion imposing the prebuckling and buckling boundary conditions for a
linear solution. |

As previously mentioned, a collapse shell load value can only be
confidently evaluated, using a numerical finite difference technique,
if convergence characteristics are established. This is usually done
through first considering linear bifurcation results. Figure 2 indicates
Pcr values found fpr a shell with a 24" x 24" cutout using various nodal
arrangements. One:notices the increase in the number of nodes within
a finite differencg mesh arrangement. Figure 3 shows that, if a dis-
crete stiffener approach is incorporated into the s:udy, convergence
becomes erratic; i;e., the buckling load is not monotonically increas—
ing or decreasing with respect to the number of nodes. Yet, smeared
theory results show a definite convergence trend from above. In both
sets of results, a scatter of solutions amounts to no more than 3

percent. Consequently, it is possible to obtain good results, again
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for the governing conditions, using approximately 600 nodal ﬁgints
spaced such that a circumferential mesh Jlne 18 present at and between
stringers and an axial mesh line is separated as far apart as the
stringers spacing. %{

. In order to further convince the reader that a detailed refine-
ment of mesh size is unnecessary even with a 24" x 24" cutout, one
may observe the next sequence of diagrams. Figurers &4 through 8 present
data répresenting stress flow and buckling modes in the?hrea of the
cutout. Discrete and smeared theory are evaluated making use of two
different mesh refinements. It becomes obvious that not onlyndo the
smeared and discrete theories give close results, but a mesh arrange-
ment of onebline bétween stringers gives almost the samebstress values
as an arrangement with three mesh lines, This insensitivity is
apparently due to the stiffening effect produced by the stringers.

The author believes ﬁhat it is now possible to evaluate a collapse
load for the structure considered using a mesh arraﬁgement consisting
of 602 node pdints with one mesh line at aﬁd between stringers. F;gures
9 and 10 give values that are both within reason and satisfy.good
convergence characéeristics. Figure 9 shogs the closengss between
collapse and bifurcation loads. The figurg depicts a load displacement
curve for that point displacing the greate%t quantity using a nonlinear
technique. From Figure 10, it may be observed that a collapse wave,
along the bottom boundary, contains no large diaplacément gradients.
Furthermore, it is interesting to note that the pre-bifurcation curve
is much different than the collapse displacement. Yet, the buckling
loads are relatively close. This is due primarily to the increased
stiffness present in a linear analysis which produces a less sensitive

moment effect.
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The work discussed up to this point relates to stringer stiffened
cylindrical shells. A like study’has been carried out for a shell
stiffened by both internal stringers and rings with a 27" x 24" cutout.

‘A smeared theory approach was only used in the convergence
investigation for this particular skin configuration. Again, as
Fig. 11 indicates, the smeared theory gives convergence from above.
One obtains a critical load value, for 714 node points with mesh lines
between stringers and at the ring locations, which is within 4 percent
of the value obtained using 2262 nodes. Thus, mesh refinement does
vnot appear to be necessary. Figures 12 and lispresent the collapse
load and mechanism for the shell. There is a larger collapse load
compared to the bifurcation value,‘but‘che difference amounts to only
11 percent. Furthermore, it is shown in Fig..13 that the displace-
ment céllapse wave does not change drastically and therefore can be
considered well behaved with at least five nodes per half wave. Thus,

it appears the mesh arrangement is adequate.

: STIFFENING AROUND CUTOUTS

A limited 1nv€stigation has been carried out into discre:e stiff-
ener effect upon shell cutouts. This section discusses certain find-
ings for such a study. |

It 18 conceivable to use the STAGS program as a tool an=logous
to physical experimentation. As stated in the Introduction, most
cutout stiffener problems are handled through a trial and error solu-
tion. A good illustration of this experimentation approach can be

obtained in research performed by McDonnell Douglas [1]. In this work

a thin stiffening frame was placed adjacent to a cutout within the
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interior surface of i Thor Delta Interstage cylinder. The effects of
a4 cutout and its reinforcement on buckling behavior were explored ex-
perimentally by physically varying the stiffener position to overcome
any.skin rippling. It is now possible to explore the same problem by
incorporating STAGS into the solution without resorting to extensive
experimentation.

Figure 14 indicates cutout stiffening results for the stringer
stiffened shell geometry (27" x 24" cutout) di: cussed previously using
the 602 node finite difference scheme shown in Fig. 2. Two types of
stiffened arrangements have been studied. The first is a discrete
rectangular frame (Area = 2.18 sq. in.) plgced internally around the
opening. A plot is shown for each frame position relating a ratio of
stiffener weight to cutout weight removed against the critical load
normalized to a shell with no openings. It cﬁn be observed that as
the discreve frame is increased in volume, through a change in posi-
tion, the critical buckling value approaches results close to those
possible without any shell opening.- An optimum frame position is
possible which givés a higher buckling val&e compared to othef positions
(see position 4). :The second cutout stiffener studied 1s developed by
increasing the shell thickness aleng its internal surface. The cross
section and a plot of the weight to critical load ratio can also be
found in Fig. 14. Two stiffener widths have been evaluated producing
points A and B in the plot. It is apparent that as the size of cross
section increases the critical buckling ratio approaches the value for
a shell with no cutout.

The reader can observe in Fig. 15 bifurcation comparisons for a

ring and stringer stiffened shell with cutout reinforcements similar

ORIGINAL PAGE IS
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to the stringer stiffened shell just discussed. It is shown that as
the discrete frame volume increases with location, the bifurcation ratio
P/Po decreases. Yet, as the thickened reinforcement increases in volume,
& bifurcation ratio almost equal to one occurs.
STRESS SURROUNDING THE STIFFENED CUTOUT

An attempt has been made to determine the overall effect due to
cutout stiffening by investigating stress redistribution and eigen- -
vector comparison at bifurcations. Figure 16 presents the stress field,
at the interior stringer stiffened shell surfa 2, surrounding a cutout
in which a stiffening frame is positioned adjacent to the opening
similar to Fig. l4. In order to compare values to non-stiffened cutouts,
stress quantities have been normalized. The reader can observe that
the stress values decrease in areas adjacent to the discrete stiffener.
Yet, immediately above the frame one can find highly concentrated o
contours. Figure 17 indicates, for the same frame positioning showm
in Fig. 16, the complete reorientation of bifurcation waves along the
cutout edge as well as other frame axial coordinates. Points of maxi-
mumibuckling wave émplitudes are depiéted for specific angulér measure-
ments. One can apéreciate that not only are the half wave lécatiohs
different between ;hells without cutout frame stiffeners, bug the
circumferential wave number is also affected. Figure lé is a presen-
tation of the same:stress and buckling wave effect discﬁssed in the
above two mentioneé figures, but in this case cutout stiffening is

created by a thickened shell skin. Results indicate a similar total

effect.
EFFECT OF SHELL AND STIFFENER GEOMETRY

Investigators of problems related to cutouts in smooth surface
cylindrical shells [8] have determined a generalized cutout parameter.
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This parameter is the a/(Rt)% ratio in which 2a equals the cutout width;
R and t are the shell's radius and thickness respectively. The writer
tried to produce a similar parameter for cutouts in stiffiened shells.
This section described some of the work performed.

| Figure 19 shows a plot of cutout parameters used in reference [8]
for th» present problems. It becomes obvious that a parameter similar
to smooth surfaced shells was not appropriate for stiffened shells
since a common curve is not obtained. The cutout effeég turns out to
be very different compared to smooth shells because of the stiffening
produced in cutout regions. Therefore, a study of possible stiffener
geometry effects on cutouts was pursued. Figures 20 and 21 indicate
a greater shell sensitivity to variations in a stringer's axial rigidity
for given cutout sizes as compared to a stringer's flexural stiffness.
Consequently, the author explored various axial stiffness parameter
combinations by including or excluding the shells axial rigidity. The
success in obtaining an ideal function can be found in Figs.lzz to 24.
Observation rgveals that simple geometric ;tiffener area is nct enough
to establish a bas%c parameter. Yet, one may note an important property
com;ng from this p;rticular set of figures., It can be stated that non-
linear shell effects become apparent using small stiffener area; e.g.,
0.05 sq. 1n.,lsince the bifurcation curve reaches a minimum and
increases for an increase in a/(Rt)& ratios. This has also been ob-
served in reference [8]. A reason for this inconsistency may be attrib-
uted to the elimination of moment effects in linear bifurcation theory
and thus, as cutout size increases a tension field occurs using lincar
analysis which would normally be overcome if nonlinear relationships

were incorporated.
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An additional study was pursued, this time in relation to the
stiffener and shell flexural rigidity. It was previously stated that

a cutout is less sensitive to a flexural parameter. Results verified

this conclusion as shown in Figs. 25 and 26. -

As a final {nvestigation phase, the author’atcempted to combine
txial and flexural rigidity. Figure 27 indicates some success for

reasonable shell thicknesses.

. .
CONCLUSIONS -

It 1is now possible to make the following Qonclusions:

1). The STAGS program has been used in studying buckling charac-
teristics for a stringer stiffened, in addition to a ring and stringer
stirfened, shells. The bifurcation load is within 11 percent of the
collapse force for each configuration, and thus it is possible to
study buckling loads using linear analysis for configurations similar
to those investigated herein.

2). Previously, cutou-t reinforcement swes deterwined by a-trial
- and error experimeétal approach. STAGS makes it possible to‘investi-
gate this problem and determine the most effective reinforcement

. ! '

position.
and 3). The study reported upon reveals that the parameter a/(Rt)k
used in isocropic shells considering cutouts is not appropriate for

stiffened shells.

»
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(2)

(3)

(4)

)

6)

(7

(8)
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FICURE CAPTIONS

Fig. 1 Shell Geometric Properties

-

Fig. 2 Mesh Arrangement

Fig. 3 Number of Nodes vs. Pcr (Stringer Stiffened)

?1‘. 4 c, Along x = 29 in. Mes) Line G
Fig. S 9. Along x = 33.5 in. Mesh Line .
Fig. 6 Comparing Various Mesh Arrangements for ny !

Fig. 7 N_ Near Cutout
g xy sr Cutou

Fig. 8 Eigenvectors "o
Fig. 9 Nx vs yw (Stringer Stiffened)

Fig. 10 Displacement at x = 47 inches ‘ ' o

Fig. 11 Number of Nodes vs. Pcr (Ring and Stringar Stiffened) fzi"-
Fig. 12 Nx vs. W (Ring aud Stringer Stiffened) | | ‘
Fig. 13 Displacement at Collapse Along x = 47 inches

Fig. 14 Cutout Weight Ratio (Stringer Stiffened)

Fig. 15 Cutout Weight Ratio (Ring and Stringer Stiffened)

Fig. 16 o at Bifﬁrcation With Discrete Stiffener at Cutout

i

Fig. 17 Effect on Bifurcation Wave Due to Cutout Stiffeners

Fig. 18 Bifurcation Wave and Stresses for:Thickened Skin

Pig. 19 Lincar Buckling for Cylindrical Stiffened Shell

Fig. 20 Effect of‘Scringer Area on Pcr

Fig. 21 Effect of Stringer Inertia on Pcr

Fig. 22 Effect of Stringer Area and Opening on Pcr

Fig. 23 Effect of Stringer and Shell Extensional Ares on P,
(A1 = 0.28 sq. in.)

Fig. 24 Effect of Stringer and Shell Extensional Azea on Pcr

(A1 = 0.08 sq. in.)
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Fig. 25 Effect of Scringer's Moment of Inertia on Pcr (A1 = 0,08 8q. 1in.)
Fig. 26 Effect of Shell and Stringer's Moment of Inertia on Pcr
(Al =0.08 8q. in.)

Fig. 27 Effect of Combined Parimeters on Pcr
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INCREASED SHELL
THICKNESS AT
CUTOUT ()
4)
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058 - | 5) 275"

(A)
0.86 -
W= wt. of added stitfener
0.84 - wo- removal wt.
P=F cr
0.82 - Po' Pc, no cutpul
=830 822 %
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(Stringer Stifiened Cylindrical Shell)
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VARIATION IN | 21"x24" CUTOUT
THICKNESS AT
CUTOUT PRCRETE
| POSITIONS
q
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0#F ) |
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0921
///// [/ os
0.90F 2,725"
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) S ’
0.86 : (3) ;

' A1= 0.289""
0.84F A2=0.079""
0.82F w=wt. of added stiffener

LA removed wt. at cutout
080 P=P
. PAGE IS cr
%%‘I%Igo%QUALYN P= P, no cutout
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0‘76 L 1 1 3 1
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n=circumferential full value

point of greatest ratio
29 6.75"

2-2?’ /“x ~ 33.5n ;r}m

frame

4.5 —
max. ampl. at x =33.5"

frame 0°, 24°, 41°, 58°, 72° n=10 max. ampl. at x =33.5"

noframe  0°, 1€, 30°, 48°, 62°, 76° n=12 frame 16°, 27°,l;4°, 58°, 72°
n=
' ~ 2.2 no frame 0°, 14°, 30°, 48°, 62°, 76°
225" n=12

v

max. ampl. x 26.75"

9"
frame frame 14°, :ffl. 044°, 58°, 72°
no frame 0°, 16°, 30°, 48°, 62°, 76°
x=33.5" ol

” Note: | 2.2 (multiple of stress at
6 point with no frame)

max. ampl. at x=33.5"
frame 0°, 17°, 29°, 44°, 58°, 76° n=12
no frame 0°, 14°, 30°, 48°, 62°, 76° n=12
max. ampl. at x=24.5"" (frame) ampl.=amplitude
frame 19°, 27°, 44°, 58°, 76° n=10
no frame 0°, 16°, 30°, 48°, 62°, 76° n=12
(stringer stiffened cylindrical shell)




0.76" § —
Sect. A-A
. |
! A 1.54 1,64 1.03
' T T ]
x=29" 0.28(0.36.01_| 0.98
| (-}’1)
- 047 | 073 [1.0
4o T
x=33.5") 056 | 051
<15 [
L 0.5 | . 0.88
(-23)

o (ksi)

normalized to
stress field with no
stiffener

max. ampl. at x =29"

frame 0°,24°,41°,58°,72° =10  k-3"—
no frame 0°, 14°, 30°, 48°, 62° 76° n=12

max. ampl. at x = 33.5"
frame 0°, 24°, 41°, 58°, 72° n=10
no frame 0°, 14°, 30°, 48°, 62°, 76° n=12

ampl.= amplitude

n=full buckle wave
(Stringer Stiffened Cylindrical Shell)

'DRIGINAL PAGE IS
OF POOR QUALITY

/[L « "-‘?




-

Clamped Stringer Shell
Po = Buckling Load — No Cutout

t =0.05"

R/t=1146
R/A =513

24x24

R/t=286

.

2a/(Rt)4
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