'MINIMUM.WEIGHT“HESIGN'OF

STIFTENED CIRCULAR CYLINDRICAL SHELLS SUBJECT Tof" |

UNIF@RM HYDROSTATIC PRESSURE

'.=A THESIS'e

| Presented to
The Faculty of the Division of Graduate
Studies and Research - h: .

In Partial Fulflllment
o of the Requirements for the Degree wf5-7

Doctor of Philosophy in the

School of Englneerlng Science and Mechanica 'ho.'

o Georgia Institute of” Technology

January, 1975




IUC[ND[IM WEIGHT DESIGN oF
STIFFENED CIRCUIAR CYLINDRICAL SHELLS EJB]ECT B0 o

: UNIFDRM HIDROSTATIC PRESEIJRE

Approvedy

L. W. Retfdeld

- Date apprtéved_ by Chairman: 2/ Zr /75




| ACKNOWLEDGMENTS -

I would llke to exprese my'51ncere appreciatlon tb;
f_ Dr. G J Slmitees for hlS suggestion of the topic and his d1rect10n :'

:'and guldance throughout the preparatlon of thls werk Slncere-apprecl-m

for their advice and many hours of helpful dlscussions during thie
iinvestigation.' The helpful comments of Drs. G.:M.vRentzepls,'G -A _
Wempner, S Atluri and M._ S Bazaraa are gratefully ac}mowledged
. My deep sense of gratitude goes to Dr M E Raville, Director of the
:School of Englneering Science and MEchanics, for his understending,-p

encouragement and for the financ:al support during the course of the

i_the final manuscript
| My deepest appreclatlon goes to mylwife; Mbhlni, for her cone :
- stant encouragement and-devotlon during the entire perlod of study.
.Completion of thie work would have been imposeible without her love, .

patience and eteadfast support. :

"'Sclentlfic Research, Air Force Systems Command, USAF, under AFDSR

_.f: Grant No. Th 2655. Thls aupport 1a gratefully appreclated.“i

RTINS

ation is also: extended to Dr. C. v, Smith, Jr., and. Dr. L. W Rehfleld o

etudy., Thanks are also extended to Mrs. Jackle Van Hook for typing g SRR

This work was partlally eupported by the Air Force Office of _ '"d N




e

" TABIE OF CONENIS

LIST OF ILLUSTRATIt;NS' e e L e

' GLOSSARY OF ABBREVIATIONS ;-; e e ;I.'.'. .

" Chapter

I. m‘l‘RO]IJCTION P

Historical Review S
Statement of the Problem"

i1, ':-3MA'I‘HEMATICAL FORMJLATTON oF THE PROBIEM

' Formulation of the ObJjective Function

" Objective Function Based on Skin Yielding.
- Objective. Function Based on General Instability

'Phase II: Procadure for Design

. 'NUMERICAL BE&ILTS ATD DISCUSSION e e e

T "_concmsxoms AND SUGGESTIONS e

_. Conclusions_ _ .
: Suggestions IR

Appendices

_3; PROPERTIES OF DIFEERENT SHAPES OF STIFFENERS

Acmowmmms I TIPS

| NOTATIONS * e .. * ". .0 . 0» ‘_ * .o._o"o .o._o e .

. IIL.  METHOD OF SOLUTION C e f AU Do

. A, ANALYSIS OF STIFTENED CIRCULAR CYLINDRICAL SHELLS

REETTE

. page

.19

| L Phase-I: ' Descrlption of Mathematical Search Techniques:

12




: TAB]'.E OF CON'IENTS (Contlnued)

D. :BUCKLING OF 'I'HIN CYLINDERS UNDER 'UNIFORM IA'I'ERAL S o
‘ . mADmG’ .oocc-_o‘»ooou-o LI ] a.-aa't.-c.o' 123

'E. L1sTING oF commn PROGRAMS S 1S
BIBLIOGRAPHY . & . » . oou o o . IR T L A

VITA ... . . '.'- PR DS L} O

c smpm DESIGN TABLES Amn DESTON EXAMPLES . v 1060




Table

10.

.11;.

LIST OF TABLES -

Design'Table. Shell Stiffened with Interior Ring
Stiffeners, $Skin Yielding Formulation. -

'Mhterial of Constructlon - Conventional Steel .-. .-Q

Deeign Table. Shell - Stlffened with Interior Ring=-
Stringer Stiffeners._ Skin Yielding Formulatlon.

Material of Construction - Conventional ‘Steel . . . .

. Desigﬁ'Besults.l Shell Stiffened with Intefiorj'

Stlffeners. Operating Depth - 1000 feet, S
60,000?511 - - -* L ] - [ ] * - - a & & - - o..

'Design-mable.: Shell Stiffened with Interior Ring
. Stiffeners, " Skin Yielding Formulation, _ o
Material of Ccnstruction - .Conventional Steel . Coue

 Design Table. Shell Stiffened with Interior Ring-
Stringer Stiffeners. Skin Yielding. Formulation. _
Mhterlal of Construction - Conventional Steel RISTRE

. Design Results.: Shell Stiffened with Interior:
-Stiffeners, Operating Depth = 3000 feet,

—600m 8 .I. . v . L I OOI.. c-l.... .
y. pai .. : '

'lDesign Resqlts._ Shell StiffEned w1th Interior
‘Btiffeners. _Operating Depth 3000 feet, L o
cy —4 120,000 PSi e e . ) LI T T T ] . % . a8 s s e .t ’

Design Results Shell Stiffened with Exterlor_"
. Stiffeners. General Instability Formulation. = .
- Operating Depth = 3000 feet, o, = 120,000 psi « o .

Design Results, Influence of Verying L/R Ratio on -
‘Minimum Weight, Shell Stiffened with Interior TR
- Stiffeners. :General Instability Formuletion. .
. 0perat1ng Depth 3000 feet, o oy = lEO'OOO'psi PR

E ::De31gn-Results.t Influence of Varying L/R Retio on.
Minimum:Weight. Shell Stiffened with Interior TR-RS .

General - Instability Formulation.’ 0perat1ng Depth =

3%0 fGEt, Cy 120 000 pSi -. L . T T TN TR T} .' .

Page -

37

39

RCI

ST

f: ug'-

b:sal_:

_58”'

Ggl..

De51gn Results for the Shell Subject to Combined Loadi_'f:rfl'

'a'(m 2 qR) ‘Bhell, Stiffened with Interior TR-RS.

wo




Table

B1,

- 02,

3.

" p3.

- Db,

. LIST OF TABLES (CONTINUED) -

7Généfa1'IﬁStabilify'Fonnulation-.'. e
| -Propertles of Vhrious Shapes of Stlffeners N

-'Design_rgble.] Interior RR-RS Stifferied Shell.
~General Instability Formulation, - Materisl of

Construction - High Strength Steel e e e s

Design Tabie. Interlor TR-RS Stlffened Shell._;
General Instebility Formulation. Material of
-Construction - High Strength Steel . . . . . « .

Design Table. Interior T-Ring Stlffened Shell

General Instability Formulation, Material of

Construction - High Strength Steel . . . .. ..

Comparlson of Critical Pressures for Load Case I
(Load Remainlng Normal to the Deflected Surface)

Comparison of Critical Pressures for Load Case II

" (Load Remeining Parallel to Original Direction)

'Ccmparison of Critical Pressures for. Load Case III.

(Load Directed tdward Original Center of Curvature

)

: 'Comparlson of Critical Pressures for Infinitely Long
Cylir]derSQ o_t'o e - . ol'i - I.. L '.o . &

vio

Page

69:'

105

108

113

i12l'- 

3k
.
139

:Iha}qT




10,

S,

o ovii

LIST OF ILLUSTRATIONS

Golden Section Search Technique i e e .f.'.f. .:.

___Design Chart for . Internally'TR RS Stiffened Shell
" General Instability Formulation, High Strength Steel
' Operating Depth 3000 feet, 2= 1200 P v e e e e N

Design Chart for Internally Ring Stiffened Shell

 8kin Yielding Formulation, Conventionsl Steel . :
Operating Depth 1000 feet: R L LT

Determination of Optimum Skin. Thickness..

‘Internally TR Stiffened Shell, Operating Depth

1000 feet. Skin Yielding Formulation, Conventional .

Steel . . L. . ... e .. IR SR .

: Determination of Optimum Skin Thickness.. Internally
" RR-RS.Stiffened Shell, Operating Depth = 1000 feet. .
General Instability Formulation, Conventional Steel ..

' ﬂDetermination of Optimum Skin Thickness.z Internally
- TR-RS -Stiffened Shell, Operating Depth = 1000 feet.
General Instability Formulation, Conventional Steel .

'Determination of Optimum Ring Shape Parameter.

Internally TR-RS Stiffened Shell, Operating Depth =

‘1000 feet. ‘General Inetability Formulation, Conven---'

'tiOIl&l Steel o - - .,' - L P e s e L . 0 ... 0‘.""-
Design Chart for Internally Ring Stiffened Shell

Skin Yielding Formulation, Conventional Steel.
Operating Depth = 3000 feet e 4 e e e e e ._,..'; ¢« o s

Yielding Formulation, Conven'tional Steel e e

'Determination of Optimum Skin Thickness. - Internally
TR Stiffened Shell, Operating Depth = 3000 feet.
' -Skin Yielding Formulation. _Conventional_Steel ; ;;;'.g

*Determination of Optimum Skin Thickness, 'Internally
BR-RS Stiffenéd Shell, Operating Depth = 3000 feet.
g General Instability Formulation, Conventional Steel s

Page

22

'328--

38

%
Determination of Optimm Ring: Spac1ng. TInternally TR..

Stiffened Shell, Operating Depth = 3000 feet._ Skin _ N
50

5L




. Figure

| 13.

1k,

15,

16.

”17; ;'

18.

19, -
20. .
ST

22,

LIST OF ILLUSTRATIONS (Continued)

' Determination of Optimum Skin - Thicknese. Internally."
-TR- RS Btiffened Shell, Operating: Depth = 3000 feet._ N
General Instability Formulation, Conventional Steel.

: Determination of Optimum Ring Shape Parameter. .
Internally TR<RS 8tiffened Shell.- Operating Depth =1

3000 feet. . General Instability Formnlation,
Conventional Steel . . . . . .0 v . .1.-. eow w

vidi

"'Uﬁggé'”7”

LSQF ;..

Determination of Optimum.Skin Thickness.' Internally_. .

TR Stiffened Shell, Operating Depth = 3000 feet. —
General Instability Fonnulation, High Strength - Steel ;

Determination of Optimum Skin Thickness. Internally

:fRR RS Stiffened. Shell, Operating. Depth = 3000 feet,
' General Instebility Formulation, High Strength - Steel

_—

55

Determination of Optimum Skln Thlckness. Internallyg R

_ “TR-RS -Stiffened Shell, Operating Depth = 3000 feet,
. General Instability Formulation, High Strength Steel;

Determination of Optimum Ring Shape Parameter.
Intérnally TR-RS Stiffened Shell, Operating: Depth =

3000 feet, General Instability Formulation, High .
'Strength Steel [FEEFIE N o_o.ojo . . c'n . o:n v 4 e s

-;FDetermination of Optimum Skln Thickness. Externally-"
TR-RS Stiffened Shell, Operating Depth. = 3000 feet, .
General Instability Formulation, High Strength Steel-;

_Determination of Optlmnm Skin Thickness. Internally
‘TR Stiffened Shell, Operating Depth = 3000 feet, - =~ -
' General Instability Formulation, High Strength Steel_ :

_Determination of Optimum Skin Thicknesa.Internally
-+ TR Stiffened Shell, Operating Depth =-3000 féet, = -
General Instability Formulation, High Strength Steel .

"Determination of Optimum Skin. Thickness.Internally
'TB_Stiffeneq Shell, Operating Depth = 3000 feet,
General Instability Formulation, High Strength Steel

.56.”.

. 59
'Determination of 0ptimum Skin Thickneas Internally.'.ﬂ

- TR .Stiffened Shell,. Operating Depth = 3000 feet, - = .
'General Instability Formulation, ngh Strength Steelf'

.63.

&




| Figure .

._25;

26,

27,

,  .28;-.

A1,
A2,
. Bl.

Dl.

3.

Dk,

'_'Effect of R/ and L/nR on Buckling Load Koiter- e
o Budiansky Equations. Load Case III i e e e e e e e

' LIST OF ILLUSTRATIONS (Continved) -

'-_-Determination of 0ptimum Skin Thickuess. Internally
g“iTR ~-RS Stiffened Shell, Operating Depth = 3000 feet,
~ General Instability Formulation, High Strength Steel .

Determination of Optimum Skin Thickness;"lnternaliy

TR-RS Stiffened Shell, Operating Depth = 3000 feet,
General.lnstability Formuletion, High Strength Steel .

Determination of Optimum -Skin Thicknese. Internally

_ TR-RS Stiffened .Shell, Operating Depth = 3000 feet,. .
- General Instability Formulation, High Strength Steel .

Determination of Optimum Skin Thickness. Internally

TR-RS Stiffened Shell, Operating Depth =. 3000 feet,

- General Inetability Formulation, High Strength Steel . .

3000 feet. ' General Instability Formulation, High

) Strength Steelt o:o ._o - a.o:o ..6 LI ._._.'. L] I

" Determination of Optimm Skif Thickness. A.xia.l Com- o
f.pression Combined with Hydrostetic Pressure.
Internally TR-RS Stiffened Shell, High Strength bteel.-

General Instability Formulatnon. Operating Depth

3000 feet’ NgoeqR c.o ._0 0 S¥ . L o.c - I‘C . 0‘0_‘.‘
Geometry of Shell . . . . .. ce e e e
'Sign Convention and Force Resultants o« s .'; “ v e

Properties of Various. Sha.pes of Stiffeners . '-. .:".I._-_ ...

Effect of R/h and L/mR on Buckling Load" Koiter- ERES

Budiansky Equations.: Load Case I . .. ... ._.;.-{

Effect of R/h and L/rR on Puckling Load Koiter- .
_ Budiansky Equations.- Load Case II . .Q. . 0. ..,f. v e

Effect of Load Behavior on Buckling Load Koiter__ss-”'

BudianSIWEquationS ..o'..v PR o.o o'-o L . i_.o'...:_o .

tfliix.

Page.'

66

.Inflnence of L/R on Minimum Weight Design. .Internally__ 
TR, and TR-RS Stiffened Shell.  Operating Depth = =

67

70
_f?z'"'

78
10k

136

“l3f_'o

'}i”ih3“"




| NOTATIONS
A AL Ring -and stringer cross-sectional area, in®
A, A 0 Batlo of flange thickness to web thickness for
. _..y. S stringer and ring R .
B, B - °  Ratio of flange width to web depth of stringer-'
' - ' L fand ring :
. Cx,'Cy fs._ o - Stringer and ring shape parameters
ﬁ ) _  o o Flexursl stiffness of skin, in lb
D , D ,D_. - - Orthotropic :E‘lemra.l and twisting stiffnesses, o
LR oS in-1b
| Dxxst’“ yyr Flexural stiffnesses of stringer and ring,
1n lb : .
E,E., E . Young s modulus: 6f elasticity of skin, ring,.~
. and sbringer, p31 SR _ .
ng: Eyy' - o Orthotropic extensional stiffhesses, lb/in B
E__ .-f Extensional stiffnesses of skin lb in :
xxst"Eyyr _ _Extensi0nal stiffnesses of stringer and ring,-.
. lb/in : .- . :
'G'7 'f:' B _'_ Shear modulus of elastic1ty, pBl '
(60 BT, R Con'tribution gf stif:f‘eners to- 'torsional :
. ST : stiffness, in -lb .
xﬁ Inplane skin shear stiffness, lb/in 3
Irc;.Isﬁc' - Ring end strlnger mﬂment of inertis about their
=B ' Icentroidal axes, in : ; .
L Length of sh_ell, in
. TMxx’_My?’sMxy- : 1'.Moment-resultants, in-1b/in .
C ﬁ_  -'_f_--:fl's' f."Applled ax1al compression, lb/in ,f;ﬂ
xx’ Nyy’ ny . L vStress resultants, lb/in




z'. 'a" w - ..

=) -

' Badiﬁs'df'sheil,'in
'Applied torque, in lb
Weight per unit length of shell, lb/in

Non-dimen51onal weight parameter B

o ,Composite weight function, lb

X ¥y .z
% 95 g

' Non dimensional composite weignt fnnction -
.Curv&ture parameter
gFlange'widthqu.ring and-strinéer}'in?
'7wébtqépth.df :ing_and-stringéf,iin'
ECcentricity cf-ring and-stringer,:in

";-NondimenSional eccentricities of stringer and
"‘ ring .o . .

Skin thickness, in-

B Buckling load parameters for axial canpression,
I?pressure and. torsion _ o

Panel buckling load parameter.
'Clear distance between two consecutive rings, in
"Ring and stringer spacings, in

.Number of longitudinal and 01rcumferent1al
'waves for general instability

I"Number of longitudinal and circumferential
. waves fbr ‘panel buckling

.Hydrostatic pressure, (pOSitive outward) psi.lx

prplied load components in x, y, and z
'directions, psi ' N . i

'andinmnsional load parameter'
Stringer and ring flange . thickness, in

._Stringer and ring web thickness, in f‘




u, v, W

X, 'y’ Z . ;
o
%
v
W
Yxf. .
Gx, ey
Cxx? cyy_”
Myx? Myy? Fxy
iy

- Pey? pf’ Pat

-
o

| Supersefiﬁt vd"'-

Superscript "1"

weatr 3 Oyue
xxskcr xxstcr

_'Density of immersion fluid 1b/in

XL

: Displacement components of a point on referencegs_f
surface, in . o

-'gCoordinete diree;ibns .
_'Ratio k /k

'Nondimensional radii of gyratlon of strlnger R
and ring

Shéar Stfein'et any point
_ : . 3
Shear strain of a point on feference surface

Nermel strains:st any point

Normal strains of a point on referenee.suffaCef:j-

Chenges in curvature
Lagfange multiplier

NondimehsienaL-Lagrange multipliei

}-Nondimensional extensionel stiffnesses of

stringer and- rlng

'ii'Poisson ratio

I-f"WEight density of skin; . ring, and stringer,
_ lb/in

Nondimensional flexural stiffnesses of stringer-'

and ring

Permis31ble yield stress, psi

_e,Prebuckling stresses in skin, psi
_Prebuckling stresses in strlnger and ring, p31

' ﬁCritical buckling stresses in skin, strlnger,

and ring, psi

:'Referszto membrenetstete

"~ Refers to ‘additional quantify'neeessary to

bring the. membrane state to the clas51cel

buckling state




PR'_"
Cms
RR-RS
RB
Ry
..;SKfi
g o

L 8TY

" TR-RS

' Rin bucklin a /o
8 ® yyr

'-:iRlng y1elding o r/

-Stringer yielding @

'GLOSSARY OF ABBREVIATIONS .
- Gross buckliqg-qD/qqf’-’
Inverted ahglé

”5;_Panel buckling qD/q

er -

.Rectangular ring

Rectangular strlnger

fRectangular rlng and stringer

.yerr'c;"

¥ Y
/o

Skin buckling Opsk’ O xxék

-.Skin yielding o, /a

f, Stringer buckling Uxxsk/axxak

sk/

T'Tee ring

i-'jTee ring ‘and . rectangular stringef'




: xiv :

. BUMMARY

'Aunethodology’is developed-by”whieh nininun'neight'désign ot

B ; stiffened cylinders under hydrostatic pressure may be achieved The
:i.precise statement of the problem iss Given a stiffened cylinder of

specified material, radius, and length, find the size, shape, spacing _”"

'of stiffeners, and the thickness of the skin, such that it can carry

safely a hydrostatic pressure With minimnm weight The word-'safely o

I

"_ carry' implies that none of the behavioral constraints are violated
izThese constraints include _ general instability, panel instability,
_'1oca1 instabilities of skin and stiffeners and the limitation on stress
.1evels in various components of the cylinder . |
. The solution to the problem 1s accomplished in two stages. iInn_”
Ithe first stage, unconstrained minimization of the objective functiont g
'-(defining weight of the cylinder and including one active constraint
"'as penalty function) is. performed using a, mathematical search techa*_;d
: nique; 'This yields a design space in. which all the configurations .
'satisfy the mode of failure that has been included 1n the objective_
.function._ In the second stage, this design spaCe (represented by

- charts and tables) is used i arriving at final minimum weight con-g”f”g__f

figuration satisfylng all the remaining constraints. A systematic o
procedure is given for accomplishing the design._

g This methodology provides freedom to the designer to achieve

_and thus assess all equal weight designs. .In addition, he knows what;.

penalty in weight he pays, when moving arbitrarily in the design .




© space. By this _aiai:ro.s.uc.h- simﬁltaneOus-c_séc'ﬁrren_r:g of failure modes L
can '_be'-:aVOj,deq : b'y paly_i_ng. _. 1e;sjt ﬁéight ﬁeﬁalty. The avléiiabﬂi_tyﬁ;gf
such informetion along with the study indicating the influence of
~type and shape of stiffeners on the weight of cy'iindér_: Pernite &
e desié;rmi;r -. 'fo 'carr;v. o'ut_,. _tra'de':-of'fj' stﬁd-iés_ and arrive at practical -

. | minimum weight design.
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INTRODUCTION

Historical Review_'s

During the last two decades, considerable progress has.been

nade'in_structural-analy51s;3 With the aid of computers, structural,-

" problems with great degree'of complexity canfnoWibe:solved with - .

relative'ease._ While these achievements aré -of great 1mportance in

- assessing the behavior of structures, their full benefits will. only

be materialized when reflected in the improved designs of structures S
The aim of deV181ng design procedures which satisfy all
constraints of safety and performance and do it with least weight,

or least cost 1s not a nev’ one. The'engineers have always-strived

'_ for good designs by attenpting investigations of several alternatives-

w1thin the bounds of time and . cost However,-only limlted number-of l

alternatives could be 1nvestigated in the absence of the aid of the f"

o present day computers. With this tremendous aid, the progress in -
: achieving optimum solutions to the design problems has. been out--

' ~standing._

Before attempting any type of solution to the problem of
.optimuml_or *the best' design of a particulsr structure; the_firét}:_
step is‘to-decide the.basis for which_farious_designs can'bgfcbmp;rea; :
The basisrof oomnarison,_ternedtthe criterion;ddefinethhe measure of- '

value and sccordingly enables one to choose between'any_two;cahdidate]g-




design -c-onfi'gurations. Of'ten; it is difficult to establish end attein f

ideal criteria in practice For example, the criterion of achieving

minimum weight and minimum cost, in general, does not yield the same
configuration. In such situations one looks for compromises between

such requirements, Such a study or process of compromising between

these requirements in the design criterion is known as the establishe
: ment of trade-offs; It is rather difficult to express analytically,

©in terms of the de51gn variables the criterion, including for example,

minimum weight and'minimum cost, A possible diversion from this

'ideal situation will be to express +he criterion analytically ‘on one

of these requirements and attempt ¥:) formulation which permits the

_designer to carry out limited trade-off studies.

Minimum weight is the primary consideration for design of

aerospace,vehicles.and,.more recently, of underwater structural

. systems,'auch.as submarines and bathyscaphs. For .these structures, - -
‘the criterion of design is minimum weight. The'function, expreSSed
- in terms of design variables, describing the weight is known as the

'merit function or the objective function.

For any manned underwater vehicle, the pressure hull is. the
most important component It 1s essentially a stiffened cylindrical

shell contributing one fourth to more than one half to the total

-weight of the vehicle In order to carry the requisite pay 1oad,f

- while preserv1ng adequate buoyancy,'it is essential to deszgn the

hull for minimum weight ' Increased operating depths have further

necessitated such an investigation. The present investigation is

‘an attempt to develop a methodology by which one can accomplish




| minimum weight des1gn of pre sgure hulls

Several attempts have been made in past for designing stiffened

shells for minimum weight A comprehensive survey related to optimi-'

: zation of aerospace structures was presented by Gerard [1]* in 1966

-.An excellent review'on optimal structural design is given by Niordson'

-and Pederson [2] The most authoritative and complete surveys of
.optimum structural design in the context of mathematical programming

procedures are. those oy Schmit [3 5]

The attempts made in the past for cylinders under various load '

conditions can -broadly be classified 1nt0 two categories. Dne
approach is primarily based on - the premise that minimnm weight 1s a
daccomplished 1f all modes of failure occur 51multaneously. In this
g approach the design variables are established through parametric
._studies in conJunction with the mathematical equations that express f:
the above premise._ References [6 ll] adopt such an approach._ This '
'conjecture, however, is disproved 1n some simple cases as shown by |
hSpunt [12] He shows that such a.requirement puts severe restriction:
on the formulation and the solution of the problem.: rﬁrthermbfe; it:
'*prevents a designer from considering the fsmilies of alternative S
:T .designs having equal weight but not satisfying the requirement of
'151multaneous mode occurrence. The recent studies by Thompson and .

Lewis [13] on optimal designs of thin walled compression members and

‘by Thompson, Tulk and Walker [lh] on stiffened plates have shown that.f"

a structural configuration which is designed for simultaneous

*NUmbers in the- square brackets designate references 8t the

'-'_'_end of thests.




. occurrence of.failure modes becomes more sensitive to.geometric
- imperfEctions._ These observations and the results of the second

_approach,-which is:discussed_in.the next psragraph, reject: thefe_m'
.formnlation:of-the'prohlem on the hasis.of simnltaneoas_occnrrencef
of failure modes. | ”

| | The second approach is based on mathematical search technique“;:
dapplied:for_minimization of-the objective_functlon.'_The_ohgective '

function defining the weight of' the structure, c'ontains all of the

'behav1oral (limitatlons on - stress levels) and geometric (limitations -

- on dimen51ons of design variables) constraints -as penalty functions.
Such a composite objective functlon is expressed in terms of the
deS1gn variables ' By means of certaln mathematical search tech-
niques one finds the values of those design variables that corre-

_ spond to minimum weight References [15 21] adopt such an approach.i-
._The method of solution is, andoubtedly,_in accord with the present
..-day philosophy of achieving fully automated designs, but such-an_:.
.approach,rinythe opinion.of-the author; has certain limitations;

::The number of de31gn variables associated wlth a cylinder stiffened

cwith rectangular stiffeners 18 seven. Almost all the investigators:

:who heve used mathematical search techniqnes in seven'dihenSional o
-i space have reported great difficulties and algorithm failures fif*

' one were to deal with other shspes of stiffeners, for example
T-shape, the number of variables:increases_to 11, andithe impleiri
'mentation of searchﬁtechniques is_f&rther conplicatedrf soﬁ§;0f_tﬂe.l
.'inves_t_igators [:I._S]Ihaveiatt'empted to fix certai-n"_des_isn-_variables' )

'in'the'objective function."Such an_assumption,_hoveveriidoes not




_ indicate precisely how far from the real optimum solutlonlone is.
Even. if these. difficulties can be overcome, there still exist some
.é_questions regarding this*approach, iFirst,-becauSe of the'complete-=;"

tautometion'the designer-ie‘virtueily divoreed fromftheidesignVﬁro-s

: cedure and control over the design variables. This means that a-

: de81gner can not introduce needed changes in ‘the design variables :'

'with 1east weight penalty. _Second, due:to_all the constraints
 ineluded into.the-objective function, the resultiné design represents-
only one feasible minimim weight configuration. Kssociated'with this" B
.configuration, there may be two or more modes of - failure that are |
'r'active. There is~no way of avoiding.this-simultaneous occurrence _f
of two-or'more failure modes Moreover, there may be many more feasi-j-
_ ble design configurations of equal or nearly equal weight which are :
not obtainable by this approach The results of . Pappas and Amba-'.
Rao [22] and Jones and Hague [16] confirm such a doubt These |
investigators have obtained several designs of nearly equal weight |
' but with significantly different design variables._ Simitses and
Ungbhakorn [23] have explicitly shown that the minimum weight design.
is not unique in the case ‘of stiffened cylinders subject to uniform
axial compresszon. Third because the formulation of the penalty

. function is dependent on which constraint is active, in many cases':].
' erroneous express10ns have been used in the objective function -If,, "
| for example, skin wrinkling is the only active constraint (see |

5reference [16]) the expression for general instability is incorrect,_
:' because it is based on the assumption that the skin has not wrinkled

| Furthermore, the investigators in the past have considered




.';'cnly ring stiffened cylinders,(see reference [18]), for the minimum
;l.weight design of preSSure hulls employing ‘the equations which are
’ mostly empirical Rings, no doubt, are of most 1mportance in resist-.'
f ing hydrostatic pressure, ‘but in several situatlons the presence of

light stringers can reduce -the weight further._ An approach that con—.-".

siders only ring stiffened geometry is therefore restrictive in ;

'nature. In addition, no attempt has been made in the past to study :'_
 the 1nfluence of varlous shapes of stiffeners on the minimum weight
o This aspect of study is important not only from the point of view of

g flnding the best shape of stiffeners, but also in carry:l.ng out trade- .

of'f studies.

These observations obviously suggest that the approach to

' 7:'minimum weight design needs modification. The needed new methodology'

should provide freedom to the designer to achieve and thus assess all h

equal.weight designs.. In addition, he should know what penalty in

: welght he pays, when he moves arbitrarily in the deslgn space. The
availability of such information along with the study 1ndicating the
~influence of:type and shape of stiffeners on the.weight_is extremely :

‘desirable for obtaining practical minimim weight desigd end for .

earrYing_out trade-of f studies.

Statement of the Problem

The methodology in the present investigation is. based on the .

: observation that for_any given level of the specified parameters the
| déSign:is”governed'by one or two failure modes. In véf&;spécisl.cases'

'threefor nore'modes of-failure'nay'becone"active corresponding to the




minimum'seight configuration. In any case it is deSirable, because j
" of the findings of Thompson, Tulk and Walker to adjust the design .
IIVariables S0 as. to separate these failure modes The development of
'_a methodology which permits such a requirement to be satisfied is of
.ftremendous importance.' How this can be accomplished, by the present_'
methodologr,zis”discussed after'giving-precise statement:of_the -
problem |
' The problem considered iss- Given afstiffened Cyiinder of

Ispecified material, radius and.length, find'the size, shape,'spacing

of stiffeners, and thic}mess of the skin,' such that it can carr;y'

safely a given hydrostatic pressure with minimum weight The word - -

"’safely carry' implies that none of the behavioral constraints are B
'sIViolated These“constraints'include. general instability, panel |
1nstability, 1ocal instabilities of skin and stiffeners end the
:limitations on stress levels in various components of . the cyiinder._
'The constraints may also inclnde certain'geometric inequalities
specifying limitations on dimens10ns of various deSign variables,-:
The design objective is minimum weight The solution, there-'
fore, requires_minimisation of the function defining;the weight of
the c;vlind.er sutject to the COn'stra'int's :&eﬁnea above. - In order to
.accomplish what is lacking in the earlier approaches, the obgective"“
o function in the present case is formulated in different manner. The---
.."basic principle is similar to the one adopted by Ungbhakorn [eh]
:TInstead of incorporating all the constraints as penalty functions f.
' along with the expreSSion for the Weight of the cylinder, only one .

-_active failure mode, expresaed as an equality constraint is included- |




ss'penalty.function. By studying carefully the expressions of various_
:.modes of failnre, the design variables are- grouped 80 as to minimize _.
the number of infiuential optimizing parameters. This_point is |

- explained in details in Chapter II. n |

The solution to the entire problem is accomplished in two ."

-stages. In the first stage, unconstrained minimization of the objec- B

- tive function (which includes one active constraint as penalty func-

”tion) 1s performed u51ng a mathematical search technique. This yields

o8 deSign space in which all the configurations satisfy the mede of

failure ths.t has heen included in the obaective f‘unction. ThlB design
:-space is. represented by means of de51gn charts and deSign tables.'

- TheSe deS1gn charts and’ deSign tables give the values of optimizing.
parameters for each point in the design ‘space. This is the first :
'stage or phase I of the present methodology.

In the second stage or phase II,. a designer moves in the deSign
'space-in a systematic way, discussed in Chspter III, to«arrive_at_a '_
.design which satisfies all the:remsining_failufs.modestand”has.minimhm
-.weight ' One'can look at the seCond stage as moving.on'the curre,'that -
I.defines the active mode of failure, starting from a point that corre-
.sponds to the least weight to such a point where all the modes of
failure are satisfied It is obvious ‘that: the successful working of
'this approach depends on- Correctly identifying the active mdde of
failure. For the design of submarine pressure hulls, the two modes
ot failure, that are active corresponding to the minimum weight con-_ .h
t.figuration, are general instability and skin yielding. If both modes

of fsilure are active, one may fonnulate the problem on any one of




these*ﬁﬁo ﬁodes;' The welght of the final design conflguratlon should

'.*work out the same in elther case.

The minimization of the objective function is performed by the ﬁ.

Nelder and MEad [257 search +echnique There are’ several mathematicalJ-

_search techmiques available in the literature, for example,:(see_
: réference [16]),whiéh.CEn=pbssibly Ee'uSed for the present problem,
Since ‘the aim of the present investigation is not to compare the

relative merits. of véribus mathemgtica1.search techniques, no stich

- attempt is’made?here. This aspect of study is Qpen to those interested

in it.
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CHAPTER II

 MATHEMATICAL, FORMULATION OF THE PROBLEM -

"_:The.claséital-genefal_instability”parqmeter of ‘thin stiffened_ .

cylindfiéal sheiilsubject'to a uniform hydrostatic pressure and axigl
~ compression (which 18 a known fraction of the hydrostatic pressure)

- with simply supported boundary conditions is given by (see Appendix A)

Cp Lemtawfee
: o o+ g
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.._ihétabiiity;-.The_géneral inStability'britical load parameter k

_pressure only, « 1s set equal to zero in the expression for general . -

yycr-;:

E for'a giveh'cylinder and loading.is obtained thfough minimizﬁtion 0f

:'Equation (l) with- respect to integer values of m and n.-,

' The prebuckling stresses in the skin, stringers, and rings are

}(see-Appendix A)

- _IXKBR 21'1 | (l-l-&x)(l'*'iw) _ _'V2 o -

o 1 +(1+ea)h +2(l-v]
_omk*_" = '
LR o _(_;fi,@)(-lfxw) -V
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(l+1 )(]+X )
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Fofmulation of the'Objectiﬁe Function

Assumlng the eccentrlclties of the stiffeners to be small as'-

compared to the radius of the shell, and ignoring the weight of the

cammon material at the intersections of - the stlffeners, the weight of

. the stlffened shell is




,

1 2nR ' L EnR

Vg = 2nizp,, + ol 1 (Ast/{,st)ay ot I 1, )dy 5

Carrying out integrations in Equetlon (5) and u91ng the

o nondimen31onal parametere 1% and lyy from Equation (3), the weight

.of the stiffened cylinder is glven by

WST =2nRLh ps'.}.l[lf'l 2 QEStpSk a‘xx TE s}; Xw)]

' Ohjective Function BaSed on Skin Yield;_g

The prebuckllng stresses o for the skin are

ek and cyy I |
obtained - from. Equation (6) . The stress in the skin, cs, computed on

the basis of von'MiSes-HEnkey yield criterion is :

2,2

Let °y be the perm1531ble yield stress for the material of the

'-g skin._ The problem is etated as
_M}nimizeFWéT_

“such thet_gs.arg&; o ._; ;,: n__e_. R (8)

_This constrained minimization problem is transformed to an
unconstrained minimization problem, leading to the coﬁposite objee-

tive-funétion" N
;'W*_ =WST+ _)L.Io's-qy'l - . | L (9) .

'where-l-ié e'Legrangé:mnltiplier.




Equation (9) can be put in the nondimensional form &s-

.”"ﬁ* =% };i*lfza . d*Z] I ; - (ibjf

- where
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It cen easily be verified that minimization of W on: the basis .
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ofltne ekin_yieldiné resulta inean:anetiffenediehell; Such azeheil; o
ugacubtediy,.fails in general.inatabilityt Thérefofe;'coﬁsraerihgiz"
) (Or_h) asian.independent variable ia.meaninglessfinrthe preEent
ffornulation. One can, however, approach the problem by eon51der1ng
: ix and k‘w as independent variables. For .a.fi_xed value of Z ( or..h) >
.o.one finds.thoae valaes Qf-AXK and Ayy_whioh minimize W; In thia-
- manner'one generatea sets of datadthat.indioate the'distribution of .
the material in the ‘skin and the etlffeners such that the skin yield-
ing constraint is satisfied A systematlc procedure, given in
Chapter III, can then be followed to arrive at those values of the -
design variables which satisfy all the constraints and reault 1n the
_'minimum.veightaconfiguration, The valuesiof ¥ in_Equation_(;O) muﬁt
be_snffiCiently.large, ﬁeferenoe'[26]g:ao'that the;solutionjof.the_
.': unconetrained probiem approaches.to that.of the conetrainEd problem,'

Objective Funetion Baaed on General Instability o

If general 1nstability is the active failure mode, the objec- n

o tive function is formulated on the basis of this constraint The-:

'.__problem is. etated as

Minimize FST.

where q_ 1s the general instability critical load, and qh 1sithe-'

'deeign load;_ This constrained minimization problem is transformed to

an unc0nstrained minimizatlon problem, leading to the obJective function

W*= Wgp ¥ Mo -l (in)
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where A is a Lagrange multiplier.._-'

Equation (lh) can be put in the nondimensional form as

- ﬁzt.ﬁéli§#cf . qﬁl-'_- ls flf t f”:nii .(IS)f :
ﬂﬁefe' . . .
AE - .ﬁ.EL \
' 'IQ#R'psk'
ok q . . . .

. 122 . L D : o ey
o =5 (&) — %71 s {16)
B W) (-PF T
.g* B =JHEE2£'.

yyer _22 o

Thus W 1% a function of mumber of variables
Ty L
= W (Z’ixx’Ayy’pXXpryxeSt’?r’m_,p ) o “. o (lT)T

It is observed, in this case, that W behaves like l/Z,
-suggesting that there 18 no minimum with respect to finite g
]; Equation (1) for the general instability 1oad parameter kmr indicates
_ that the value of kyyc increases with the increasing values of p

: p&y, = t’ and e P But these parameters possess a certain upper llmlt
) because any increase beyond that limit makes the 1ocal instabilities o
aetive. If these limits can somehow be found, 8 program can be set

'up for minimization of W with respect to Aix and Ayy for fixed values

- of Z, pxx’ pyy’ e t’ and er..'
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Specifying limits on pxx pyy, e et? “and e &g they appeer in

the_expreseion for kyy is rather difficult. Tnis can, however, be

accomplished by replacing these four parameters by~four nev perameters

' &x’.& )-C",vand_Cy; The relations between the new and the didiperam- o

¥y Tx

eters are

e “E—il:34li(1+cﬂ&w) '.aéf”-ﬁz_ilzg_lél(%+cy&Y).' (18)

The new i:aranieters-&x and'&y dencte the ratios of radil of

ggyretion of striﬁgeré and rings to thet of the skin per-unit'width
-respectively, and C and C are numbers epecifylng the shape of the'
' stiffeners These ere called the stiffener shape parameters. By .

_rmﬁkingeSUCh 8 substitution the 7 expreseion becomes :

% E L oo 2 2 4= - PN o
W ='ﬁ [2Z, }.txx;' AW’ R B (a’x: -Q’y" Cx: Cy)]_. ' : (19) .
:_Introductlon of these four nevw parameters is helpful in two

ways: (a) It is easier now to 1nvestigate various shapee of the

:stlffeners and (b) the renge of these four new parameters can reason- .

ably be fixed

For a fixed value of % (or h)and known load parameter qD,

values of lxx and lyy are found in the space of a -ay such that W

1s_minimum. “The parameters C_ and Cy.cen be calculated_for_a

_particuler'ehepe of the stiffener. For some typical schapes the values

. of_Cxiand'C&.are'given in Appendix B,




: In.ofder to find fhe dimensions of the.stiffgners,'théir'

_ spaéingS'and the skin thickﬁeés, the results of first stagé-operatiOn
 are used'along.with_the inequdlities describing various failure modes.

‘The procedure to be follawed for achieving the final design is dis-

cussed in Chapter III. Some typicai design examples illustrating

this procedure are given in Appéndix C. A factor of safety of two is

used against gemeral instability, panél btuckling, and local instabil-

ities of skin and stiffeners. For yielding, & factor of safety of one

is uéed.




CHAPTER I1I
* METHOD OF SOLUTION

The solutlon to the nresent problem is accomplished, as stated
earlier;-ln_two stages. The design charts and- tsbles are generated
by performinguthe unconstrainedjminimization of the obJective-function'
o by mesns of.some.nathematicsl search'technique. This is the phase:I.
of the present methodology. ln the second phese, e deslgn procedure
(descrfbed in this Chspter)ris followed systenetiCallY to.arrireest

the final minimum weight:design3configurstion;

Phase I

.Descriptlon of Msthematicsl Search Technlques '

There are several mathemstical search techniques available for
. optlmization. A general distinction edn be nade between classical or
:tindirect methods svailable to snalytical solutions snd msthematicsl

_hprogrammlng and search methods whlch normally require a digital-com-

_ puter for findlng a numerical solution to most realistic problEms.

‘trThe c13851cal procedures are restrlcted to very few real world prob—

lems. . In most cases one hss-to rely on the mathematical search tech-
- niqueS; In genersl, there are msny techniques available that can be |
used for a partlcular problem. There is no 91ngle search technique'
that can uniquely be described as being the 'best' in all the -
tsituations, (see_Beference [16])._ In the present problem, the Nelder

and Meah-[zsj methematicellsesrch_technique is used in the minimization
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of the'objective function. This search techniquefprofed to e quite
effective."The'general instability-critical.1oad'paraneter Ey&cr;;f'
needed for each iteration, in ‘the general instability formulation,
.requires minimlzatlon with-respect tom and n. This is accomplished
:by using either the golden section [27] or the modified sequential
dichotomous [28] search technique. |

Nelder and Mead Algorithm

_This search technlque is used for minimizatibn'of nnltirariable
'unconstrained nonlinear functions The method is an extension of the
- simplex method given by Spendley, Hext, and Himsworth [29] Both--
methods utilize a'regular geometric figure called a8 simplex consisgt-
ing of- N;l vertices, where N is the number of variables._ The Nelder.
:and Mead method accelerates the 31mplex method and makes it more

general. This method adopts'itself to-the local landscape,.using:

reflected, expanded, and contracted points to locate the minimum The

.essential steps of the method are

-.l. Select a starting point

hé.. Construct a starting simplex, refer [25] or- Appendix E
for appropriate expe531ons to obtain the remaining points of the
'simplex. | |
l_ 3. After forming the simplex, the objective function is
.exaluated-at each p01nt The highest value of the ohjective function

(the worst point) is replaced by'a new point Three operations used

for this_are reflection,_contraction, and expansion. 'A'pOint'is first

located”hy reflection of the worst point The expression for this

step is given in Appendix E, or Reference [25]

P
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b, If the ref]ected polnt has the woret objective functjon

value of the current pointe, & contracted point ls located The

-__expreeaion ie given in Appendix E

CIf the reflected point io better than the worst point but is

not the heet p01nt &8 contracted point is calculated from the reflected

point The objective function is now evaluated at the contracted

'5 point If an improvement over the current pointe 1e achieved the
1'procees is restarted If an 1mprovement is: not achieved, the pointe

'are moved one half the distance toward the beet point .The procese_

is then reetarted

5. If the reflected p01nt calculated in step 3 is the best

pbint an expansion p01nt-ia calculated. The program listing in

Appendix E gives ‘the expression for thia operation.
1f the expansion point is an improvement over the reflected
point, the reflected p01nt ie replaced by the expaneion point and the

proceea is reetarted. If the expanaion point is not an improvement

'over the reflected point, the reflected point 1s retained and the_?

_ process is restarted

. 6; The procedure 13 terminated when the convergence criterion-

'iefaatiafied or a apecified number.of-iterations has_heen-exceeded.

'Method-of Golden Section.-

Thia eearch technique ia ueed for minimization of a nonlinear
function of a single variable The'search commencea with-evaluation
of the objective function at each end of the interval 8, ‘and at

a, = 2/(1#/5) of the interval from both these bounding points. . Refer
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_Figure 1.

: On comparing the values of the obJective function at these four
_points, the boundary point which is farthest from the lowest objective-
h function value is.discarded The remaining three pOints are retained.
The search now continues in the. region which has been diminished in

‘size by‘d The internal point at which the objective function is-

1’

knovn in the reduced interval is-at a distance dl-of the reduced

interval from the remaining bounding pOint of the original interval
This is because l—di__ di- The search can, therefore, be continued
“in the reduced interval with only one additional evaluation of the .
objective function.

When the specified accuracy is. achieved, the search is termi-
'nated The method is based ‘on the assumption of unimodality. It is,_
' therefore,_suggested that_a set of different original intervals be

'attempted. The program is given in Appendix E. =

.MOdified, Sequential5.DichotomoushSearch'
| This search technique is used for finding general instability
critical load treating m and n as integer variables. . The essential
.steps of the search technique are .
Start from an arbitrary initial point ml and n1 .a_one

dimenSional minimization is first_performed with respect to m, using

dichotomous_search._,The nrogram in Appendix E gives the steps.involved

in this'process This search is continued until a minimum with respect.

to m is located
2. For the fixed value of m located in step 1, the search

. procedure is repeated with respect to n. .The}search is terminated
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..”ftwhen a set of search sequences fails to yield anr change in the
.”iil_minimizing values of m and n _ | | o |
Employing these search techniques the design charts and tables |
:.are generated for the two formulations of the objective fUnction dis- ;

| -'__'.cussed in Chapter II.- For the skln y'ielding formulation, values of‘

ixx and lyy are obtained for various values of 2 (or h) The results

" . are given in the form—of tables and curves. _These-are discussed in .
. Chapter IV.

. For the general instability formulation, values- of lx and lyy .

are obtained for fixed values of Z,. C -and Cy, in the space of @ F-ay.

' 'The results are presented in the form of tables and charts as given

- in Chapter-IVr

.Phaseiii

Procedure for De31gn

In this phase the values of design variables are found by

femploying the design charts generated in phase I The_following'

quantities are known
" 1. The radius and length of the shell,

' ?.éi_tﬁpplied:hydrostatic pressure:(or_speratingudénthgof-'

: hsubnarine)7and'8afety factors: A factor 6f-safetY'of”tso is. assumed

' against all the instability failure modes and a factor of safety of

one is assumed against yielding

'3. The material of the skin and stiffeners and their

' properties.

_ﬁh. The position of the. stiffeners._
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thickness obtained on the basid of skin yielding, given by hl-1 = j

'is much lower than the one obtained on the bssis of btuckling. It is;

25

The d951gn variables to be determined are the skin thickness,

";-jthe 51zes of the stiffeners and their spacings The systematic
approach to arrive at these design varlables for the two formulations-'

.t of the objective function is- given as followsr

DeSign'frocedure for General Instability Formulation

Ring Stiffened Shell '

" In general, “the thickness corresponding to the minimum weight

e design is determined,from a curve of Z (or.h) versus W, In order'to:

plot such a curve, designs are obtained for at least three different'

' values of Z (or’h).:'The_foliowing procedure is suggested for deter-

mining eppropriate velues of Z (or h).

The“upper'bound-on the.SRin thickness-of'the shell is obtained '

from consideration of either skin yielding or buckling of an -

- unstiffened shell The optimum skin thickness is a fraction of the

upper_bound found,from'sny of the above two considerations, The skin

= O"-, -
' ¥

therefore, suggested to find the starting value of Z {or h) on this

bssis.

'It_ is enticipated that the optimm thickness may be around k,/1.5

-hufl 5- As an initial guess take Z - 1.2 Zu, generate some deta and

de51gn the shell according to steps l through T Let this-weight be

Wl; -The procedure-is repeated for z2 = 1. 3 zu and weight W

_o’b:teined' Ifw <w,u'sez.=-1 12, IfW >W,useZ..thu.

1
If W. 1= 2, then the minimom weight configuration corresponds to
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ez value between L. 2 Z, and' 1. 3 z Iﬁ- this -mansér'imilués- of z-'afé"- '

ldselected for plotting the curve of Z versus W The steps of deslgning

d:e shell fOr a fixed Z are given &s follows. _ o
le'l. For a particular value of Z (or h) read values of Ayy and

&y-corresponding to the minimum value of:W-- Steps 2 through 9 are

then followed such that the constraints defining failure modes are

'_not v1olsted, If'any constraint-is vaoleted, move to & point-of

higher value of W and repeat the steps. | | |

_ 2. The ring spac1ng L is determined frcm the criterion of

h; panel buckling. This needs & few trlals. | | |

N 3. The ring dimensions are computed a3 follcws

C naf(wAB) L h
| d._;hqﬁ yy).. . . E?@ o
S /(“;3*"‘71 W T S LB r Yy
T . AYBV S d“‘l".(l-\.’-)'(lmyBy)- .

.These expressions'arE'urittenffor_TJrings. lf-reetengular rings'are -
used;-ay and';By in the_aboue.expressicns:sre set eQusl.to senc.}_Fdr-
- other:shlapes'-.Ta'bleBl,' in aPpendix B, is '.us'ed For calculating the
| dimensicns:of.the rinéc N | |

h, The stresses in the ring and skin are calculated u51ng '
Equations (A2T), (A28) and (A3l) given in Appendix A These stresses
._ are checked against permissible stress levels . | : |
_: R 5. The critical ring stress 1s calculated from Equation (Aﬂl).
.This should be greater than the applied stress. | |

-6. The ratios_of_actual load;tc failure.load are calculated
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'ldto make sure that failure modes do not occur simultaneously. If this
condition is not utrsfied, cither adjust ring spacing or proceed
with another value of W ) .

T. The weight of the shell is computed. N

8{_ This procedure_is'repeated for”at=1east three valiues of :
2 (or.h); as_suggeeted in the beginning, and % versus h.is piotted;
d. From this curve one.findS'tne'optimun value of n.' | '
T9. 'For.this value of h (or Z) generate deSign data and follow
| the-ebove'steps;-'rhis step is needed if exact minimm weight is |
desired.- ‘The curve W versus h is relatlvely flat, indicating that -
there is a fairly 1arge range of h that corresponds to almost same
" velght of the shell, | | |
| The steps given above are carried out conveniently through e
computer program RSSH written for this purpose._ A sample_example
is worked out in Appendix C. o

Shell Stiffened with Rectangular Rings and Rectangular Stringere

The appropriate values of 2 (or h) are determined as suggested '
. under the rlng stlffened shell design procedure.

| . i. uFron the deslgn charts for this case, see'forperemple;
'Figure 2'.locete the_mininum'weight perameter'ﬁ for eech'Zzin_tne
"spaee of & -ay. Corresponding'to this'value of W, read #alues'of

' & X A » end Ayy One then follows. steps 2 through 12 such

thatdthe constralnts are not violated. - If sny constraint is vlolated
move to a point giving same value of ﬁ,'if there is any, or move to
' a point of higher uelue of W, With few designs one could get clear

a

indications as regards to the appropriate'direction;in which one
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'mnst mo?e'to-get3sn'acceptsble-design.

Through Equations (h) and (7) calculate stresses in the

_skin, stringers and rings. If these stresses are within the permis-

-sible levels specified, one proceeds to the next step.

3, The depths of stringers and . rings are: calculated from the

follcwing Equations.

Gog =B g =hay (2

h The rstios of stiffener thickness to the stiffener spacing

are determined from the definitions of lx and Ayy as

tTE%hn f..E%  ;  @)

e E® t(1 vy ok E.q (1-v )

5, tThe.ring'spacing'is determined  from the requirement that
the stress in the ring must be less thsn the critical stress or.

o~

. —
24(1-v )-° l Wl‘(l- ?) a _-a,)
2 5 _ N wr st
4, >»% or S T, ¢-5)]
13(1-v7)e, F dwr(l*”-)ad
=8N ] - ’ &t
A

Fl_isffectdr_of safety

The 1argest of the two values is taken as the reqnired ring
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'epacingrr The spacing is selected such that the number of rings is

_an integer. For this ring spacing t . is calculated from Equation (22).

Tnequalities (23) are obtained for the'case of rings deeper than the

_stringers. The portion of the. ring equal in depth to the stringer is-

_asaumed as g plate 51mp1y supported on: all four 51des, whereas ‘the

portion of the ring projecting above the etringer ia considered as

-

free on one edge.
:'6. For the rlng spacing determlned in step S, check for
panel buckling. : | o
T._ The etringer_apacing.is caleculated frqm.the.requirEment

that the stringer stress must be_leas then.the critical stringer

- stress,

12(1 v )c xxst Fl dst (l-v')-. N ' | (24 '

ﬂaEst[ dzsf + lL25] 0 &x

'Select Lot euch that thefnumber of etringers 15 an integer
andrineqﬁaiity (24) 1s satisfied. nrom EQuation (22), one_then
_Calcuiatea t £ | . | | o i | |
| j8, For the values of L and L determined in steps 6 and ?, ;

check against skin buckling using Equation (AlB), Appendix A, If

_thie consgtraint is satisfied Proceed to the next step, otherwiae,

examine valuee_of {T-and LS and see if they can. be adjueted, w1thout

.violation'of'any other constraint, so as to satlefy the skin buckling

failnre:mode._'lf such.an'adjustment'is not posaible, go'back to
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step 1. |

o Cslculste.reties'of'eetusl'1oed'to the feilure load, If
there_is simultaneous:OQCurrénCe3of two-qf_more feilnre'mbdes,
adjust 4 and 4, to avold thls, er:mOVe to another point in the
design space. | _ | o

10, Compute the_weignt of the shell.

11, Repeatathe:abOVe steps fdr a number.dfsz.(or h) values
snd'piot.w ﬁéfsus h,  For exemnie;'see_Figure'E.':At'ieast three - -
svalues ef Z.(or h).are needed for plotting the eurvé;jsee'design
_pfocedure for ring stiffener shell.: Fron ‘the plot.of W-versus h
one cen-loeate the ebsolute minimnm.weight and cerresponding_value'
of Z (or h) | | . .. o

12; For this value.of Z, design charts sre generated and
above steps repeated to finalize the design dimensions. -This.step-
is needed only if the-exsctfminimum weight configuration.is deSired.-

Shell Stiffened with T- Rings and Rectangular Stringers

_The steps for the design in this case are similar to those |
- given above. It may, however, be noted that the value. of C is no
_longer equal to one and the expressions for a& and kyy are different
 than those_given for the rectangnlan;snapes, These expre531ons are
given:intfeﬁie Bl,.Appendix B. o _ |
. The:ringlspacing_in this‘case:is_csicuiated'from the;feildwing _

 inequality:
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In order to find the optimum value of C,» @& plot of W versus

Cy'is mslde. ' Such a .fplot i‘or exsmple, ie"'-ehow'n 'in.'Figure 7

' Various types of st:ffener shspes can be examined by introduclng

proper values of Crs from Teble BI. The essential.steps.in the pro-

-cedure for design remain the same.

.Design Procedure for Skin Yielding Formulation o

IRing Stiffened Shells

The steps to be followed for this case are simllar to those

giveﬁ under general 1nstabllity formulatlon, The difference lies in

ofthe'fsct thst for each trial a check for general instabiliﬁy critical

._'load is required. This is accomplishEd through a_computer.progrdm{f.

see Appendix E.

* Shells Stiffened. w1th Rectangular Rlngs and Rectangular Strlngers

.:1. From ‘the design charts or tables vead the values of Aﬁx o

and k&y correspondlng to a partlcular 2 (a good starting guess is

Z = 1.1 Z ) One Lhen follows steps 2 through 7 such that the

constraints are not V1olated

2. This step is same as step 2 under corresponding case in

-general instability formulation._
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'-3ft In order to check against general instability failure mode,

one must first determine values of a and ay. It is indicated by the -

- present - study that for minimum weight configuration rings are always
_deeper than the stringers. The ring spacing_is_obtainable from
__inequalities (23). In order that both expressions in thst'inequalit?' :

yield the same value of {}, one easily finds that

Qg Ted, o (26

'If the depth of the ring is linited'by any'geometric COnstraint,
the starting value of d 1s taken as equal to that limiting value
If no such limit is specified, dwr is- assumed as R/lS

h; With these values of d and gy ax and o& are calculated -

from Equation (21)

. =.5,' For ‘these values of a ) @, ¥’ Axx lyy and Z check: the
design against general instability. -This is done through a computer
program, see Appendix E. fIf gér > qD, proceed 0. the next step.
Otherwise, change values of & and ay. An increase in the value of

.a “and ay_will increase value of oy If the general 1nstab111ty
_ c0nstra1nt can not be satisfied, one must move to higher value of H

.A:few.trials_are needed for this step.

6. The sizes and sPacings of the stiffenerS'sre foundzthrough_

'the constraints of ring, stringer and'skin buckling The steps

outlined under the general instability formulation are applicable in.
the present case also.:

-T{J_The ratios of actual load to failure losd are calculated.




T

'.3h1'

This'isifor makihg_eertain-that there is no simultaneous occurrence
of failure modes.
The procedure for shells stiffened with T- rings (or any other

shape) and rectangular stringers is essentially the same except the

egexamples are worked out completely in Appendix € to. illustrate the

procedure for design.

' ichanges.pointed out under the general instability formulation. Some
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. CHAPTER IV
 NUMERICAL RESULIS AND DISCUSSION -

" The following cases are con81dered during the course of this

: 1nvestigation to amply demonstrate the useful applicability of the

'present methodology.

Casge 1. ThlS case deals with the de51gn studies employing
skin yielding formulstion for a shell of ‘radius 198 inches and length

29& inches, The operating depths considered for this oase are 1000

-: feet and 3000 feet.. The material of construction for all the elements

- of shell is conventional steel with permissible yield stress of 60,000 :

psi.” Both ring stiffened and ring-stringer stiffened shells are con-'

sldered to arrive at minimum.weight,design.

- Care 2, . This_caSe is sinilar_to the_oasell, except_that

‘the formulation of the objective function 1s based on general insta- -

bility,

' Case 3. For an operating depth of 3ooo feet, the minimum weight

de51gns are obtained for a she]l of radius 198 inches snd length 59&

_inches.: The material of construction for all “the elements of shell
“.is hlgh strength steel with permissible yield stress of 120,000 psl.

Both ring stiffened and ring-stringer stiffEned geometries are con-

sidered:for this case also. The formulation of the objective fUnction-
is bssed on general instability.

,LCase L, This case 1s similar to case-3,_exeept-thst_instead

of interior'stiffeners, exterior stiffeners are considered here.
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_ Case 5. Effect of varying L/R ratio on the minimum weight 1.

"studied in this case, A shell of radius 198 inches in considered.
~:The L/R ratio is varied from one through five. The operating depth,

ttype of steel and stiffening are same as in the Case 3

Case 6 ThlS cage deals with the minimum weight design of a

"shell of radius 198 inches and length 59k inches when predominant ”
- hydrostatic-pressure is c0mbined with small-uniform-axial-compression.
" The operating depth and type of steel used are same s in Case 3,  The

'axial compress1on, in- this case, is assumed to be 2qR, where q 1s theg

hydrostatic pressure and R 1s. the radius. of the shell

The results of Cases 1 and 3, when the shell is stiffened with

tonly rings, could be compared with the results of [18]

Tables 1 through 11 and Figures 3-28 give the results of the

designfstudies listed.above. Three sample.design_examplesﬁand corre—

'5ponding design chsrts are given in Appendix C The design charts?for

all the cases considered are given in & separate report [30]

- For the objective function formulated on the basis of skin-

'_'yielding, the results of Phase I, for the two operating depths con-

_ sidered, are given in Tables 1, 2, K and 5 The chart showing skin

thickness ‘versus W¥ is also plotted Figure 3 and 8 are the dESlgn

charts for ring stiffened shell w1th operating depth of lOOO feet and

| . 3000 feet-respectively.

Table 3 summsrizes the results of the design studies for an

' operating_depth of 1000 feet -The least weight 1s obtained, when the

shell is stiffened Wlth T- rings &nd rectangular stringers. The objec-

tive function for this case is formulated on the basis of
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. Table 1, Design Table for Shell Stiffened with Interior
' Ring Stiffeners.  Skin Yielding Formulation, -

,Mgterialuof Construction - Convenfiﬁnal_steel.f

Operating Depth v oy ' :. SR o*
1000 ft. = 10,3000 60,000 psi . 1147.78781
e
1800,0 - JOhkho 0 h5158 . . 1,41305
1775.0 95770 Jb23oh - 1,ho2o1
1750.0 97138 .39522 . 1.39326
1725.0 © .9Bsu6 . .36807  © - 1.38h05
1700.0 S 99995 3ks6 137588
. 1675.0 © . 10488 - 31565 . 1.36690
. 1650.0 - 1n.03025  .29029 . - 1.3569L
1625,0 ' 1.04610 26547 7 1.35128
1600.0 ' 1.06245 2k 1.34399
- 1575.0 1.07931 - .21729°  1.33703
-+ 1550.0 L0972 - .19388 . 1.33038
1525.0 1.11%70 © .17089 - 1.3240h
1500.0 1.13328° - .14830 1.31797
1475.0 . 1.152%9 12609 1,31218
1450.0 1.17236  .lok2k - 1,30665
1425, 0 . 119293 - . .08272 ©1.30137
© 1400.0. | L.ewe3 - 06153 - 1.29633
135000 _ | | 33

1.25920  .0200% | 1.28693
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. ‘Figure 3. Design Chart for Interna]_'l.y. Ring Stiffered Shell

Skin Yielding Formulation, Conventional Steel
Operating Depth lOOO feet.

¢
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Table 2. Design Teble. Shell Stiffened with Interior Ring- -
o Stringer Stiffeners. Skin Yielding Formulation:

” Matérial”of-COnstruction'- Conv&@tionaljsteei‘?

Operating Depth v

1000 £t. | 0. 300

gy

60,000 psi

e
| 1147.78781

Z-_._ : b { ' fflxx; 

We=W x h

 '1850.0 .91888 . ;00287-

1825.0 o .93146 ,00330

1800.0 - - .g94sko . - ,00406

1775.0 . .95770 -~ .00252

1750.0 97138 .00365 -

1725.0  .98546 . .00862

1700.0 0 .99995 . .00692

‘1675.0  © 1.01488  .00883

| 1650.0 1,03085 - .00909

1625.0  1.0b610 . .0Lk6k

 1600,0 . . 1.06245 . .01708

1575.0  1.07931 . . .01328

1550.0 . 1.09672 ©.02103 -
15250 - 1l.11470 . 02567
1500.0  ~  1.13328 .027hl .

1475.0° 115259 L0259

1450.0 . 1.17236  .01661

L7978

.36631

.26376

21615
.19239
- .1695%0

5099k

Whso3T
Lbe2sr
30436
.3k031
- .31k26
- .28905

.239&& .

14701
J12511
10373 .

. 1.43669

1.42593
1.41600
1. 40485

©1.39623
- 1.39147
- 1.38088

1.37520
1.36778
1.36612

- 1.36194 - -
1.35142

1.35391
1.35362
1.350b9 .

- 1.34379

1.32750

-
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yieldingiof-skin. On comparing this result with corresponding case
'f under general instability formulation, one notices that an improvement B

. of about 4 percent in weight is realized

Comparing the weight of ring stiffened shell to that of T- ring

"jand rectangular stringer stiffened shell, it ig found that the latter -

: shows an improvement of about l3 percent in weight over the former._;

This is an appreciable saving in weight, 1ndicat1ng that one cannot

' 1gnore.the-importance of prov1ding stringers-w1thout having a.closer

'=look at their contribution to the overall strength of the shell under-

hydrostatic pressure.

The results obtained by Pappas and Allentuch [18] are given in

. Table-3 along with the present results. The results-indicate that;, for

ring- stlffened shell, the minlmum weight obtalned in the present case

. is about 18 8 percent better than that of Pappas and Allentuch.. One _

must, however, note that improved constraint equations are used in the

present study. -If,.on ‘the other hand, the comparison is made-with
respect to the best results obtained in the present case, the improve- '

'-ment in the weight is of the order of 3h 3 percent.

The_results of.Pappas and Allentuch indicate that two or more B

“:'failure;modes_occur'simultaneously. .This has been avoided, in the

’presentfresults (see Table 3) It is pOSSible, in most cases, to avold

simultaneous occurrence of failure modes, Without any increase in the

' weight, Just by adjusting verious design variables. In some isolated

cases,_however, the failure mode 1nteraction can be av01ded only by

increasing the weight of. the shell The present methodology enables

one to achieve ‘this wlth least weight penalty.

=)

e — ey

- ey
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© Table 3.

. Design Results '
Shell Stiffened with Interior Stiffenera

"1060 feet'

RiR

'c& =f60;000-psi__'313‘

" Skin Yielding

_Genefal InStability*

34646

38247

— Formulation : _."_Formulation ' Reference.
| TR TR-RS ' RR-RS TR-RS - [18]
1b/in . 530.2 . W69.1 k957 - kBB.O 629.8 -
in 113328 1.06245  1.00000  1.00000 - 1.0631
oy in 11.62590  12.88152  1h.50000 - 1134493 . 13.9570
6 in . .bU4580 - .33052 'fh293u - .288¢2 .775& .
or in 3:h8777 . 6.BkOTE ...l 5.67246 9.7698 _
ep - in . .64580 033052 il 28892 LTTSM
" dn 1 23.76000  22.84615 © 16.50000  13.20000°  22.8U60.
dgp oo dn c ..o 265612 10.00000 . 3.00000 ...
oy in o Leae. .16669 - LBEOSE . 19000 ......
Leg | dn .. 22.20k28  73.14352 | 13.088B - .......
GB 91459 LOkT33 96960 96967 . L3780
m,n 1,3 1,3 1,3 1, 3 ...
PB 99228 - 89584 -~ ..15920  .27763  1.0000
L 1,18 1,25 1,8 1,k ...
SKB ceevvs T.9205T 0 JBB593 35695  .......
RE .29038 ~.99607 . BOUTS 85093 1.0000
STB eerian 88892 .99269 . .88626  .......
SKY 1. 00000 1,00000 .99365 99769 .9940
RY .80922 .93961 91922  .92090 L6570
BTY  ieeeeed 37655 veee
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Determ;nation of Optlmum Ring Shape Parameter B
Internally TR-RS Stiffened Shell, Operating Depth =

- 1000 feet.

- Steel.

General Insta'bility Formulation, Comrentioiial_
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An observation of Teble 3 1ndicates that the general instability !_
coefficient 1s not equal to unity for the results obtained on the :{
basis.of generel,instability formulation,; Thiszis.duelto the fact.d_f
_hthat_the parameter ﬂ(: 2%) shich minimizes Eyyhdoes.not:necessarily.

?yieldlinteger'vaiueuofsn.' In some‘cases;'for:example, ninimizing value
__ch Byield, .n. = 3 2. In .suoh -cas"es,' l-{w is | calculated" i‘or n = 3 and
h and the least of these two values is taken as kyyér.-'ThiS'value
is always slightly greater ‘than the one obtained for h =I3.2; This
is the reason for GB being less than unity.
~ The effect of the ring shape on the weight of the shell is
studied by varying the value of parameter C . This study indicates
that of all the shapes considered, T- rings prove to be most effective.
.Figure T shows. the effect of varying parameters Ay and B (therefore C. )
on the weight of the shell It helps 1n determining the optimu:m
r_T-rings.- It 1s obvious from the Figure T that the weight of the shell
s not very senS1tive to the variations of Ay and. B (or C. ) This_
:suggests-that there is = large nnmber of T-rings having_different web
-depth to flangelwich ratio, end.neb thickness to flange:thicknéss
- Qaso,“ which give almost .-t.he"s_ame weight _or the shell, |
| a sirnilar study was conducted for stringe__rs e_lso. The rg.sults.
:indicate that_e'rectangular'shapedlstringer'is.mostreffectirej
T-stringers'give slightly higher weight. This phenomenon'is under-
standable. in the sense that the major contribution o:E‘ the stringers
is in strengthening the shell against panel buckling._ Since local

.buckling of the stringers itself is not a critical failure mode, the

'shape of the stringer does not play a. maJor role in reducing the -
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Table b. Design Table. Shell Stiffened with Interior Ring
'St’iff_en_ers Skin Yield:lng Fomulation o

Material of_C-onstmction. - Conventional Stéel'

Operating Depth v o g%

: 3obo'f¢et' - 0300 _603000 psi  _ -382,5959

o _.__ ho Ay . - ¥Wxn |

875.0 - 1.9ke77 ©3.90202 - 10.27321

850.0 199991 2.5603% . T.6267T
825.0 0 2,06051 1.99755 -~ 6.58355

8oo.0. - Ca.aagkgo 1.64251_ L . 5.96049
15,0 2.aa93kh . 138463 0 - 5.53003
7500 ~ = 2,26656 - 1.1832 - - - 5.,21139

T80 2,342 101585 . k9617

00,0 - 2.8 . .87k L6l
675.0 . - o 2.51840 LTSOTT . k59612

 ﬂ65o.0 S 2.E1R6 . .6hOk - hlsTsh

62500  2.mg8r. . 5403 h.339%2

600,0 . - 2.83320 H5158 . b.2391k

575.0 o 2.95630° - .3680T 'fh.15216-_ -

550.0 3.09076 T .29029 ~ 4,07673

525,0 o 3.e3t9k - .2ieg h.owllo

500,0 . 3.3998k. 1830 | 3.95391

k15,0 - 3.57878 | .08212 © 3,90k10
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~ Skin Thnckness h (m)

. Figure 8; Desigm Chart for Internally Ring Stiffened Shell

' © Skin Yielding Formulation, Conventional Steel
Operat:mg Depth = 3000 feet. '
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Table 5.

Design Table, -
Stiffeners.

Skin Yieldlng Formulation.

Msterial of Construction - Conventiondl Steel

bt

Shell Stiffened with Interior Ring-Stringer

;.Oper&tihg_ﬁeﬁth

_ _ Yo Sy .d*.
3000 feet, 0.300 6o,oop_ps1"_ - 382.59594
oz  Ff Xy Ay W = fix h
$500.0. ©3.3998k 62739 14701 4.05138
525.0 3.23794 .01320 - .21616 4.o5h03
550.0 3.09076 00882 - .28909 %.10255
575.0. 2,95638 . 00881 .36628 k. 17hOl
600.0 - 2.83320 L 00k06 - .b5037 - 4, 24801
625.0 2.71987 . 00297 .5LOT8 4,34507
650.0 2.61526 ©.01551 63230 k701 -

L 675.0 2.51840 00761 7470 4.60036
700.0 - - 2.b2846 0 03036 . .84310 b TSONL
725.0 2,372 . L0691 .93537 4.91687
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' weight of the shell It is, . therefore, decided 1o study only the .

--rectanguler stringers in the remaining cases

The results of the design studies for an operating depth of
3000 feet, uSing conventional steel are given in Table 6 The govern-'.

ing critical mode of fE1lure in this case is yielding of the skin.'

‘This mode of failure cantrols the deszgnaof the shell. Relatively

large thickness of the skin is needed-for:preventing the stresses

in the skin from exceeding the permissible level. As steted in
Chapter III, for ring stiffened shells, the ring spac1ng is determined
from the panel b}iclkling crite_rion.. . However, in the pr_esent _caee, ir

the ring spacing is determined based on this failure mode, one'finde

that 1t resuitsdin'very-wide ring spacing.f The widely spaced ring

stiffened ‘shell either failed in general 1nstab111ty or. was of higher

'weight than the cne with closely-sPeced rings. ThlS suggests that

panel buckling mode'is not critical ip the sense that one.can disre-

"gard it temporarily This means thst the ring sPaCing obtained for

the design that satisfies all the constraints except the panel buck-
ling is much smaller than the one required by penel buckling constraint.
In order to find the best ring speeing, a plot is made for the number

of’rings vereus weight of the shell. Figure 9 shows such plots The

;optimum number of rings (or'ring-spacing)-is then'foUnd,from-such

plots. o

The results given in the Table 6 show that least weight is

'obtained for ring stiffened geometry under skin yielding formulation..

Comparing with the results of Peppas and Allentuch, given in the same

' Table, ohe observes an improvement of about 5 percent in weight in the.
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" present case. It is 81so observed that the weight obtained in the

~ case of'ring-stringer stiffened shell' is almost the'same as in the*case'
7;of ring stiffened geometry, the former being higher by about l percent._" -

This indicates that the stringers are not effective in the present case.

. The reason is obvious, because neither general instability nor panel :
'buckling'is a critical mode of failure in the present case; therefore,'
stiffening by stringers does not show any. improvement in the weight of

' the shell.

-.The,aesignlstudies.made.under-caSe_3 demonstrate.the-significance
of using high strength steel | The.results are given in the Table Ts )
The skin thickness obtained in this case is reduced to less than half
the thickness required for the same depth when conventional steel is

ﬁ;used , The governing critical mode of failure for this case is general
instability._ The skin yielding does not control the design. ) |

Comparing the 1east weight obtained in the present case with

that obtained Tor the same operating depth, refer Table 6, one

observes that employing high strength steel" enables reduction in the

 weight of 68 6 percent This is significant weight saving, particularly

-so, for the submarine hulls, where adequate buoyancy is necessary for '
large depth operation. One must, however, take into account “the cost
and fabrication problems before asseSSing the advantages obtainable
by the use of high strength steel |

Since panel buckling and the general instability are important
modes-of'failure in controlling the design, stiffening in the longi-
tudinal direction proves to be helpful in reducing the weight It is-

E observed during the course of present investigation thst stiffening

L
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with the stringers changes buckling mode fromm # 1 tom =1, This

is also pointed out by Singer and Barueh'[Sl] in'connection'nith'the

..'effectiveneas of the longitudinal atiffening for shells subject to

. hydrostatic pressure

The reaults 4in the Table T indicate that the least weight is.
obtained when the shell is stiffened with T rings and rectangular

stringers. This welght.shows an-improvement of T percent over the

,.neight of the shell.when it.is.atiffened with ringa only. .Instead of

- T- rlngs 1f rectangular rings are used along with rectangular stringers,

the weight obtalned is 10 perrent higher.

The resulte of Pappas and_Allentuch arefgiven'in Table-T for

comparison purposes.  On ¢omparing their results with the present

'-resulte; the ring stiffened geometry shewa.an improvement of 19.2
. percent'in weight 'in the present case, On the cher:hand'the ringf”'

_stringernstiffened_geométry;ahows'an improvement in weight of 26.8

percent,
The results of u51ng exterior stlffeners are given in the

Table-B and Figure 18, On comparing these results wlth the correspond-

ing cases under Case'3 where interlor stiffeners-are used, it is noted

that for ring stiffened shells interior stiffening yields 2 percent

better weight, whereas T-rlng and strlnger stlffened shell shows an
'1mprovement of about 9 percent; The welght_difference in the case of
.shells'stiffened with rectangular rings and stringersfiaiaboat 1 per-'

cent; the internal stiffening being better. Apart from the weight

considerations, the location of stiffeners may depend on practical con-

. siderations alsoc. If no such restriction is impesed, then the
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internally stiffened shell, for the geometries considered in thls

'study, 1s better. .

| The effect of varying L/R ratio, or in other words the effect
of locating the heavy bulkheads on the weight of the shell has been
studied in Case 5 The ratio is’ varied from one. through five and the
results are given in Tables 9 and 10 along with Figure 19-27 ‘The =

results show-thatgas_the L/B-ratio 1ncreases the weight per-unit '

-'iength'also increases However, it may be noted that this weight does

‘not include the weight of the bulkheads. Therefore, for proper estie,t

mste of the_weight,.one must account for the weight_of_bulkheads,'to

arrive at the best L/R ratio which yields the least weight,

: Certaln functional requlrement might override this phase of the study.

That is, if L/R ratio is prespecified aue to any practical considera-l

' tions, it 1s not-necessary to undertake this study. On the other hand
: if no such limitations are imposed, the results of this study help in

arriving at the best ratio.

~ The - results of this study indicate that for L/R l, the

: weight of the ring stiffened shell is l.3;percent higher_thantthat
_of the ring stringer stiffened shell, This difference increases with

the 1ncreas1ng L/R ratio._ For L;’R 5, the difference is about eight

percent. This indicates that stringers are;mOre.effective for higher

I/R ratios. The results of Tables 9 and 10 indicate further, that
_the depth of the rings required for-the hinimum weight increases with
1ncrea81ng L/R ratio. This is another controlling factor 1n deciding

' for the most suitable L/R ratio.

.'The minimum weightrdesign results for the case of the shell
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 Table 9. Design Results. Influence of Vafying'L/B Ratio on Mihimumﬁ'_
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B subjected to the combined load (small axial compression combined with )
'j'predominant ‘hydrostatic pressure) are given in the Table 11 and ? |
Figure 28, The veight of the shell is higher than the corresponding
'*csse under hydrostatic pressure. The formulation is based on general
- instability. The skin thicknees needed for this Case is higher thsn“
| the thickness needed for the" shell with only hydrostatic pressure.
}:The stringers are undoubtedly 1mportant for the present case. -The
; design charts reveal-that the weight ofzthe shell is reduced signifi;_

cantly, when'the.stringers are of such proportiOn as to'change the

' buckling mode fromm # 1 tom = 1.

A general type of observatlon that is made during the present

"_ investigation refers to the determlnatlon of the optimum thickness of

the skin or value of Z The curves Z(or h) versus W in- all the cases
. are relatively flet,_”This 1mplies that there is sufficiently large
'range of skin thicknessesﬂthat give almost the-same veight. .This '
suggests that it is not nec¢essary to determine very precisely the _:
“value of_skin thickness which corresponds to minimum weight. The
yalue of'skin thickness'in the neighbourhood of ‘the minimur exhibited
' by the curve may be taken as optimnm gkin thickness. |
The other observation is in connection vith selecting the type '

'of'the formulation to be used for the objective functlon._ The studies
reveal that the selection primarily depends on the type of steel or
“materlal that 1s used for COnstruction and the operating or. design
depth (or hydrostatic pressure, whichever is specified) For lOOO |
_ feet operating depth, it is observed that the two formulations (general

1nstahility'and skin yielding), yield;weights_that_differ by .about
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four percent. If the shell is designed for higher operating depth,
SKin'yieiding'takee'over and the formulation must be based on skin
yielding.- Tnis is true if conventional steel'is”ueed : One'can,

therefore, say that general instability formulation may be used for

-the operating depths of lower than 1000 feet and skin yielding formi-

'lation for higher.depths.

If, on the other'hand; high etrength~steel is used;*general

instability governu the design up to sufficiently high operating

depths, From thls study 1t is not p0551b1e o say what that upper

limit 1s,
The plot of h is W and C versus W together With the choice-

of selecting from different de31gn configurations corresponding to

the same minimum weight provide 1mportant 1nformation to carry out -

' trade-off studies- ‘For example, if the minimum weight design con-

figuration requires skin thickness which is difficult or expeneive
to manufacture, one can study and_investigate easily the alternative

neighbouring.deeign COnfiguration and make a compromise between the

weight penalty and the cost.
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CHAPTER V
~* CONCLUSIONS AND SUGGESTIONS

.-Conclusians:
The main conclusions of the present inreatiéation are

_l.' The obJective fUHctlon formulated On the basis of an actlve
mode of failure (skin yielding or general instabillty 1n the present
caee).and accomplishing aolution in two pheaes_effeetively leads to
the minimm weight design. In addition, it enables a designer for
_carrying out 1mportant trade of f studies to arrive at practical _-.
minimum- weight configurations. |

2. On the basis of phase'I} one_can-easily:easeSSIthe ﬁeea'p
for etiffening.in_both directiona for different-shapee ofietiffeners.

| 3.: The present approaeh.giree a:designer full centrél over
the deeign variables end-it enables'himzto intreduce needed changes
or avoid interaction of fallure nodes by paying the least penalty in
weight

ik;l The.minimnm weight design iepnOt unique...This 1nplies |
.:that fer'a-given lerel of the specified par&meters_the design vari-
: .ebles can be adjusted so as %o give several acceptable de51gns for
the same weight

5. The studies indicate thet T-rings are most effective

among all the shapes of stiffeners investigated The ratios of flanée
| "width to web depth and flange thickness to web thickness does not

appreciably affect the welght
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6. The_curVe for determining optimum skin thiCRness'is

relatively flat, Therefore, very precise determination of % (or h)

- is not:neceSSary'for_minimum_weight.design.“:This iﬁformation is -

an important asset for the designer, as it enables him &'wide'ohoice-

'1n selecting ‘skin thlckness.

'T; The use of high strength steel enables appreciable weight

' savings, but this aspect should be studied along with the cost and

fabrication problems.

8. In certain caseS-stringersVdo help.in saving weight,

" A designer must evaluate the cost of providing these:stiffeners against

the weight saving.

. 9. The weight of the shell increases with increasing L/R

_ratio' However, no account of the weight of heavy bulk heads is made

1n ‘these computations. This study is more of qualitative than

'Tquantitative nature.

10. " The interior stiffening proves to be better for the

' .geometries considered in the present StUGYa

 Suggestions ’
t The following suggestions are made for the future Work
'j‘li' Minimam weight design of shells of shapes other than
circular cylindrical | |

C 2. Combined load case needs fUrther study to investigate

_the entire pattern of interaction of these~two loads viz. ‘uniform

. hydrostatic pressure and axial compression

f3; Minimum weight design of stlffened cylindrical panels is




h

of significan£ impof£ﬁnce;
* b, Most important extensibn of the present work 1s to include .

cost fécﬁbr. 
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APPENDIX A
ANALYSIS OF STIFFENED CIRCULAR CYLTNDRICAL SHELLS

In this appendix all the equations. needed to analyze the
stiffénea_cylinders undér.hyﬁfostatic_pressuré'énd axial éompreSsiQn
are presented. Thééé include tﬁe'genefﬁl'inétébility analysis of
the cylinder.aé well as thé'bﬁckling, StreSS'and(yield.énalyses_of
the'skin and'stiffeners.' |

The expression for- the'gene;{:'al iﬁs’cability’ :F‘ail}ire. ‘mode of
the stiffened_ cylinder is d.e;jij.?ed using Donnell's equations and
sﬁeéring technique, An iﬁvest;gatibn for d¢tefmiﬁing.the accurécy
obtainable ffoﬁ the Doﬁneil's:éQUatiOﬁs wéé carfied'éut.pridr to

undertaking the present'ﬁork, The results.of'this ihvestigation for

uniform thin cylindefs under lateral loading'are given in Appendix D,

It is indicated that the values obtainable by the_DOnnell5s'equations'
are within the acceptable engineering'toleranbes,'especially in_the 

?raétical range of R/h and L/R ratios. The comparison was:made'with

the results obtained.by Budiansky‘é equations,

Thé_main assunptions for the stability analysis of the
stiffened cylinders afé - |
| 1. The shell is thin
2. The defleqfcions are small
3. _Rétations about normai are'ﬁuch smailéf than the fotations
about:in-piane axes, o

b, 'Normals_tb the féferehce surface before deformation remain
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9.

normal: to the reféréncé.surfacé after_deformation;'and they are’

inéktensionﬁl;':

5. Thénétiffeners_are distributed or 'Smeéredf ovef the whﬁlé .
Suffaﬁg.bf the shell, | | |

6. _Thé_stiffeners are along the_directioﬁs_of'principai
curvatufeé. o B

7. The connections of stiffeners to the skin are monolithic.

8. The stifféné?g do not. transmit shear, The_shear'is carried
entirely by skin. |

9. The Stifi_'en_ers_'are torsionally weak.

Strain-Displacement Relations’

The midsurface of the skin;is'taken as_the-refefénce éurface,

Tﬁe coordinate system and sign convention are shown'in Figure Al &and
A2 réspéctively. Let ul, v}, and wl be the additional_displécements

'in x, y and z directions respéctiﬁély,-required'to.bring:the'membrane

state £0'£he-classipal buckling state. The strain,.curvature changes

and rotations'aré'given by

e = €, 4+ ZK

-
1]
<
4]
< .
N
M
F

. ol
Sxx -
Yy ¥& R
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‘Stress-Strain Relations

The stress-strain relations, based on the assumption that skin

“is in biaxial state of stress, are: -

xxs8k 2 ' Txx yy©

cyysk f Loy Cryy T Txx

Txysk = .(A2)

The stiffeners are assumed to be in wniaxial state of stress,

80O that_thé-stress-strain'felations for.longitudinal:and circum-

ferential stiffeners are:
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. =K e B _ (AEb)

-Stré'sé' and 'M.omeﬁt ..Re'sultar.lts

_.'Th.e stress. and moment r:eél}'ltfmt-s_ _p.er'.uni‘t. length are obfained .
by performing integratiqﬁ of stresses .(:'n:rer the thieimess“of the skin
ﬁnd fhen addiﬁg fo these thé"correspbnding sﬁress aﬁd‘ﬁoﬁeqt resul- =
tants per unit 1eﬁgth in the siiffenei-s. -. Based on the_-'asgﬁmption |
that the stiffeners are distributed over the whole surface, the s’treés
and moment resulténts pe‘r’-uniﬁ leﬁg‘bh in the S‘tiffeﬁers are pbtained
by dividing the _reéul_taht *-étress ‘énd ‘moment by the stiffener spacing.

_The stress fesultants are: -

‘

h/2

Nxx ‘f _ cxxsk dz + {’st I Cyxs dAslt.-
: ~h/2 A -
. st
h/2 1 _
Ny'y’ _= .r'_ UW_SI( dz _+ :'E- 'r GYIYI' 'dAr
-h/2 A .
_ T
wje |
Nicy = I Teysk 4z
~ ~h/2 '

and moment .res’ﬁltants are
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C w2

M = 1 _ :
’Mxx '.r Z Oyxsk 9% + {St_r z cxxst.dagt
-h/2 Ast
- h/e
= A -
M = Z cnyk dz + 'Lr ‘r Z owr .dAr
-h/2 - A
r
wfe (e,
M g = f I S dz + T uxy
-h/2 . S
h/2 | (G, - .
Moo= [ 2 T 97+ % Hyx - (3

Substituting Equations (A1) and {A2) in Equation (A3) and

| |
performing appropriate integrétiohs; one gets !
(e )+E-st t +Est st
XX (l V ) Lst XX Lst st "xx
=—E_(ve e )+ % % e, + = e x
¥y (l-v2 xx Yy i, Wb, Ty i
N =G | N
. Xy - ka ' _ ' N ]
- and L |
T A A :
XX l2(l-v ) XX V¥ Lst st "xx ;
- |
e ; e = }




.Est :
+ :E_- (Istc + est Ast)n'xx
st -
L - A
Fh- . r.Tr
= (v + %) + e_ €
¥y 12(1-\)2) woow L Tw

. Er
+fI; (Irc + &y Ar)”yy

' Eh3. CGJ)st

M=
Yoy TR0 My T e, kv

yx T 2200) Myx T T My

since stiffeners &refassumed to ke torsionally wéak;

- En’
M =M = Ho
Txy yx 12{1+v) “xy

A set of new parsmeters, described below, aré introduced

B = By = E0/(1-57)
et = Est_ﬂstffﬁi.
| - EQ‘y_r = Er Ar/'r’r . 

_G. = En/2(14v)

E_ =E__ +E

XX XXp xxst

(Al)
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E = E +E

wo Tyl T
“op - Do = En/1 '1'-'_“2)'_
Dxxs£ Est 1 K%St.
ﬁﬁ“‘ ?E.r.i'l;c'/;r
ﬁx; = (l'”);Dxxp.
.Dxxl_.% D%xp'+ D, ot

Yy Tyve U T

Substltuting these new parameters in Equatlon (Ah), the stress

. and mOment resultants relations become :

Nﬁx =rExx'sxk + e Exxp eyy + est Exxst Myx
N =uE +E e

vy = ¥ v fxx T vy Cvr T e Ty My

xy = ¢ Yy
M =(D_ + 92. E. ) +v D +e, E

XX XX st xxst xxp yy St xxst Sxx
M = D. D e E

vy =Y Dyyp M + (D + & By dngy + 0y By ey

=Dty - (n6)




S 2 2 2
'L(gxy.f v Eﬁxp) SﬁSEJ.ul + (Eyy ;i§'+ G.iiz) fl

v .
kR Exxp ax ~ %st Exxst 3
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Buckling Analysis

The buékling eguations; vased on the Donnell's theory are

[y

- - ol :
==L _ o
-2 :

&

&
4

3

™

1

[

X .+ Yy

2.1 2t 2 A
. : _ : D7 .
S A B

3

son° ¥ LI Co _ : - o ATY
. The buckling Equation (A7) can now be written in terms of
displacements ul; vl, and_wl by uSing:stfess-strain and strain-

displacement relations. These equations are

_ ' 3.
= [.(q.- % Eyyp)‘gi + est Exxst'itgjlwl _

9 3

e )

9 Lu+,_%xai_eE 2




i : . . . T _ _

i buckling process, This is the true representation of the hydrostatic

! - . ) : o Q o . |
| loading. -The prebuckling stresg resultants Nxx’ N&Y gnd ny are.

; given by._ .

| "-d' _ o

5 ka _IqB/e - N

: N =dqR

| vy ._q |

SN0 = T/emRS (49) .

! Xy T o

| : :

! The following nbn-dimensiqnal parameters, which help systema-

? tige the"optimizatiGn”procedure are introduced

| A_=E .'/E -E A (1;\,2)/Eh{,

: XX xxst Txxp T Tst st _ st

i |
| ekl 3 - -
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L
, Voo -
+2\ny+2nx@+2nm)_3x2ay2
: ¥ B e 2.
.2 D Yy r.-.. . a 71
+(D_ + e E )_E+ E-EF'E' == |
v Ty T g mayJ.
-1 21 21 - :
w0 QW O W 20 QW p : o
=TTt N&y 2 * 2N§y AXJY - ' - (a8).
ax oy S

These eQﬁétibﬁs are féf”a_gtifféhgq'cylinéer"éubject'to uniform

axial compression, torsion and hydfostatic pfessute. ‘The pressure g

is assumed to_reméin-normal to the deflegted.midsurfacé during the




i

i

VD = EI‘ Ar(l'.v )/Eh.'f,r-

Ry~ el

. -  e 3,
Pex = xxst/D =128 st stc (1~v ):Eh st
G =D /D ;-12 E I (1—92)/Eh3 £
B Oyy = yyr S

e = WER est/L

o
]

e, thWér/La

2

Z =L .~i402/nh

k- =. ﬁLz / 11'2D
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X
- .. I2 %
k= qRL
o = T
=8 %D o T (a0)

s Xy

' It is possible to derive a singlé higher order Donnell-

Batdorf type of equation by eliminating u’ and v in Equation (A8).

This has been done in [32]. In terms of the parameters defined in

Eguation (AlO)Q théfbuckling equation reduces to

v+ ?E [1¢Z2 Ak (nR) kyy ]'

: "(;%)é G5,

= v = W o= W : _
kxx) -k B . + 2k axay]__ o (am)




‘'where

e () [( +Px~<)—11+2 —5—

+(l+p )
axay W—T]

VE-(-) [(1+Au)~—1; --{l+:~xx(l+7«w)-v]axay2

+ (l +'ﬁw) f;];]

: 6 ' ' 6 i o3 . 6
vP:(TLT) (l+h )2 [StAXX ( + (l +T)§um) st’&x T_

'+'( ' 6 6. 2 h

BX oy
1,,'

. (%) Tlv [-\,(1+-v)_. - (1 - -%Neixx + 1 f-'_v)'}axTaay-é

8 "
_(ﬂ) T £ a-avg itm1+ﬁm)7—+{stxx(l+;w)

g

- +3%; % fy (322 + "efiyy(-i*i@)}-—h




+ 2e (1 +-——- +e A
( axaay RN
o N
+”&)m&x—a
1T2 ) ) . -..-'-. _-. o ) ..- " 86
- e(i) £e$tlkx f %rlyy + hxxlyy(est+7er)} Bxﬂéye"
. _2' h 6. ’ : :4
2 : .
+2y(7) m—u (L) s ><l+>~w> 3%;].
- ax Y ot
where vt is an’ inverse différential oﬁera£0r such that vv-l = v'lv = 1.

Buckllng Results for Cylinder Under Uniform Hydrostatic
Pressure and Unlfbrm Axial" Compre331on

The buckling results are derived for general case of combined
hydrostatié ﬁressuré and axial_coﬁpression. The axiél campreSBion is
a known fraétion_of hydrostatic pressure defined by a factor @. Tn the
.case bf_hydrostatic pressuré alone, g islset équai to zero. Hifh no

torsion applied, the buckling Equation {All) reduces to

1 1222 ' 1
o+ T3 VEVC
1oy

1

@ e G oRE il

where

89 .




90

The c1aésical-simply éuﬁportéd boundary conditions are

oy =t (Ly) =0

i
o .

W (0y) = v* (L)

.n;(qk)=%;(%v)=o
| 'Nix (0y) = Nix (L,y) =0 ~ (aLh)

+ Constraint Equations

General Ingstebility
The displacement function_satiéfying the boundary conditions

(A1b) is
vhow sin BIE g5 BV )

:The displademénfﬂfunction is substituted in the bﬁckling
Egquation (13)..,Using the operators defined earlier, the ekpressioﬁ

for buckling load parameter is obtained.’ This'expreSSion;when mini-

mized with'reSPect to integer values of m and n; representing the mode

shape, yields the critical general instability load parameter Ry ore

‘Define 3':3%%. The expression for buckling load parametér'ﬁyy
is thén-given'by N I BN

Sy s {6 Rt "

22

| + _———-ﬁ—-—'eﬁ_v -- (ixx + iy& + ixxiw)} {(m2+.ﬁle_)2_ fl-. E;c"xmh_.-i- Bwﬂh} |
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'1222 2. g 2
E(l o2 st)*xxm 13 1-v Sthxx(l W?‘yy)

{st\cx(l +hygy) + 2 l?.ést rixxly'y

+

26

+

e\y_y_(l Mm)}m +1—-—E‘?\(l-\)+7\)

o 8 - - 6
.+ e rxyy B~ - 2ve5t7\wm.

+

RICRR I A,

.'[(%)2 {® + _52)(%&“& + %Mﬁh + ol P

|'-.
<5
?f
=
Ty
4

i B+ 1009 #2830 5 550
+ iwph} + {(ma + .5.2).2 * ixxmh + 7L_\ryﬁ‘lF

—E-(*xx lyy"@miw)}:(“"‘;?ma-%ﬁ_e)]_ '.(Aiﬁ)_

Panel Buckllng

This is the buckling mode in which stringers snd skin between
two adjacent rings participate. This is a special case of the general

instability, so the expression for panel buckling cen be derived by




e

=

setting all ring parameters, Equation-(Al6),_equal-tc zero. Thus

iyy = Q_ ’ : L ' T

il
o

The expression for penel buck;ihg?ncw bécomes'
o o 2 .22 .. .h. 2m2§2 - 2. "232_. }I. b,
- kyyp - {km +8) 4+ A+ "Iy axx} fm +[B-) f'pxxm.}

'+;;I%i;§““ [%mxxxm + 2%ﬂ}x m B + e 1xx m B

R +<l+c-v>m}]/[(aﬁ)2

-f{Km2+ﬁ (e Axxm ¥ um + 3 ) +.? 1-v hxx}

(R i )]

Minimization of the expression (Al7) with respect to.integer

values of m and n yields-the critica1'load parameter for panel -

'instability.

In Equatlans (A16) and (AlT), e and e i Breater than 2e10

"correspond to the cylinddr stlffened with exterior stlffeners;

whereas, ir these eccentricity parameters are less than zero they

jcorrespond to a cylinder Btiffened with interior stiffeners.
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Skin Buckling

For a shell Wthh is stlffened Wlth rings only, the skln
buckllng crlterlon and panel buckling criterion are identical. One -

can_get the criterion from Equation (AlT) for this casé by setting

'rlng and stringer parameters equal to zero and changing L to L .

For the - shell stiffened w1th rings and strlngers, the skin is
considered as s flat plate simply suppOrted-on fgur sides, and subject
to biaxial compression. The buckling*criterion is given by Timoshenko

[33]. The critical stress is found from the following equation

A | 1.2 L2 |
R e Ve 5 ) e —)f 039

.'Stringer Buckling

~In general the strlnger 1S con31dered as & collectlon of flat
plates of length L The appropriate ‘boundary condltlona and corre-
sponding critical load depends on the relatlve'depth'of stringer and

ring as well as the shape of the stringer. If the rings are deeper'

than the'sﬁringers, and the stringers are of rectangular cross-

section, the boundary conditions for the stringer are: .simply
supported on three edges and free on one edge. ;If'T,_IAZ(inverted"

angle), Z, I shaped stringers are used, the web of the stringers is

.considefed as aiﬁply suppqrted on all the four edges, while the flange

is’considereé as_simply'suﬁported on'thrée edges end free on the
unloaded edge. The buckling éritéria_for varidus boundary_cdnditions:
are taken from [33]; For rectangular and T shape_stringers_the 

buékling expressions'are-given as follows




ol

(a) Bectangular Stringers

Gexst T ) [( ) vodes| - (a19)

12(1

(b) T-Stringers .

O'xxstcr (Web) = 3(1_52) ’\d:’:)
R e [( L

er . 12(1-v7) fst Tat

If the stringers are deeper than the rings, the portion of the
stringer below the web of the ring is considered as a flat plate |
simply supported on- four sides and-length ;T. The outstanding _
portion of the st:inger is considered as simply supported on three

edges and free on-the,fourth'edgé.' The length of the plate in this

- - case 1s L,

Ring Buckling

.Thé fihg is_considefed as an ahﬁular piate subjected to

uniform compréssion'along the circumference, For recfangular shape

‘rings, the boundary conditions are assumed to be'simply supported at

one end &nd frée at the other end. These are the boundary conditions

fof_the?dase when the shell is stiffened with rings only. If the

shell is stiffened with stringers and rings, the rings being deeper

than the stringers, the boundery conditions for portion of the ring-




'where Kﬁ 4,0, for rings with both ends s;mply suppcrted and Kh
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pro19ct1ng above the strinporé are simply - aupported et one edge and
free at the other. Tor the portion of the ring which is equal 4o the
stringer depth the boundary condltlons are 51mply supported at both
edges. If. T, inverted engle (IA), I, channel, or Z shaped rlngs are
uéed,.the bqundary_condltlons are 51mply supported at both edges.
Fﬁrthérmbrg, tﬂé depth.of-thé rings is lesérthan l/ioth'of the radius
of .the_ shell, which means that the ratio of inner to'_oufér ra_d_iu_é of
rings is of the_ordér of 0.1, the annﬁlar plate can be aﬁproximaﬁedi
by'ﬁ longrnarrdw'rEcﬁangular_plat§; This has been verifiéd'by

Ma jumdar [34]Q_ahd Yamaki [35]. Therefore, the huckling_qriﬁéridn for

the ring is the sameras for long narrow rectangular plate. A similar

criterion hes been used by Nickell and Crawford [6]. Under this

essumption, the critical stress for rings is given by
- ngEr' . twr 2 o | - | : B

Wrer — B 19(1-47)

l

for the rings simply.supported at one edge_and free at,the-other.-

Stresses in Skin and Stlffeneru '

It is assumed that membrane state exists prior to buckllng.

The stresses in the skin and the stlffeners are calculated based on

'this'assﬁmption. Undér-the membrane state displacement cdmponent u

is agsumed to be llnear functlon of X only, where as dlsplacement

_component v and-w'are independent of x and'y. Denoting by superscrlpt_

"o", the membrane state parsmeters are

A




1)

5 ©

=

F ]
]
m-oo
-
a fo)

Yo =0 L : _ - (az2)
The membrane state stress resultants are

\;Eh o]

l- xx'.ley

(l +_...iy_y).e§y'l_ X

- For & ¢irculsr cylindrical shell under uniform hydrostatic

pressure and uniform exial coﬁpression .
- __.--_qH o -. (2
Frdm:equations (26) ana (QT),"the prébﬁckling straiﬂsVare.

) [(l+?fb,},)(l+20') - 2\’]
-[(}+lxx?(l+ﬁyy) = v ]

O o R -y
“xx ~ " 2 Eh

) PO - W(120)]
P aa)wiy - F

'(Aes) |

50

—-—
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and the strésees in the skin, stringer and ring are

vix + A (1+2a) + (1 v )(l+2a)

(1+250()(1+AW) - v

. _ 4R
Oxsk = T 2h

J

[275(}{ +___'v( l&d)% + 2(1- Q?). ] |

: R
'nysk = - %E e N ez )
o _(1"%@)(1*%) -V
B L (1 )(1ea) - 2
PO LY GV MELE ~ AR
st &b R | [(hiﬁ')(l-i-&y) \?]
: E o 2(14R ) - W142a) S o

(l-i-'ixx.)'(l+3yy)' N2

When the shell is stiffened by rings only, the stresses in

the .skin and ring are calculated by the analysis given by Selerno and

Pu..]'.'oé' ,[36]. The stresses celculated by' this snalysis are slightly

"'higher than those calculated by membrane analysis. The stresses at

the midsection between the two consecutive rlngs are

Opak = ( ) (A27)
x5 .
oy being the bending stress.
Oyysk = Oy + ¥y, B S . (428)

cy_being the eircumferential stress.
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" Further

: R® 1--:‘23.._ | o S, '
ot (—3)w e
: . l-v : ) . .

~ The total load carried by the ring per unit_lengthfis_giveﬁ by

p '.9; E?I%EE" [ﬁ A +bh]
k - [1 ) RBoW _]_

6( 1-v2)(Ar_+bh_)_ L

(a31)

Parameters W, J, U, H, and T are determined appropriately.

Expressions for W, J, U, H, and T

For hydrostatic pressure, the axial CQmpression éomﬁonent ﬁx

is given_by'-
NX = - qR/2
Case I -

(&f L En
ep ' DR?
For this case

- lbef (e2+f2)(sinh2e + sinef)

W= -
{3(9 sin f cos £ + f sinh e cosh e)




where

' Case IT

J

U =

B h(e2+f“)(e cosh e sin f - £ sinh e cos f)

{?(e sin £ cos £ + £ sinh e cosh e)

- (f sinh e cos f + e cosh e sin T) )

-'(e sin T cos £ 4 f sinh e cosh e)
| Ar/(Arfbh) |
[i--  Bndw _
' 6(1-\)2')(-Ar+bh)‘-
;i
2
_(_1&_
)

For this case

W =

- 16 g3 sineg/(g + 8in g cos g)£§

- 99

(A32)

(433) -




where

Case TIT

100

e - | .
T = kg (sin g - g cos g)/(g + sin g cos g)4~
U=gsin g 4 sin g

H = g + sin g_cbs g

A_/(A_ -+ bh)

3W
[l ) 6(1;_v2)(Ar+bh)] '

(gx)g- Fh
%) >3
- " DR

For this case

=
il

' —l6ef(f2 e’ )(51n f - sin e)
L (e sin f cos £f4f sin e cos e

h(e -F )(f sin e cos £ - e cos e sin’ f)

4 (f sin e cos e 4 e sin £ cos f)

" U = f sin e_pos-f'+.e COé e gin

H =1eISinff.cos_f + [ gin e cos e

A_/(A_+bh)

[1' __Erw ]

6(1-35) (Ar+bh)'

- (a35)




wheré

a2
o
I

T
H '
IS

@1

1
2

nJhd

-8 -

la—[sm-é- (B8

L__l'évll- :

- 101

- (436)

In the above equations 4 is the clear distance between the two

adjacent rings
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 APPENDIX B
' PROPERTIES OF DIFFERENT SHAPES OF STIFFENERS -

~ The derivation of a's and shapé parametefs for various shapes

of stiffener cross-seétion is giﬁen in this'Appendﬁk; \.

_'Réctangular'CrGSS¢Section'

The rédius of gyration of a rectangulsar éross-section'isf
given by
d W.
oy =
Yoz

. The radius of gyfation’of wnit width of skin is

' h
/12

Nondimensioﬁalizing the radius of gyration of stiffener with

respect to the radius of gyration of skin; one gets

e

- _ W
¥ =Y

. The-nondimensionalized'flexural stiffness and theieccentricity

parameters of -the stiffeners are

Estif Istifc

Astir ?

oI
I




é _ 1'1'2 _Re
| L2,
where 
.Eh3 -
b= 2
12(-1.—\) ) ’
and o
1 =t -a/12

stife W OW

:The'subscfipt"stif' refers to.thé'stiffener.

‘With simple algebraic operatiQn; one can write

h=

-2 -
o
| - 1121..1)2%' ' _'.
& ——i———ﬁ)— (L+ a)

= 27
where
oa
< Aogp (1-V7)
- 'Lstif h
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_"In'similﬁr way the relations.for_other_shapes'of'thé stiffener

these expressions;.assumpfion is made that the thickness of-the'Web

are.obtained.  Some of the_shapés-are shown in Figure_Bl._ In deriving

or flange is mmch smaller th&n-the_depth of the web of the stiffener;

Thus, one has

=X}
'
1]
= M
5

XX

|
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. Figure BL, Properties of Varicus Shapes of Stiffeners.
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Table Al gives the values of different parameters for various shapes

 of the stiffeners.

Table Bl. Properties of Various Shapes of'stiffenéré;

Shape ' Area L kl Eg o
Rectangular twdw'.'. _ - 1.0 : dw/h 1.0
T, IA _ td_(1+4B) 1+AB _*i:igB ;? ' ;i%&ﬁ_
o ' : . JL+LAB
Channel, I,
B ' ——d
- : f1+6AB v 1+2AB
Z o twdw(l+2AB) (;+2AB) L TieAE
) e | JR—— S
: AR . N144AB " w 1
Angle o ta (LdB)  (14B)  EE S ——
o o S 1+LAB

&t
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 APPENDIX C
| SAMPLE DESIGN TABLES AND DESICN EXAMPLES

In ofder;to-illustrate the. procedure -of dgsign,diécﬁssed
under Phﬁse II, three design examplés‘aré worked out in the.Appenéi#;
Tha.désign Tables:corre3ponding to th§5e 6531gn éx&mplés*aré-also o
~ given herea : . o o
Exa@@lé i

For & shel1_stiffeneé with rgctangﬁlar'rings and;rectaﬁgular
'stringefs, the fbllowing.déta_afe:knowﬁ: | |

Operating Depth 13000 feet

198 inches

it

Radius of the shell

N

Length of the shell 59k iriches’

..Pennissible_yield stréss 120,000 psi
'foisgbn_Ratio ' S '” e .; '=j.300 |
'Factor_df_safety | | |

(a) For sfresé lével-limitatioﬁs against yiélding 1

(b)- "For all other failuré modes . _ - 2_”f
mmmsﬁ§MmmnyE=%£_

h,Er =.30 x_.lO6 psi
= .282 1b./in.3 |

__pr = Pgt = Pst
"DenSity of immersion fluid = .037h'1b/in.3
From the design Table Cl

Z

= 1200, C = C ='1.0
00, €, y =
P I B a
"h = %E (l-v2)2 = 1,41660 in,




0T .

a = T.00 Ry = +07886.
ay =12.5 Ny = .6.1651__
mo= 1 n =3

¥ = 1.75945

Using Equation (4) the stresses in- skin, fing, and stringer

are calculated

'.oxxst

_89,537.8 psi , Ovr =i96,l?2.§”psi

n-

&

yysk 123,033 psi , Oyxsk = 52,623.9 psi

Using von Mises vield criterion, the streés_in the.skih is
g = 110,170 psi-
' The stresses in skin, stringer and ring being less than the
permissible'level, the constraints def;ﬁing'stress-léVel limitations

are satisfied.

The depths of stfinger and ring are given by

4

il

st T B = 9.91620 in.

dr = oy h = 17.70750 in,

From the ring buéklihg c¢riterion, the thickness of-the riﬁg is

given Dby

2
| IEh(l-v ) x 20,
o -




Table Cl. Design Table, Interior RR-RS Stiffened Shell.

Genersal Instablllty Formulation.

Materisl of Construction - High Strength Steel

108

13.0 " 1.72051. . 10268 - .55782

v Cx . Cy'_ Z A.x . 'Ay Bx. -B_'y‘_ . q;.
300 Lo 1.0 ‘1200 0 0 0 0 . 1.k138ky 107
&x ' &y' : ...W' ixx .:iyy- o om n
2.0 . 140  2.07396 - .11069  .8721 13 .k
3,0 .0 1.70229 .18203 ,u6368 1 3
b0 1,0 - 1.62377 L09195  Lholk 103
5.0 k.0 - 1.58382  .06845- 46533 13
6.0 1h.0 1.57595 06086 .h65k8 13
7.0 1h,0  1.58%5 .07k .hEShE 103
8.0 14,0 1.61359 09658 . .b6531 1 3
10.0 .0 - L6791k L1586k 6531 1 3
12,0 140 - 1.61235 09520  .Ws51 1 3
2.0 13.5 2.05019  .11496  .85693 - 13 Tk

3.0 13,5 1.72253 © .15690 . 50708 1 3
kO 13,5 L.6h56 - 08168 .50825 1 3
5.0 . 13.5  1.63527 .07262 50848 1 3
6.0 13.5 - 1.65531 .09170 50842 1 3
7.0 13.5 - 1.617hk .05535 50881 R Y
8.0 13.5 1.64406  .08075 .50869 1 3
10,0 13.5 . 1.68799 12259 50855 T3
12,00 13.5 1.79240 .22224 .50803 13
2.0 13.0  2.07189 11762 - 86641 13 I
3.0 13.0 - 1.72k80 .10707 - .5575k 1 3
k.o

';}—'continued -
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e z@.emdwm €l, Design Table, NoouwuaSmav

@, R - _.a | . _ faﬁ_ wuaa, m n
5.0 13,0 . . 1.72253 L 10kkh - - .55799 1 3
6,0 . 13.0 . 1.71310 . -.09517  .55825 1 3
7.0 13.0 C1.70972 - .09178 .55840 . 13
8.0 13.0  1.67607 .ObS35 .57207 1 3
10.0 _  13.0 1.86975 . .2hs3s .55769 1 3
12.0 13.0  1.73267 L1361 .55848 13
2,0 12,5 . 2.04181 .12200 .83501 12 L
3.0 | 12,5 1.80766 O L1R66TT .61515 1 3
Cho 0 1205 1.79363 .11267 - .61563 1 3

5.0 12,5 L7738 .09280 - .61610 13
6.0 12,5  1.75268 L0240 .616kT 1 3
7.0 12,5 1.75945 07886 - .61551 103
8.0 12.5 - 1.8443 . .12715 .65037 b b
10.0 12.5 =~ 1.80322 J12107 | L6164 1 3
12.0 12,5 °  1.820710 1380 .61631 103
2.0 12,0 2.06031 12471 .84988 12 4
3.0 12.0 1.88168.  .12725 .6830h 13
¥.0 - - 12.0 1.88141  .08717  .68397 13
5.0 12,0 1.82312 . .06896  .68kko 13
6.0 12.0 1.79627. .ob2h3 - L6848k 1 3
8.0 12,0  1.88739 ©  .0l302  .T95k5 12 4
1 3

12,0 = 12,0  1.95395 19652 .68389
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or

6 > .92850 in,

wr

Using the'definition of iyy’ {r, the ‘ring spacing is givén by .

Sy twr(l"v )
¥ A _n
¥y

" L 17.13140 in. -

.Assuming 33 rings, the value 6f_{r'andfcorre8ﬁonding twr are .

caleulated as

o
]

'lT.LTOSS in.

.OL68T in.

o+
it

The stringer specing is calculated from Equation (24) as

5 2, 2, -
12(1-v7) x oxxst.x'F1 dst(l~v Yy

(s

gy >

or
by, > 57.76287 in.

' Assuming 20 stringers, the spacing Lot and corresponding't5£ :

are calculated. These are

P




1il

Lot 3 62-17290 in.

tst

.T6968 in,
_The'critibal_stressés are now.calculatéd fof skin, stringer;
and ring. These are

o = 187,020 psi -

XXSkér
cr
a, L e DF :
YW, = 200,026 psi

Using éqmputef program for panel buckling check, the critical

load obtained for the design variables given above is

=
"

or 123247.9 psi

and

qp = l, nP = 69

_The ratios of actual load to the failure load are now caleculated

~

to ensure that interaction of failure modes does not ocecur

GB = =1.00000
FB = = -.21986
SKB = =

©.95752

il

STB = | ;863é2




are the same as in Example 1.

112

RB = = .96160
SKY = = ,91808
RY = = .801&3

STY = = .43853
Finally the weight of the shell is calculated
W = 848.3 1b/in,
Exéﬁyle 2

. 'FOr shell stiffened yith.T-ringS'ahd rectaﬁgular stringers,'

the design Table C2 given in this Appendix is used. The kncwn'data

From the design Table Cé,_ for Z = 1200, ‘one -has the following

- values:

C. = 1.0
x |
. C = 1.1
y . 55
A -.= 1.0
y o
By = 0,5
. =: 6.0
X
- 1.
. 5
iﬂ = k6216
m = 1
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Table C2. Design Table. Interior TR-RS Stiffened Shell.

General Instability Formulation,

Material of Construction - High Strength Steel.

;

v o cy z. A, A, B B
.300 1.0 1.155 1200 0 1.0 0 .5 1.4138k4 x 1077
. &x ay | W ;xx | ;SW m n
2.0 15.0 1.40189 . 06792 .29929 1 3
3.0 15.0 1.39468 . 06106. 299kl 13
4o 15.0 . 1l.k2ige ., 08653 .29932 1 3
5.0 15.0  1.42333 - .0B7TS .29940 1 3
6.0  15.0 - 1L.h77h0 .13828 .29918 1 3
7.0 15.00  1.k0138  .06708 .29965 13
‘8.0 - 15.0  1.ho781 .07304 29967 1 3
9.0 - 15.0- 1.41251 LOTTHO . 29969 1 3
10,0 . 15.0 1.42015  .08b50 ;29969 1 3
11.0 . 15.0  1.41698 .08152 29972 1 3
12,0 15.0 1.ko8L6 .09223 .29969 - 1 3
2.0 14.5 1.55251 .ok291 46138 15 g
3.0 b5 1.44101 .07958 .32369 1 3
h,0 1k.5 1.45500 . 09264 . 32368 1 3
5.0 1k.5 1.k4380 - .o08201 .32387 13
6.0 1.5  1.45169 . 08933 .32390 1 . 3
7.0 1hs 1. L5044 . 08808 .32398 1 3
8.0 1.5 1.44917 .04951 36060 1 3
' 10.0 1h,5° 1.45811 L09513 - .32ho09 1 3
12.0 14,5 1.k7155 ,10768 . 32407 1 3
2.0 . ko 1.57600 J0L368 L4821k 15 "
3.0 1.0 1.46659 1 3

. 07522

- con'tinuéd -

.351L5
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_1'1_..—'_3

W= 159372

" Using Eqﬁatioﬂ (hj; the stresses in the skin, ring end stringer

~are calculated. TheSefﬁre_

Oxxsk

= '89?663;9*?513 :

It

l33,864.péi.'

- 106,965 psi |

‘g
|

O, = 49,504.7 psi -

_ von-Misés-yieid criterion glves

o, = 118,137 psi .

AIl the stresses are within permissible limits.
The depfhs-of_the"stringer aﬁd.ring ﬁre giﬁenfby

Qe ?”“k.h = 8;49960 in.

& xhx (L4AB) . |
=L Y- = 15.33515 in.

a. : ;
wr BB
C 1 AYBY

B, *'dwr ='7f66758_.

Ffdm_ring bﬁckiing criterion, thickness of the ring is _

_givén‘by_
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—3
3 x 25 (1-v7)
t > e .

wol s fe
. ) r . .

or
tVr ? 37721 ;nf :

 Using definitibn df_iyy, L is

4, > 12.10316 in.

Selecﬁ.{r as .

4, =13.2 in,
this_gives

£ = .41284 1.

. &and

| tfr'z Ay x*tﬁr.z 1128k inl

Thiclmess of stringer is found from stringer buckling eriterion:

— —_
st > | I A Tt
m st.EtE;-' + 'h25] o

or

.tst 5':56077 in.,




this giteé
gy > 37;60039hinf

Assuming:

o .38.8572.in¢~
one gets

tst

]

5795 in. -

:jThe'critical stresses for skin, ring and stringer are now

calculated, theseé are
= 331,076 pei

105,716 psi

.a
!

255,6ou'p51”'

.Q'
n

The critical load for panel buckling is obtained as

er = 19,266 psi, m, = 1 and n % 85

P
Finally the ratios of actual load to the failure load are
ealeulated to insure separation of these modes.
_ q
GB =g~

= 1.00000
- er o

118




RB

Ky

. :Iq]f

STY -

|
:
1]

L} . i

"

' The weight of the shell is -

L1397T7

58165

'.93656

83695

LO8ULT
89137

41253

W = TT207-1b/in.

An‘alternati#e_design'giving_the:same weight as above is

2

wr

st

st

A

38.8572 in,

;5795 in,

13.81395 in,

.h320h in.

119




. Example 3

This is the design exemple for ring stiffened shell. The

operating depth is 3000 feet and high strength steel is ueed as

material of construction.

case,

_ProgfamJRSSH is used for finding the design variables;'

120

The deslgn Table C3 is generated for this

Before'

using above program, the ring spacing is first found from the criterion

of panel buckllng.

the design. The input data for the program RSSH are;

Z, ELY(ring

spac1ng), X(E)(value of lyy)’ AY, BY, PBCR(panel buckllng crltlcal

10&&) end ALY(Q )

page.

Once the rlng sPacing is known, one proceeds with

The results of the example are given on the next
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Table C3 "Design Table, Interior T-Ring Stiffened Shell. '
_ General Instability Formulation. o
- Material of Construction - High Strength Steel.

L300 L0 .5 12000 - L.155 141384 x 107

— Y, — ——
Yoo Yy oy y o % ¢

ay - o R ':.-. - ' ny-. - : m " n

113.0  . . 119311 17573

o 11.6
114
- 112
11.0
- 10.8
10.6
10.4 0 1.31375 ) - 28551

1.19958 | 18162
1,20639 . .18782.

1.21357 - . .19435

1.22116 '.20125
1.22017 . .20854

1.8 . 1.23165 . . . .21626
124662 - 22443

1.25615 - .23309

1.26626 . 2u230

1.27701 - .25208

1.288L7 - .26251

1. 30069 ' .27363

0.2 1,32773 - 29823
10.0 S 1.3%271 . .31187

i R I S S R R I S
W W W W W W W W W W W W W W W W

—




. ENTER VAIUES OF ZZ,ELY,BK,X(2), AY, BY, PBOR,ALY

950. »2k.75,23.,.31187,1.,.5,3016.83,10.

' DESIGN RESULTS.

'OPERATING DEPTH _ 3000. |
22 = 950.0 L = 594.0 R -198.0
x(2) = .31187 . oY = 11547
WEIG}iT'PEIR INCH < 821.73 |

| SKIN THICKNESS = 1. 78939

. DEPTH OF WEB' = 15, 49656
WEB THICKNESS = 65296 |
- FLANGE WIDTH = 7.?&828' |
| FLANGE THICKNESS - ',"6'5296 n
RING SPACING = 2%, 75000
. CKYR = 1212.é0 M=1 N=3 “

QSTAR = 2692,82

QCR

Sx2.

-89348.22 - SY2 = -122792.30 - QQ = 7831.5%

SKY

109953.54
.99999

'... 89259

RBC = 98629 Y

- GB

PBC

RYC = .79052 ~
SKYC = .91628

125604, 04 ~ SRY = 94862.00 PBCR = 3016.83'

122
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APPENDIX D
BUCKLING OF THIN CYLINDERS UNDER¥
UNIFORM LATERAL LOADING .
o This Appendix_preSentS'a comparison of bdckling loads for thin

circular cylindrical shell based on different shell theories. This

compafison inoludee.three_types of behevior of the lateral 1oading;

' l) 1oad normal to-defleoted surface (true pressure behsvior); 2) load
'remalning constant directional, and 3) load aoting always toward

_initial center of curvature. The comparison covers the entire range

of cylinder fineness ratios (L/nR) and the practical range of radius
to thickness ratios.: The prlmary conclusion of this work is that
previous belief about the 1naccuracy of the Donnell Equations for=long.f

cylinders is incorrect.

*¥This work is published in the fonm of a brief note in trans-

_ action of the ASME, Journal of Applied MECh&nlCS, Vol. hl, ‘No. 3,

September 197&, PP. 827- 829
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2

Nomenélaﬁuré_

Fléxural Stiffness

'YOung‘s'mddulusfof'elasticify"
' Radius fq thiéknéss ratio
_ Thickness of shell

Applied load coefficient [= qR3/Dj

Length of shell'_

. Moment resultants

NUmber of" longltudinal half waves

Incremental stress resultants.'

- NUmber of circumferential waves.

'Initial normal surface loading (positlve outward)

Corrections to surface loading due to load
behav10r.

Redius of shell

Incrénentalndisplacemenfs

Lines of curvature coordinates.

[/mR)

Incremental membrane strains

Poisson'é'ratio

Incremental rotations
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Introduction

Donnell's equations defining small deformations of thin walled '
-circular cylindrical shells have widely been used in the solution of

problems of equilibrium and stabllity. _From time to time doubt has

_'been'raised'35=to the accuracy ofﬂthesé-equations.' Hoff [1]* in 1955

compared and gave the range of basic parameters for which solutions
to Donnell's and;flﬁgge{s equationsnare'approximately equal, Dym [2] .
in 1973 compared buckling results obtaineble from Donnell's eguations

-

with those'obtained from,Koiter-BudianSky_[3-hj'equations for ‘cylinders

in exial compression. The aim of the present work is to examine the
- accuracy Obtainable from these equations for-buckling-of;cylinders_"

: subJected to uniform lateral load

As 8 basis of comparison, buckling loads obtained from Koiter
and Budiansky!s equat1ons are used._ Donnell's equations are much_easier

to solve than the Koiter and Budiansky's equations They are, there-

.fore, preferable in engineering appl cations if their accuracy is

satisfactory. In order to have the complete picture, the comparison
includes results based on Sanders [ueﬁj_equations and the Von Mises
[5] solution of'Flﬁgge's [6] equations._ The Sanders'equations are

used with the assumption that the rotations about the normal are

'negligibly small

' The comparison is performed for large ranges of eylinder

fineness ratios [1/3 E L/nR < =] . and radlus to thickness ratios

[25 <,R/h < 1000]. In additlon, the effect of'load behavior'durlng

. #Numbers in square brackets designate references ‘at the end -
of this Appendix. .
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the buckling process has been taken into account by studying the

'following three cases:

I, Loed normal to the deflected surface (true pressure
”:behavior)
II.  Losd remaining parai-lel to the o{riginal direction

- {a lcsd model that has been used by many investigators
- for pressure buckling) |

III., . Load directed toward the originul center of curvature.

The Eguations of KoitereBudisnsky;_Ssnders, end.bonneii
The.'.Koi'l':er-_Budi.a:nsky _buck:ling equations have been deduced from
thcse.given in tﬁé Appendix tc.Budisnsky's paper; In terms of stress
resultants, for a circular cyllnder loaded by uniform pressure, 'q,.

which remains normal to the deflected surface, these equations are
v oaw L R(2 . -.) R
xx,x ¥ 'xy,y ~ 2R xy.v+q Py) 9P T =

TXYsX T WYY TR OTYYY O TXYLXT 23 XY>X
_ Q** o
T+ B(c* '"I-) L 9. +9° =0
B e,y R f_Q?Y 9_ =
_ B - *
. R +.Mxx,xx XYL XY + YY ¥y _ d kw&:x R N

+.q(.sx+_ &)+ =0 L (o)

. Here g~, q°, and g2 are ccrrectiqns'to surface loading, due to loadbe-

havior, being given by the.follOWing'expréssions for the thiee load cases
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III. q}.: = qw,_ qy = q‘w, iq .= Q o _ .(.DE)

The relations between the stress and moment resultants on-one-hénd'and

 deformation com_ponehts on the other. are.given 'bélow:-

g Eh'lf' .'..-.‘WH-.-'
B = i—'\;g \Usy + Way * ¥ R) S

- Eh. [/ LAY
My =12 Ty R )

xy - 2(L+v) Y UX

Eh o :
M =5 e WY
' | ?‘x_ : 12(1_\,2) ( . XX o Yy R

*

_ o *
. e : 3. . Vo o AN, - Uy
: .'Mxy = 22(1v) "W’yy +2r t (Tlﬁ- _ —@K) ]

RS S (L S B o (3)
W 1(1-49) ( v R xx) o

The corré.spgﬁnding boundary cbn'ditions are (at x = 0 and x = L)

u=90 or NX'X"=O

e ——




198

+2M =
xx)x o XYY

#
]
O
=]
R
=
)

()

In the preéent in?eétigation,'thefolaésioal simply'supportod'boUndary

‘conditions are used, These are

x_'&(-o',ir) = w(L,y) =0
M, (0,y) = U (1Y) =0
:'_Nx;l(drv)-. = N, (Ly) =0
w0,3) = v(L,y) = o | '.(IDB_) |

If terms marked wlth 51ngle asterlsk are dropped, Equatlon (Dl),'

through (D3) will give Sanders equatlons In the same way if the
'_.terms marked with elther slngle or double asterisk are dropped in
theseiequations; one obt&insiDoﬁnell's equations.: Thé same conven-
| tion will be followed throughout this paper

' The buckllng Equatlon (D1) are expressed entlrely in terms of
displacoments by employlng Eguatlon (Dp3). .U51ng_the conventlon dis-

Cuésed‘above, the equations in terms of displacements for all fho

three theories are given by Equation (D6) These equations take into

account all the load cases ‘also. | The elemento in the column metrices

‘ correspond to cases T, II and IIT, reSpectiyelx;f-
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Where

N

k-

- By qR /D 2

B/h

H

Cvemdnd (o)

. Solu‘bion and 'R-es_u—lté._

' The solution to Equation (D6) satisfying boundary conditions

(D5) is.given by

__.__ _. _mTrX o ny
u = Amn _cos T cos R

v =B sin =3~ sin 3 n;2_.

_w'._'—.C_ 'sin_._m—ggt‘iosgg_ R - - {p8) .

Substitution of Equation "(DB) into the differentisl Equation

(D6) yields, with the usual argﬁments, the characteristic equation




lBi

60y 0=




..13?

‘Where B = L/mR. o
. ' * 2.
S l 1-v h
811 =5 _ + ==
: 52 (2 | 96 ) n®
' 1+yv- 1 v*. n
a, = (=2 - = =
o 2y .
a = _ l'.-_v'..ﬁ.-
1378 "y 8
1 v: S 5* : 2
B =5 (1 + . : + {1+
22 =72 ( o2 h8H2) bRl )
. . _ n _+ n.3-x-* . 'mQ#H_ l-v m2n
23 121" '12325 | 2&32 52

12112(3 2)+1 | .(nio).

The characteristic eqUation-is-cubic for KOiter-Budiansky
theory, it is linear. for Donnell's theory and quadratic for Sanders

theory except for the loagd case II which yields linear equation..

o Buckling load. parameter kyc' is found through minimization with 3

_respect to 1nteger values of i and n._ The resultS’afe.gi?en'in'

Tables Dl through. D3. The plots, Showiﬁg the effect of L/mR and R/h

~ on buckling load parameter k ‘are given'for'Kciterlﬁddianskyrs

: theory.
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. Infinitely Long Cyllnder

When the - length of the cylinder approaches infinity, the :

: charactﬁrlstlc determinant reduces to -

~Where

841 T
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Table DI, Comparison of Crltlcal Pressures for Load Table D2,  Comparison of Critical

Case I {Load Remaining Normal to the _ : Pressures for Load Case
Deflected Surface) S o . IT (Load Remaining
. T : - Parallel to Original
- _D:Lrection)
v 1 o . (w,n) _ (a.nl
L1 r - : - . - ' L
-mR 1w Lmnm::‘»xr- - GANTERS . DORNELL _FOIGGE FUDIANGRY - “BANIERS DOMELL -
] KQITER ESS, ECa, (@0 . - EQ3. - E@s. - KOITER EQS, EQS, : EQS, ¢
Ny B3, 0003 1,0;' 63,2717 (1,6 . 62.27119 1,6; T 56,030 T L Bh3E (1,6]  Gu.B2 _ SEI IR
: ; 1:3.;&5“1,1.)_ 12.3(7338 1,k . 1,3 18. gsggg 19,7704 1,: _12.‘6_6_?1 1,5 : _
b 8s7ak{1,2) .50818(1,2) . 1,2 b B1569 - 1, 6,5033941,2] E 5 ;
8 3.6053(1,2) - 3.67395(1,2) 2y 163389 1,2) b B8133(1,2) ~52h30(2,2
5 J.201b6(1,2) . 3.30906(1,2, 2) . 3.28612 1,2 4, ,2) h 2nsholyr,e
61 25 | 3:.13%81(1,2 3.1 1,2 2 3.15280 1,2 b h.1357441,2
2 3.04256(1,2 3.0L854{1,2 2) 3.0M80 1,2) b (1,2 b oloG6(1,2)
Y12 3.01857(1,2 3.02203(1,2 2 - 3.,0103%2 o 1,2 b, 4 h.0189381,2
15 | © 3.01006(1,2) 3.01255(1,2 2) . - 301018 1,2 b 1,2) L.o1094{1,2
.18 1 3.006k2 1,2;. 3.00811(1,2 2 3.00668 - 1,2). & g b o071 1,2
100 1 3,000 (1,2)°° 3000 (1,2 2) 3.0000 1,2 k000 (1,2) - hoooo (1,2
1/1] ,6) 7 70.6990 (1,6)  65.2578 {1,6) 64,2328 (1,6 T2.h332 {1,6) -
1 &) 20,1739 (1,4) - 19.7320.{1,4} 19.BL85 21,3630 1',E 21,8609 {1,4
3 2 .6,49959(1,2) 7h0(1,2). " 6,39328 '} 18(1,2)  8.61205(1,2
ok 2) - ksny 1.2;- - _23"93!% - M3 306(1,2 $.56322(1,2
s| - 2) . 3S5e11hH1,2) 340000 1,2 - 3,973 65973 1,2 k. 6B50u{1,2
6 s 2) " 3-27125?-1.2;" 3.3119{1,2) 3.25526 b, 33747( 1,2 h,3548241,2) -
9 2} 3.068848(1,2)  3.2u160(1,2 3.06219 b.08124{1,2 ; b,06175(1,2 &
B 2) 3.ee8uf1,2)  3.219771,2) ° 3.02km9 h,03202{1,2 4 ceTT8(1;2)
15 2} 3.01518(1,2) 3.21080{1,2) - 3,01283 horsby{1,2 b, 01572(1,2
18 2). 3.00936(1,2) 3.206B4(1,2} - 3.00T16 | h.00822(1,2 L o1011(1,2)
100 | ,2) . 3.0000 (1,2)° - 3.2000°(1,2) . = 3.0000 S ohooo {1,2)  booo (1,2)
1/3 ) - 8Lb036 (1,7)  8o.ka2go (1,7} T6.51T2 . ener{1,7) &d95s (1,7
L 1,4) 23,3568 (1,b) . 22,530 (1,b) . 23,0165 o 2h, 7470 (1,4 24.BU65 (1,4)"
'3.- : Y . B.138s50(1,3) . f.3b0s(x,2) 0 B.7ohkol 9,7%229(1,3) . 9,81609(1,3
1 Y 0 os.eTrre(1,2) E%Hsoe 1,2). -.5.221217 | & 1,2 T.01218(1,2)
51 1 © 3.omAN1,2). | 3.52TT6(1,2) . 3.94605 - 525675(1,2) - 5.2B8M65(1,2)
. 6| 50 | 2} 3. h806T 1,2 - 3.5038T71 1:2 3'-512_99 L kg 1,2 b, 6558 1,2
9 : 2y . 3.n0215(1,2)  321216(1,2)  3.10553 L,13924(1,2 k. o0892(1,2
w» | 2} . 3.0u214(1,2) © 3.22793(1,2)  3,0385h b.o5034(1,2 b, 03636(1,2
150 ‘1. N 3.02075(1,2) . 3.20413(1,2) - 3.01BA4T b.o2392(1,2 4, 01922(1,2
18 & 3.01086(1,2) |, 3.01205{1,2 3.20809(1,2) ©  3.010h9 " . ko135M(1,2).  h.owulTy .1,2; .
wo | ©3.0000 (1,2} 3. 1,2 13,2000 | 1,2 3.0000- o000 (1,2 4,000 {1,2 bo0o (1,2

€T




‘Table D1, (Contj.gugd) L o - Tabli__e D2, (Cpt;tinued)

1/3 108,298¢0 }1,8) 108, 4540 1,8)_. © 107,320 (1,8) . 10h 617 109.872- (1,8) 10.008 (1 8) 108,860 (1,8
-32.6608 (1,5} 3737 L,3) . 3. L5} . Rk 33.9851 (1,5) . 3h.0Mg9 1,5 33.4135 1.5
E 10.2176 (1,3 10,2393(1,3), 9.9116(1,3) " 10,2058 Ar.4700 (1,3 11.5072 (1,3 11,0033 (1,3}
- 8.75986(1,3) . 8,77llo(1,3 8.41691(1,2) 5. 8,75541 9.048083(1,3; 9.86203(1,3 9.60453(1,3
. 5 6.60377(1,2) . 6,62386(1,2) - L,2) . &58519- §. B. 1,2) - B.8u86(1,2} 6. 1,2}
: & | 100 -1—5&1,7 5(1,2) N7 1.2;_ LOM2TRTO(L,2) . bTS3TS -33531{1,2) 6,354y L2 sﬁa& L2)
: 9 3.36258{1 2; 3.36719(1,2 3.ee52301,2)° 3, o7 b Lyoks(1,2 Ak LBENS( 1,2 - h27975(1,2
; 12 1 3-u9n{a,z .2=s{1,2 3.271610{1,2) © 3ok | baastr3(1,2). . w1615 1,2 b, 05u26(1,2
. 15 .. 3.05276(1,2) 3.05%02(1,2) - 3.23%0501,2} © 30516k . b.06893(1,2) . W01 & okigsi1,2
i i 18 -3, 02692 1,_.2}. - 30e7hol1,2)  3,21803(1,2 3.02649 h.oysor(l,2 k.03583 1,2; L, mnsz,a
i © 100 " 3.0000 {1,2) 3.0000 (1,2} 3.2000 {1,2) 3.000° boooo' {1,2) L.ooo (1,2) °  k.ooa 1,2) .
-1/3 157 lae3o 1,10} | 147.6010 {1,10) 1k6 8130 (1,20} 385,089 18.888 -(1,10)  149.007 (1,10} 148:198 (1,10)
— X . 6; . L. ool (1,6 §5.528h (2,6)  bs.goea U7.2936 {1,6)°  M7.3399 (1,6)  A6.7699 (1.6
. E 162353 (16,2578 (1,3 b 7208 (1,3 16.2129 17.6832 (1,4 17.6959 (1,4 16,3429 {1,3) -
: 10,6670 (1,3) 10,6938 (1,3 10,2667 (1,3 10,6766 - . 12.0100 {1,3) 12,0235 {1,3 0. bog1 (1,3
S5 3.1 1.3 9.01871{1,3} . ' 912823 10,2678 {1,3) ° 10.2766 (1,3} - 10.017B 1,3
€] 200 . 56219(1,3 _ L347AN(1,2)  B,56120 . 9.62928(1,3). 9.63601 1,3 9.17532{1,2}
9 .39325{1,2 : E.oli%s 1,2) - b33 | E-SZIEI 1,2) ©  5,Bb335(1,2 sObhoT(1,2
12 3. 44510(1,2 3.hb5h3 1,2) © o 3.uE8TT(1,2) T 3,bhe95 ‘ .59019(1,2). - k_59216(1,2 «33495(1,2}
- 1% ..3.18588 1,2}_ "3.18513{1,2 g 3.31305(1,2) . 31832 oo haalasiaa) | 4 2bks7a(1,2 b, 14138 1,2}
- 18 3.09366(1,2) - 3.09109(1,2 3.85589(1,2 3.05052 L.11686(1,2) , b -12073 1,2 L ofok3(1,2
100 3.0000 (1,2} J.ooct (1,2) . 32000 (1,2} 30000 . hooo {1,2 000 ;2 h000 (1,2)
i o 1/3 203.2650 (1,12) -203.2650 {1, 12) 202,6430 1,12) 201,58l - 204,628 {1, 12) 20, 719 {1,12) 203 ogl 1,12).
: 1 64, 3705 . 64, bojg 1,1 63.8050 (2,7) 6k.2952° 65, 6527 1,7 65.7271 (1,7 5.0802 (1,7
i 3 20.6862 20, L4} 20.0935 (1,4) . 20.6762 22,0579 22,1080 (1,8)  21.339% (1,4
‘ L 16.B613 16,8657 (1,4} 26,4108 -1,.-3 16,8589 17,9821 1 k © 17,9865 (1,4 17.7537 (1,4
5 12,2590 ,3 12,305 {1,3) . 129582 (1,3} 12.2015 13.8294 1.3_ - 13.8375 (1,3 12.8_285 1,3
- 61 boo | 10,0955 3% 10.1005 1,3; 9785h3 1,3 10,0008 f. 11.3547.(2;3) 11.3593 (1.3 ; 10.870h (1,3}
: gl . 8, I.G'rkh 1 2 - B.b59eT 2 360{1,2 9.45811(1,2 81013012
; 12 ' %. 75168 ; k 731 L, 73706 . 320051 6.30613(1,2 5. 30097t'1.2
; - 15 3.72294 1,2 371222 1, 3. 72506 U, 956h5( 1, 'n 9h838 1,2 b.53958(1,2
, 18 3.35368(1,2) 3.33673 1,2 Soo303066h &. 45386( 1,2 ‘i.2_6151'$1,2
oo 3.0000 (1,2) . 3,000 - ooo- (1,2) - ln uoo 1,2) . booo (1,2
1/3 313,523 (1,15) 313 569 1,15) "312.8530 315) 32,420 . 316,926 (1,15} 316932 (1,15) ‘31,207 (1,15)
) -1 102,0960 {1,9) .. 102, 0960 1,9 1015460 (1,9 -101,983 . 103.3%2 (1,9) 203311 (1,9 02,785 (1,9
! i 33.0159 (1;5): . 33.0000 (1,5} - 32.319 (1, 5 33002y 3u.hoso {1,5 3458660 (2,5 33.6668.1,5)
' : : 26,0072 (1;4)  25.9950 {1,1 2h, 7610 {1,4) 25,9913 - 27.7359 {1,k 7. 7231 1, 26,3049 (1,L
; S50 - | 19.5812 1.& - 19,5433 £1,4 19.0727 (2,4) ©  19,5k22 20,8541 (1,h)  2o.BM30 20.4319 (1,4
_ 6 {1000 { 17.23¢2 . 12008 (2,4 16,9998 - 1 WY 17.2200 . 18,3556 (1,k 18, 307 18,0610 (1,4
i .9 ) 10,5828 3 - 10,5267 {1,3)  20.2b01 (1,3). 10, 5404 - 10,8620 (1,3 11.8369 1,3 12230 (1,3)
. . 8. Een, 1 3) B.79812(1,3) a, ;)"ﬁ 1L,3}.. . & snah o 9.9253(11 1,3) 9.MT§J{1.3 %73 {1,3)
. "~ 15 ‘3[ o 7.39M1(1,2) E ol T.h3017 9.3 11,3 9.33145(1,3 7.29077{1,2)
: it .euw 1,; . S.200021,2) RLTPT 1,=! - £ £ Rn0h 1 1,2£ 6,780 1_,2E a_mgj 1,2
100 bo000 1,2 1,2

3.000 000 (1,2

L,2).  3.0000 (1,2).  3.2000 (1,2}
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k fis“obtained"tnrough'minimisationﬂwith respect to integer values - .

yer

of m and n. For this particular.case m=1and n =2 lead to the

critical load parsmeters, The values for the three load cases and
the three theories are glven in Table Dhk.  An ordér analysis was per-

formed to-arrive at these values which are independent-of R/H.

Discussion of Results -

The characteristic, Equation (D9) is solved numerically for all

'three shell theories (Koiter Budiansky, Sanders, and Donnell) and for -

'_ all three load caSEs through the UNIVAC 1108 High Speed Digital Com-'

puter.. The results are presented in 8 tabular form in ‘Tebles DL

'through D3 and graphically in-Figures D2 through D5, In addition to

the computed date the results of the Von Mises. solution are presented

in Table D1 for comparison purposes.

The comparlson .showe that for all the load cases and the entire '

range of the parameters considered (L/nR and R- h) the results due to
the K01ter-Bud1ansky and Sanders shell theories are virtually the same,

The discrepancy is less than l percent If the Donnell results are_e

' -compared to those of the Koiter-Budiansky theory some discrepancies are

observed;_ For load case I, it is seen from. Table l, that for each

R/h value, -the Donnell result is- smaller than the Koiter-Budiansky
result for small values of L/nR Depending on. the value of R/h as
L/nR 1ncreases a reversal takes place and the Donnell result is
higher, with the dlscrepancy reaching a 6. T percent at very large
values of L/nRe. For example, at R/h 25 the reversal takes place
somewhere between L/nB equal four and five, for R/h 35 the reversal _

takes_place between L{nﬁ equal five and six; and in general the value

e g T = =
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Comparison of Critical Pressurés for Load Case IIT.

(Losd Directed Toward Original Center of Curvature)

ale |

.-k.y :

1

| b.5000 (1,2)

4 L

_R:_ S -kycr (m,n)' R cr ..(m:n) .
b | "BUDIANSKY- . SANDERS h | TBUDIANSKY- — SANDERS
_ 3 KOITER EQS, - EQS. .. |- | KOITEREQS., .- = . EQS. o
1/3 T2.3192 (1,6) 72,4935 (L8] [ 158,903 (1,10) 189.023 T11,10)
1 21,4614 (1,4) . 21.5596 (1,4) | 47.3328 (1,6) - ¥7.3792 (1,6)
3 9.62h84(1,2) 9.68116(1,2) 17.7625 (1,k)  17.7750 1,h;
b 6.22179(1,2) . 6,26798(1,2) 12,201k (1,4) 12,2153 (1,3
5 - 5.2h687(1,2)  5:27586(1,2) 10.4321 (1,3) - 10.4411 3;
- 6| 35| 4.88276(1,2)- h.90e55(1,2) | 200| 9.78245(1,3) - . 9.78873(1,3
gl - 4,59280(1,2) -4.60145(1,2) | ~ 6.56944(1,2) 6.57589(1,2)
12 %4,53688(1,2) 4,54166 1,2)__. | s5.16476(1,2) - 5.16713(1,2
15 | ‘h,51913(1,2)  b.52208 1,2] | d.rr557(1,2 ;_ S b TT708(1,2
181 .| hk.51165 1,2} k,51354{1,2) | 4,63516(1,2 -h,63620(1,2)
100 “ b,5000 (1,2) - 4.5000 {1,2) 4,5000 (1,2) 4,5000 (1,2)
1/3 82.7761 (1,7) 82.9527 (1;7) | = |204.639 (1,12) 20h 730 (1,12)
1| | 24,8608 (1,4) 24,9608 (1,4) 65.7290 (1,7 65. 7560 1:7)
3 | 9.94901(1,3)  9.97321 1,3g' | 22.1543 (1,4 22,1659 ;
Ef [ 7.85087(1,2) . -7.90059(1,2 18,0626 1,h 18,0674
51 - [.5.92125 1,2;' 5.95115(1,2} 1k,0k96 (1,3) 14,0583 1,3)
6 | 50| 5.20982(1,2) 5.22995(1,2) | 400] 11,5353 1,3; . 11.5b09 1,3;
9 ' 4,65799(1,2) 4.66649(1,2) | 1. 9.63450(1,3 - 9,63220(1,3) .
12 4,55781(1,2)  4,68253(1,2) |- 7.1112%(1,2) 7.09569(1,2).
15 b sa7hh(1,2) - b,53087(1,2) | 5.57656(1,2 ; - 5.56759(1,2
18 - k.51562(1,2) L.51761(1,2 5.01094(1,2) - 5.00L64(1,2
100 | - h.5000 (1,2)_ h 5000 (1,2) Ol h 5000 (1,2). 4. 5000 1,2)-
1/3 ' 1109.900 {1,8) 110, 057 (1, 31&.880 1,15) 314,938 1,15)_
1| | 34,0448 1,5)_ 34,1104 (1,5 103.353 (1,9) 103.327 (1,9)
3 1711.6661 3; 11.6914 . 34,4646 1,5 34,4488 (1,5
b | 10.0059 (1,3) 10,0193 (1,3 27.8601 (1,4)  27.8472 (1,b)
BN R B2 527h951,3) 9.53651(1,3) 20,9430 {1,4)  20.9371 (1;4)
6 {100 T7.13222(1,2) 7.15462(1,2} [1000{ 18.4372 (1,3) 18.4302 (1,3
91 5.04076(2,2)  5.04888(1,2) | 12,0352 (1,3) = 12.0270 1,3
12 - 4,67818(1,2) 4.68253(1,2) 10.0807 (1,3) 10,0544 (
15 “b4,57790(1,2) . k.58040(1,2) | 19,50111( 1,3; 9.4608
18 “4,53865(1,2)  L.5ho67(1,2) | . T.70723(1,2 7.62858
k,5000 (1,2) h, 5000 1,2)- k. 5000 1,2




10

. |. - 1 l .”T.

00 -
N

..r

™ =TT -

L

=TT :I'.l’..l. Y [

ey | o aaal

L:Illlll

" Figure D3. Effect of R/h and L/rR on Buckling Load Koiter-

R/h

. - Budiansky Equetions. load Case III,

100 1000

o




1kl

of L/ﬂR at Whlch the reversal takes place increases wlth 1ncreas¢ng

_R/h.. In additlon, 1t is seen that the discrepancy in the two results

.is'appreciable only in a small range of L/nB-values for each R/h

value. For example, at R/h 255 the discrepancy is 12 percent at -

_L/nR 3 decreases with further increase 1n L/nR, and flnally after

"~ the reversal takes_place it reaches_a maximum value'of ~6.T percent as\

L/mR = @. The value of L/rR at which the discrepancy is the largest -

increases with increaeiﬁg value of:R/hQ.:These eritical 1cads gre

underlined in Table DL. The largest discrepancies occir at L/nR values

* for which the-circumferential-mode changes to'n'e 2. But the disa

crepancy is not affected by the fact that n =2 as seen from 1ncreasing

_ralues of-LfﬂR The maximum.dlscrepancy ‘computed is Eh 3 percent at

L/MR =9 and R/h hOO. Finally, 1t 15 observed that fbr practical

: engineerlng uses. of thin cylindrical shells, espe01ally of the sub-. -
. marine hull type, for which 1 < L/na < b, and 100 < R/h < hoo, the'

' accuracy of the Donnell results is very good It is also observed

from Table Dl that the Von Mises Solution which is based on Flugge's

equations is extremely accurate (dlscrepancy less than one percent)

except for short and relatively thick thin cylindrical shells

(R'hn = 35,fL/nR <_l). For these geometries the_discrepancy;can'be as
large as 11 percent. | |
For load case, II, the same conclusion and observatlons are

made, based cn the data presented in Table DQ There is only one

exception,_that there is_no reversal-taking place, The Donnell

results are alwdys smaller than the Koiter-Budiansky reSults.and

_they_become.rirtually identical for very long cylinders,
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" For load case III no attempt has been made to Compare the

'Donnell_reSults to those of thé'Koiter-Budiansky théory, hecause

the Doﬁnell-equations-do not differentiate between load'case IT and

III, Because of this one might say that the Donnell results are in

‘error for this load case.

The plots in Figufes D1 through D3 show the effect of R/h

~ and L/mR on the critical pressure as obtained from the Kolter-

Budiansky theor§; HIt is observed frbm thése.plots_(Figuré D1) and

Table D1 that the discrepancy between these results and the Donnell

results is the largést when the curves exhibit sharp corners. The

same is true for load case II (Figure D2 and Table D2). . -

Table Dk. Comparison of_Critical,Pfessﬁfes
. for Infinitely Long Cylinders. -

- kycr
DONNELL - . SANDERS ‘BUDIANSKY -
EQUATIONS EQUATTONS KOITER
' : . - EQUATTONS
3.2 L 3.0 3.0
ko 4.0 b0
4.5 .5
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:Finally; the plots in Figure D4 show the effect of logd

behavior on the critical pressures for the entire ranige of R/h

“and L/mR values. It is observed that for ‘short to moderate length

-cylinders the difference among the results'obtained-is not appreci-

able. As the length inereases the difference bécomes more pronounced,

: espec1ally for low R/h values, until for extremely long cylinders

the difference reaches_its-maXimum.value and-it-is 1ndependent of

R'h (see'Table-Dh).

Conclusions |
Among the most important conclusions of the present investi-
gation one may list the following | | |
l. For each type of load behavior, “the Donnell equations yield

resultS'which are within ecceptable engineering.tolerances; especis

_ ally in the practlcal range of R/h and Lfnﬂ values.

s 2, Contrary to previous belief, the discrepancy is not
associnted with ‘the number of circumferential waves. (The previous

belief is that when n 1is very low (n=2) the discrepancy is the largest

- {of the order of'33 percent)).- The authors contend that the fallacy

of the above belief is attributed to the load behav1or model rather

) than the Donnell equations

_3. Load case: II may be used as a mathematical model for pres—

sure buckling for short and moderate length cylinders. For extremely '

-long cylinders this model is inaccurate and leads to overestimates of

33 percent (see Table: Dh)
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APFENDIX E -
- LISTING OF CONEUTER_PROGRAMS Y

Following programs are written in this Appendix
1. MAIN- Nelder and Mead algorithm employed for minimization

of objective function formulated on the basis of general instability.

' The shell is ring stringer stiffened.

2, _MAINI; Nelder and Mead algorithm employed for minimiza-

_tion'of]objectine function formulated on the-baels of-skln yielding.

* The ‘shell is ring—stringer'stiffened.

" 3. MAINR' Golden section search technique employed for

minimlzation of objective functlon formulated on the basis of general.l

instability. The shell is rlng stlffened.

Y, MAINP: Golden seotion search technique employed for

checking panel buckling

-5 RSSH; ‘The program is written for designing ring stiffened

shell based on the results of Phase I.

6. SUBROUTINE START This sets up the initial simplex for -

Program MAIN o _
*7. SUBROUTINE STARTY: This sets up initial Simplex for
Program MAINY _ " . _. o
8, SUBROUTINE WSR: This defines the objective function*for
program MAIN.- | | o

9. SUBROUTINE WSRR: This defines the objective function for




10. ~SUBaOUTINE1wSRY;'-This defines-thefobjeétiveffuncﬁicn for

'11.  SUBROUTINE GENST: This progrem finds the general insta-

'progrém MAINR.

_prngam_MAINZ;'

T O

bility eritical load parameter treating m and n as diScrete_variablés.

T-N
13.
continuous

1k,

-__Thé list-pfuprogrgm variable*nameS'and'cqfrespOhding_mathemati-

' _'g Prqgramlvariable.mamé

SUBROUTINE CKYR: This gives the expression for k_ .

~ FUNCTION Q:

variable;

FUNCTION R:

“an integer. .

ama

: AL:

ALY
AX

AY

BY

By

BB
EET
cx

oY

vy oo

HThisxgives_expression for-i&y, treating m as .

This givesuexpréssioﬁjfor Ey&,.tfeaﬁing m &8

cal nbtatipﬁs are'given-aé:fdliohs

@

R

-

‘o ™ ™ W :
ST TG T

Q

Mathematical Notation




?fogram_variable'mhme '

DIFER

CIT

K¥CR

M

N

.
QDS
o

RR or:R_

WBAR
WSS or WSL. -
ws(Im)
%(1) or x.l(KOUNT,';L) |

"-_x(z) or X1(KOUNT,2)

x(3)

" ZZor 2

Ck

148

 Methematical Notation
Standard deviation of W

Number of'itératiqns

yycr

. m

ey




ASWANI M- b*OPfIM MA TN

ruMH

~ s

0z

10
11

12
13

jg

15k
16

17

18"
19 -

- 20
21

22

23
24
25
26

27

28
29
1t
31
32
33
. 34
© 36
37
.58

35 -

ﬁ(‘)'ﬁ(‘)f‘)ﬁﬁ(‘)ﬁﬁﬁ

inNe)

OO0 00 O

o0 0 00

A 000.000

PRESSURE AND AXIAL COMPRESSION

NX IS NUMBER 0OF MDEPFNDtNF VARIAHLES

STEP. IS THE INITIAL STER SIZE

X{I) IS THE ARKAY AF INITIAL GUESSES.
CXA1Y LTS NOWNDIMENS TONAL EXTENSTONAL

STIFFNESS PARAMETER FOR STRINGER

X{2) IS NONDIMENSIONAL EXTENSIONAL

STIFFNESS PARAMETER FOR RING
27 15 CURVATURE PARAMETER

M OR EM IS NUMBER OF LONGITUDINAL

HAILF WAVES

ans IS NOND [MENS [NNAL. - DES LGN

T LOAD PARAMETER

WS(IN) IS COMPOSITE WEIGHT
FUNCTION

WBAR 15 WEIGHT RARAMFTER

PO IS RPOISSON RATIO '

AX IS STRINGER FLANGE_TO WER
THICKNESS RATIO '
AY 1S RING FLANGE T0Q WFB

- THICKMNESS RATIO

BX ‘IS STRINGER FLANGE WIDTH
TO. WEB DERPTH RATIO '

' BY 1S RING FLANGE WIDTH TO

WE'Y3 DEPTH RATIO

- CX Iq STRINGER SHAPE PAHAMFTFR
Cy IS RING SHAPE PARAMEFtR'

CALX 1S NONDIMENS [ONAL RADIUS OF
GYRATION OF STRINGER '

ALY IS NONOIMENS [ONAL RADIHS

OF GYRATION OF RING:
RTO IS RATIO OF LENGTH TO

CRADIUS OF SHELL

AFA IS RATIC KXX/KYY &
N OR EN IS5 THE NUMBER OF
CIRCUMFERENT AL WAVES

149

CMINIMIZATION OF WFIGHF oF %TIFFENbD CIHCULAR
. CYLINORICAL SHELL SHMBJECT TO HYDRQGTATIC
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4an
41 -
S e 4y
45

46
~ 47

48
49
B0

51
52

- 53
54
.55

56

."QK!'BX'o

57

- B8/

5o

- 60

6l

rﬁXr'X(2)';_

62
63

64

o008

B3 IS BETABAR [N KYY EKDHEQHIOM
- TN IS KYY CRITICAL

SET AFA ZERD FOR ONLY DRFQQU&E .
"DIMENSION X1(10, 1U)tX(lOle§(]Ul
'COMMON/S/XIrNXtSTPPrKlpWSrIN _
COMMON/SS /AL X, ALY:CX CY»PO Kr77 P
COMMON/AAA/M;N

 COMMON/PRW £ TR -
~ COMMON/SR/QDS |

COMMON/ XX /AF Ay RTO
WRITE(6¢,1000) '

1000 FORW&T(//lSXr'GENFRAL IN%FAHIIITY FOQMﬁlATIWN //)

-1100 FORW&T(/BX!'NH'rEX:'CX’¢5Xp'CY"9X¢'Z7'o6Xp'AY'puXp'AY

'SEAO(S.lloinx » AY ¢BXs BY »CX's cva@nq.AFA.aro.Zf
X=2 -
- POZ,3
. X(3)=8,
WRITE (61100}

15Xr'BY'v5Xr'QD§'}-. o
WRITE(6,12003R0, CXeCYr ZZ2¢ A% AYeBXeBY QDS

1200 FORMAT(6XrFS.3sF6, 3,67, 3.3z.rs 2, UF 7, u,F15 6//1

WRITE (6 130ﬂl

1300 FORWAT(6X!'ALX'o4K¢'ALY'r3Xn'WBAQ':QX:'KYCR'o?X;'X(l)"

- 15Kp'M'-an'M’pSXa'WDSTAP'uQXu'DICFER'p5Xr'I[ '
100 READ(5»110,END=909) AL X, ALY '

110 FORMAT()

06T

[



A4

frfy

67
AY

HY

71
72
73
74

75
76

77
78
79

80
(2} |

"o

B3

b

1a!
HE
17

By

39
Qi)
o1
L)2

93

Yy

a5

T
97

aB.

99

100
101

102
163

104

O

151

START WITH ASSUMED VALUE OF X(1) AND X(2) e

X(11=.1

X{2)=,6
STER=,1

CALFAT1,0

HETAZ0,5
GAMA=2,0
NIFER=0,
XNX=NK

IN=1

CALL WSR
K1TNX+1
K2EMX42
K3TNX+3
K4 =NX+4

CCALL START

" 6H3

28

60

N0 3 I=1eK1

DO & J=1eNX
X(J)=X1( Led)

[H=1

CALLL WSR
COMT INUE

[1=0

[i=li+1

IF{LI,LT.61) GO TH A0
GO TO 888 :

SELECT LARGEST VALUE OF WS LY I[N SIMPLEX
WSH Wﬁlll :

INDEle
DO 7 [=2+K1

FFIWS{L) JLELJWSHY - GO T 7

o WSHZWS(I)
INDEX=L

CONTINUE :
SELECT MINIWHM VALUE NF WH(I) IN SIMPLEX

'ﬂ%L“WH(l)

KOLINT=1

© DO 8 [22,K1
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105
los
107
108

109 Co

110

1t
1t

113

114 - :
115 - ¢
116 |

117
118
119
120

121
123
124
128 .
126 -
127
128
129 -
- 130
131
132
7133

136 ¢
ED ONE MINTMI

127 ¢

CIF(WSLLLE,WS(I)) GO TD &

 WSLTWS (L)

KOUNT=I
CONTINUE -

FIND CENTROLD OF POINTS WITH I DIFFERENT THAN INDEX

DO 9 J=1,NX
WS2=0,

DO 10 [=1.K1

10

HS2THS24 X1 ( Lo )

X1(K2sJ) =1, ZXNXk (WS- Xl([MDFer}) L -
FIND REFLECTION OF WIGH POINT THRQUGH CENTROID

X1(K3»J) =(1, +ALFA}*K1(K2vd)-AIFA*XI{INDEXoJ)

'.IF(Kl(KStJ).IT 0.1 fl(KS Jl

el

X{JY=X1(3 v )
[MN=K3

“CALL W3R

- IF(WS(K3) LT, WSL) GO T3 11

SELECT SECOND LARGEST VALUE IN SIMner'

IF (INDEX,£Q,1) 60 TO 38

WSS (1)

38
39

GO TH 39

WSS (2)

DO 12 I=1.,K1 . e
IF({INDEX=I1)ER.0) GO TO 12 .
IF(NS(I].LF.WSH] GO TO 12

L WSSEWS(I)

12

CONTINUE R
IF(WS(K3) ,GT.WSS) GO TO 13
GO TO 1u |

FORM EXPANSION OF NEW MINIMUM IF REFLECTION HAS PRODUC- 

BQT

s S iy
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i

183
A LARGER

154
S15H

156

157
158
159
160
161
162

c

-
~ &

r,DJ 15 J=174¢

fl(K#:JI—(l.-GAMA)*Xl(K2 d]+bﬁﬂ&*Kl(K3 J}.

'IF IXI(KHrd).LT;O.) X1({K4eJ)=0,

'x(d}-x1rK4.J1
INZKY -

CALLL WSR S
IF(as(K4) LT,.4SLY 6D T0. 16
GO TO 14 - : '

IF (WS(K3),GT,wWSHY GO T 17

D0 18 J=LeNX
X1{INDEX e J)=x1 (K3 )
DO 19 J=1iNX

il{KurJ)’H%T&**l{INOFYvd)+(l.-BETﬁ}*<1(K? d)

10

C0F (Kl(K#rJ}.LT 0.3 xl(Ku'J]:uc
_(td}—Kl(K4fdl :

Tl
CAL: wWSR

IE (SH.GT.WS(X4)) 6O TO 16

REDUCE SIMPLEX BY HWALF [¥ REFLECTTON MARPENS 0

CVALYE THAN THE MAXIMJ

DO 20 Jz=1a.NX

DO 20 I=1,K1

20

X1{TsJ)=0, 5*:x1({.u)+x1tK0Jwr.d}yT

DO 29 IZ1.K1

- 30

29

00 30 J=1enX

X(I)=X1 (L d)
CALL #SR

INSI -
CONT INUE

Dﬁﬂﬁﬂc

'EQI

- i



164 GO TO 26
165 - 16 DO 21 Jz=lenix .
166 - o XLTCINDEX » Jy =X 1 (KtsJ)
167 21 X(D) =L CINDEX, J) '
168 ' IN= INDEX
18 U CALL, WSR
ez o 0 GO TO 26
171 o 14 DO 22 Jzbenx -
172 ' X1 (ENDEX, JJ—XI(K%:J!
173 _ aajx(d)=x1tlwoex-J) _
174 INZINDE X :
175 : : CALL =GR _
176 L 26 DO 23 J=1aeiX
177 23 £(J)SHL(K20 D)
178 CINSK2 o
i7a. CALL WSR _ : ' Lo
180 - - C - TO TERMINATE THE SEARCH DIFER MUST BE LESS THAN ERSILO
181 SR _UI#ER O
182 , T - DO 24 Iz1.K1
- 183 o 24 DIftQ-DIEFR+(WS(f)/NQ(K21— 1.)*%2
184 : DIFERSSART(L./ XN, O)*v)[‘-&'%)
185" ' IF(DIFER,GE..00001) 60 TO 28 -
186 . 857 WBAR=1, +(K1(K0UJTr11+X1(K0JNTn2))/{1.—9343
187 C1IXT(KDUNT, 1)*Kl(KOUNTr9]/{(1.-00*001**2*n*Y) :
_ 1851_; o WRITE(0-1011&LXoALY WBARrTNr(KI(KUUNT J) e s 1.ux1.w,m.w
189 .- IDIFER,II o _ _ _
- lep 101 FORMAT{LIXrFE, 1 F7.1,F10.50F11,202F 10,50 [5,15,510,50E12
.5, 15). : , . _ e _ - S o |
191 - GO TO 100 G
192 _ ..900 CONTINUE s

183 ED
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ASWARN [ =M~ h*UPFIM HTART

'l
2
3

q.'-

_HUHHOUTINF QTAHF

THIS PROGRAM GETS up- FHP [N[F[ﬂL:S[MPLEX
DIMENBION Xl(LUrlU}rY(lO)rWQ(Iﬂ)rhflﬂtlﬂ}

T COMMON/S/X Ly NX s STEPy KLy WS s TN
..POMMON/%%/QLX’ﬂLfrCX}c?épQ;x,Zg Lo

COMMON/XK/AFA.RTQ

V=R X

' _HTFPI'QTFP/(VN*HQRF(?.))*(%QHF(VN+1-)+VN 1o}

%TFPZ‘QTFD/(VH*wQRT(Q.))*(HGHT(VN+1.)—1.)

D0 1. J=1eNX

A{le.J)=0,

Do 2 Iz2eK1

NO .2 JT1eNX -
ALLsJ) =STEPR?
L=i~1 :
ACLyL) =G TEPL
CONTEINUE

N0 3 [=1e+K1
DO 3 J=LoNX

fl(lrd)‘ﬁ(di#ﬂ(l:J}
RE TURRN
END

e+ ——— ey




.ASWAMI—M GHOP [ [M, WSR

1 JSUBROUT[NE WSR :
o C . THIS SUBROUTINE DEFINESTHE OBJFCTIVF
3 C FUNCTION FORMULATED ON THE BASIS
4 c OF GENFRAL INSTFABILITY
5 - DIMENSTION X1{(10e103»XC10) e WS{10)
K COMMON/S/X1 o NX s STERF K1y ¥S s IN
7 COMMON/SS /AL X s ALY 2 CX5CY 1RO X 22
A € COMYON/EE /88, EM,CKYR
9 ~ COMMON/SR/ADS
10 COMMON/ XX/ AF A RTO
11 COMMON/OR8 /TN
12 COMMON/AAN/My N
13 00 10 J=ieNX :
14 10 IF{X{JY.LT.0,) X{J)=0,
S48 CALL GENST(RCR)- o |
16 WS (IND 1.0+(xt1)+xt2))/{1.—QO*PQ>+1U**X(3)*A85(TN/(ii*
Z{}—QDS* - . o .
17 - -_1241-xt11*x{2>/t(1.-90*00)**2*ALY)
18 RETURN

19 - .- END

95T

e — _— e e ————
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1 _ HUHROUFIMF GENST ¢ 1) ' :
2 ¢ THIS SUBROUITINE [%5 FOR FINDING KYYCR.
3 <. CTREATING M AN rlOAS INTEGERS -
Yy ' coMMON/AAA/M.M_
5  COMMON/RPR /PN -
6 O COMMON/ZYY /ROX X » HDYY:&X EY-
7 - Ik=0
S8 IL=0
9 IR=n
10 [s=0
11 R S NL=2 -
12 102 N=NL
13 ' S IJ=1
14 CoM=1
15 40 WTEN
16 - MTzH -
17. NAZQ
18 U MAEL l
19 _ - NB=8
20" - MB=30 i
21 .17 N=N=1 : : . !
po ~ IF(N=NAY 42541041
23 - 42 NEN+l :
24 41 CALL CKYRIUTApNMp ALy IK)
25 NzH+l }
26 _ CALL. CKYR{TH N yM, nL.IKJ :
27 _ IF(TA=TB) 1¢2+2 :
! 28 . 1 IFLIRY 39493
! 29 E 2 N=N+1 _ '
o 30 - IF(N=NR) 46+ 46505
L 31 - 45 TN=TH :
L 32 .. NmN=l .
. 33 60 TO 7 '
i 134 46 CALL CKYR(TCyNsMeAL»IK)
: 35 - IF{TB~TC) 10}10,11
g 36 o4 N2 _
; 37 : . LFTCNY B3 biie ity
i a8 © 43 TN=TA o
| 39 - CONTN#L
: 40 GO TO 7 o
41 T a4y CALL CKYRLTD»HeMy Alle IK)
: 42 [F{TA=TD) Sv"ré&
|
!
| i —
L 1 -l




i3

g
4%

4e
47
4R

49,
5.0 . . .

B

52

53

TR
By

56

57

59

A0

- bl
62

ST

AL
65

TSN

67

68 -

£9

70

71

72
73
74
75

76

77

78

79

80
81

8z
a3

M= A

- Rzt | _

6

10

G0 TO 7

NR=N .

N INA+MNB)Y 72

GO D H o
[F(2=NH+NAY HedeY

CTN=TA

N=t=~1.

G0 TO 7

TH=TH
M=he=1

CG0.T0 7

11

13

-'.47

48

14

16

12

B

103

104

IF(IRY 16013015 .

NEHEL

K (N~8) LR UHIAT

TN:TC' '

=l

GO T 7 . :
CALL CKYR(TO,MNsMp Al_» LK)

IF{TC=TN) 14,1415
TNz=TC

=N |

G0 TO 7 o
[F{2=NB8+NAY 12412s16A
TN=TC -

60 07

NAZN

N (MA+RNB) /2

IR=IR+1 3

GO TO 17 .
IF(IJ) 104,104,103
T1=THN

[J=0

NL=N
N=3

=5

IRz=0

GO D un -

MaM=1

[Fi{M=MaY 49,5050

158
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100
101

- Bl

B85
86
a7
88
89 .

90
N

Q2
93

'”94__

ol

. I

96
97

98
=15

102

103
104

-10%
106

107
108

109
110 .

111

112

113
1lu

1158
1ia -
117,
118
-119
S120
121

122

123

124
125

.'1_29

4Q
5N

20

 fHé'

M=M+ 1

CALL CKYR(TApM» M) AL.IK)
S M=M4 1

CALL CKYH(TR.H.M ALr[K)

L IFCTA=THY 19 20%20
19 :

IFCIS) 21e22+2

M=M+ ]

TF(M=MB) BLySlen2

M=TB

- Mzl

51

22

53

gy

GO TO 25

CALL CKYR(rc,N,MoAL.IK)”

[F{TB=TC) 28, ?Ht2q

MZM=-2 -

[F{M} 53rb3rb4;

TNSTA.

MM+ 1 _
GO TO 25 L
CALL CKYRTDsNsMp AL [K)

CIF(TA=TD) 23s23,211

23

TN=TA .

MM+

GO TO 2%

211

21
.27
28

31

GO TO 26. .
_[F(Z—“B+MA} 211 211 27
TN=TA

MEM=1 .

GO .TO 29

ri=ry

S MzMe]

GO 10 25

[F{IS) 33931030
MM+l .
CLF (M=30) Hhétre b
TH=1C :

Mzl 1

'~£FtTCaTUJ 52.>{.

MBEM

M= (MA+MB) /2

GO O 249 :
CAII CKYH(FU:H.4»AI»[K)

THEFC

159

e —m——




M=M= 1

160

P R

126 v
127 60 TO 25 . .
124 35, [F (2~MB+MA) 30, 30, 34
129 _34'rN:rc
139 S 60 TH 2h
131 © . 30 MA=M
132 M= (MA+MB) /2
133 - 26 1S=IS+1 ¥
: 134 60 TO 7?7 i
g 135 25 IF (N=NT) 40 36,40 i
; 136 36 [F(M=MT) 00,37¢40
| 137 37 NB=Zh=3 '
? 1348 DO A0 [=1r2
| 139 NB=NB42 B
140 ) E [F'(NH_) B0 HBHE HY
| 1u1 65 IF(NH=8) 61,6160
§ 142 61 MBEMe3
ﬁ 143 DO 70 J=1e2
5 144 MH =M+ 2 o
: 145 . IF(MB)Y 70,7064
laa 64 TF(MB=30) H2:62+71 -
: 147 62 CALL ‘CKYR(TA,NBy M3y ALy [K)
§ 148 L IFU(TA~TN) 65.63:70 '
: 149 .70 CONTIMUE
: 150 - A0 CONTIME
; 151 C IF(NLEG.0) GO TO 100
: 152 - IF(N=M) 101,100,100
! . 153 101 NI=N S
; 15 T MM I
: 155 IF(T1.LT, rNJ 50 TO 105
? 156 - RETURN
E 157 105 TN=TL
| 158 CONENL
| 159 M=1
. 160 RE THRN
! 161 63 NINB
162 MZMB
163 G0 TO 40
! 164 100 ILz=IL+1 R
! 165 IF(IL,GT 1) RETIRA
| 166 CON=S -
: 167 © M=30
o 188 G0 ro 4o
A 169 - - END-
5
|
} _ 0 T |




AswANI M—G*OPFIM.CKYR
1 . SUBROUTINE CKYR (U Ny M,AL,[H: _
2 c ~ THIS SUBROUTINE DEFINES FHE PARAMETER vadau'
3 . DOURLE PRECISTION AlsA2, A3 Al Ay R.c.a. '
4  DIMENSION x(10)
5 T COMMON/SS/ALX ALYrCXtCYrPO X.Z?
6 : - COMMON/YY /ROXXpROYY rEX+EY
4
8
(o]

COMMON/XY FAFAPRTD
IF(NLEQ.0) GO TO 2
) : T IFCIRLGEQLLY GO O 1
10 o o Ir=1 -
11 ROXXZALX*AL X% X (1)
12 - ' ROYYZALYX®ALY®X(2) ' o
13 o CEX==3,14%3, 14*SOHT(1.—PG*DO}*{1 +CX*aLY)/t? 0*77)
1 EYo=3,10%3,14%SQRT (1, ~P0xR0)x (1, 4CYRALY) /{2,0%27)
15 1 XN=H
16 _ XM=
17 o BASXNKRTO/ (3, 14%XM) -
.18 j CALT( 1, 4B3488) 4 24X (1) +X{2) ¥ BR%uU+ 2, kBE*BBH (X (114X (2)+¥
(LY%X(2) 3/ . -
19 - 1(1.-99} ' ‘
.20 - o Ag=(1., +Bq*%8)**2+QOX?4°OYY*BS* 4
21 CAZSA2,%Z7% 72/ 3, Likkidk (1 ,-RO¥PY) ). '
22 . : Au*EX*Ex*xtle O*FK*EX*X(ll*(l.-—Do+x{2))*B%*BB/(l.—Do :
YA EXHEX* : : _ o L

23 .
CEYHX(2) K (1,

T OX (1)) ) *kBR* 4442, OKEYREVAX(2) /(1,=P0) % (1, =PO+X (1)) *xBik+h
CHEYKEYRX(2) | | o R o

11xt11*(1.+x121J+2.0*(1,+p01/(1,~pou*5x*ev*Xt1i*x:21+EY*



25 7
26
et
1)) R3ABE

29

S
31

*BB*BB/(1.,-P0

B2

_ 33
2. *x<11+x19}
33U
. 3%
37
. 38
39

S ETTT .
AZAT®AZ+HAZXKAY

A%'-z *PO*EX*X(11+2 *(EX*xtl)*(l +K(2])+EY*K{2)*{1 +x('

f1-2 *uO*EY*X(2)*BH*$q -

B A3*A5

C AZx{ (1. +¥(1))*(1 +X{2)}—PO*DOI

Fo(RTQ/3, 141**2*{(1 +BB*H%1*(FX*K{1)+:V*K(9)*“ﬂ**L3+2;

L 0}*(xf1)*x(?1*{5x+EY*BH*HH]))+{.\eAPA+HB*H”}*A1

GZ(RTO/3.18) 4%2% ( (1. +H€*Hq)*{D0+4H*d‘)4Q{kH”/th.—pji*f

+DO*X(?)+? *X(l)*%(2)}+X[2]1R111u)

_ U’(A*XW*14+B*KM**2+C)/tF*XM**2+bl

RETURN
2 Uz1,E+30
RETURN

CENDT

S




A%WANI—V G*OPT[M.Mhlﬂi

cyqlthhap

ii2(100)!

12
13
14 .
15
16
17
18
19
20
21

oy
(=

.23

- 24
25

OO0 00

90

THIS PRJuRAM [S. FOR MINIMIZATION OF
OBJECTIVE FONCTION FORMIJLATED ON
THE. BASIS 9F GENERAL INSTAHILITY
THE CYLTNDER IS RING STIFFENED

DIMENSION X(lOJuWS(lO)er(lDO)tXZ(lOﬂ)rX3(lOP)oY1(1005

.loﬁLtlaoi

CO“ﬂOV/S/IN'wg

COMMON 7S5/ ALX s ALY 5CX 4 CY ¢ POV X 27
COMH0N/SR/9DS -

COMUIN/OPD / TH

COMMON/XX/AF AeRTO
COMMONZAAA /M N

ALX=0.
X1y, 0
CXZi.
CAFAS-,D
RTO=3,

. DATA X(S}'AY'BY/BO']...QS/
. ADSZ,141384E~5

Cy={1.+2, *AY*HY)/QQRT(l +4 *AY*BY)
WRITE( Ay 901

'FORMAT (6X 11 ENTER VALUES OF ALY.zz-/:'

ﬁRITE(orlOLqi

89T



- 0SSt

26

' :-LL'D—sooula'

a7
28 -
29

.T)
32
33

X TN

3L

35

36

Y
nauos1/

38
39-

40
41
42
43
R T
Ue
SRS
48
49
50
81
-

1000 FORMAT(//10Xs G, I, OPTIMIZATION FOR RING STIFFENED SHE

/7y

WRITEtﬁrllOUI

1100 FORMAT(/.BX.uNu¥.3x.vcv'.gx,r27v.6x.'nyv,ux.'ﬂvv.sx.'q_-

-_1WRITE(6 120“)900CYr77rAYrHYrQD%

1200 FORMAT(6X,K5,30F6, 30 WP FBL2 2F 7. 4,515.6//}

WRITE(6,1300)

‘1300 FORM&T(ﬁXr'A*Y'93Ku'WBAR':QXt'KYCR'r?Xr'K(2l'b5Xr'M'v4-

1elX, TWRSTARTY .

58”5 QF&D(S.ll‘_pc’\ID 9““‘)&' Y Z’

111 FORMAT (). ' '
_JAT& Xl(l} YZfl)tK3(l)rFl FP%/ Oblo.l GereQs ﬂﬂlgnﬁﬂl{u.

.25 X12)=X2(K)
Lo IN=1
CALlLL wWsR=

© 11 X(2)=X3(K)

CIn=2 _
CALL. WSRR o
IF(WS(1)-ws(2)Y) 10010020

20 XF(KLEXI(K) 40, 2% X3(K)

IF(x3(K).LT,15) 60 TO 11
L2+l S .
IF(L.LT.10) GO 71O 20
X1(1)=0.01 '
X2(1)y=,4

191




53
Bl -

55

He

5a

&0

61
. R2
63

Hh

65

66

'67
68
- 69
“70

71
72

73
74

75

76

77

”73.
.-79.2

10
S 81
82
T R3
al -

a5
86

87
11

-89
4Ty

al

92

5G

165

XA(1)1=12.0

10
12

[FO_ LI 11) GO TO 25
DEL {(K) =X 3{K) =X 1 (K},

Yl(K)-Xl(K)+F1*DFL(K}'

Y?(K} xxtx;—:1*an(K>~”

K(?)”Yl(K)

 :IM*l

CALL WSRR -

Y(?}‘Y?(KJ
[N=2 '

T-CALL_wQHu '
IR (WS T =WS(29) 3031, 32

30

31

'DPL(K+1)-Y?{K]HX1(K)

X1LLKELDY =X (K)

Xﬁ{K+1)“Y2(K)
KaK+1

.IF(ABS((XS(K)—XL(K))/KB(K}).LT tpqa 60 TO 40

G0 TO 12
DFL(K+1)‘Y?(K)*X1(K)
X1IK+1)EY1(K) :
X%(K+l}‘X5(K)

K=ZK+1.

[F(AHQ{(X3(K)—X1(K))/XS(K)).IT EP%) GO TO ho -

'Gn ro 12

DEI(K+1)'K3(K)*Y1{K)

XKL =YL (K)

.x3tK+1j=xstKy_'

40

K=K +1 '
IF{ﬂBH((X3(K)~K1(K))/K3{K)).Lf bP%) GO ™) 40 -
D TO 1? ) : S
X(?)'(KI(K)+XW(K))/2..-

[(N=1 ~

CALL WSRH
WSSEHS (1)

WHARTL, +X(2] Z 01 =% 0 )

- WHITt(ﬁulﬂllﬂerMHAH Tprtq)erN WQF

101
_.999_

FQRMAT(1XbFH.lghlﬂ;brFll.UpF10;5v15'15'F1065)
60 TO BhHH : R S
CONTINUE -

END

1




 ASWANI~M=GKOPTLY, ¥SR<
1. SUBROUTINE WSR2
. " 2 .. ¢ THIS SUBROUTINE DEFINES THE OBUECTIVE
| 3 C  FUNCTION FOR RING STIFFENED SHELL
| 4 C ' BASED ON GENERAL INSTABILITY -
¥ 5 © L OIMENSION X(10) #9S(10) |
6. COMMON/S /TN » WS
7 L - COMMON/SS/ALX » ALY-CY CY+POy x.?;
8 COMMON/AAA/M s N
S 9 . COMMON/PPP/TN
C T I COMAON /SR /ADS
A 1t ¥ © CAL!IL GENST(RCR) o ., .
12 S WSCIN) =L, +X(2}/(l.—PO*DO)+1ﬂ*¢<{?)*QPS{TH/(?z*ZH)-GDS*]
o zZ7y- . S
i 13 RETURN
f : ) 14 . ' EnD
| _

99T



/Y

® NOA U~

13
1
15
16
17
.18
19
20
21
22
23
24
25
26
'!BK!'DIFF

27

- éﬁ'

 ASWANI=M=G*OPTIM,

OA N0

MAIMY
THIS PROGRAW IS FOR MINIMIZATEON

- OF THE OBJECTIVE FUNCTION FORMIMLATED

ON THE® BASISC OF SKIN YIELDING
OPTIMIZATION HASED o SKIN YIELD

 DIMENSION Xl(lU 10)eX{10) e WSL10)

COMMON/S /X1 e NXs STEP + K10 WSy IN
S COMMON/SS /PO X5 221 ALsR

'conON/QR/nY

1000

'WRIYE(G:IOLO}

FORMAT(//15Xp'ORTIMI7ATION FOR SHELL D—lO‘O—I T R=R5'/

NX=2

STEP=,01

PO=,3
AL=594,
R=198.7--

- ¥YST1200610,

-1100

1200

-1300

100

DP:3UUD.

CGW=,.037Tu

Q=GWxDP* 12, '

QYTYS*9, *S@RT(l.—PO*DO}/Q
WRIrEtﬁ'ILOO)
FORMAT(BXr'NU'v12Xp'SIb STAR')
WRITE(6e1200)1P04,QY
FORMAT(&X FS. 3p8x-F11 5)
WRITE(Ge1300)

FORM&T{BX:'H'rlOKp'X(Il't8Xp'¥(2l'rﬂXr'WBAR'v7Xo'NSTAR :

1ER'¢5Xr'II')

READ(5¢ 110-END=QDO)ZZ 

I

19T



- 29

30

31
‘32

33

. 34
- 35

36

37
- 34

39

40

 '41.'
V-
43
a4
W5 L

e

47
48

by

H0
51
.52
"h3
5}
55

e

57
B8
"9
&0

Bl
62

TRy

 365

66 -

67

A

- 69

R

110

168

FORMAT()

START WITH ASSUMED VALUE OF X(1) AND X(3).
X(1)=.2 T | | -

xX{2)=,8

X({3)=8,

ALFAZ1,0

BETA=0,5

- GAMA=2,0

DIFERZ0 .
XNX=RX
CIN=1

" CALL WSRY
K1ZNX+1

K2=NYX+2

KIZNX+3

KOEN X+
CALL STARTY

DO 3 .1=1,K1

DO -4 =1 KX

'-3,

63

2A

A

X=X D)

IN=I

CALL WSRY .

CONT TMNUE

II=rr+1 " : S

AFCIELLT.100) 6O IO 60

0. TO 884

"%tLLCT LARGES F vALuF OF WS(T) I8N SIMPLEX

WSH=WS (1)

INDEX=1

no 7 [z=2.K1

CIF (WS (D) JLE WSHY GO TO 7

WSHWS (1)

'[MEXH

CONT INUE : L
SELECT MIMIMUM VALUE OF WQ(I] IN SIMPLEX -

: WSL‘WS(I}

KOUNT=1

00 B [=2,K1 - o
IF (WSLLLE.WS(I)) 60 TO 8




| I

.7
- 72

73

CTW
75

76

77

79’
8n .

82
. R3

a4

86 -

87

an

89
.90

91

9 .

93

Ead
g5
BT

WSL=WS ()

KOUINT =]

CONT INIE
FIND CENTR2ID OF DOINTS WIFH I DIFFERWNT THAM IHDFX

. D0 9 J=t Nx

 ws2 0.

14

DO 10 IZ1.K1L
WS2=wWS 24X 1 [vJ)
X1(K2sJ)=1, /xuxt(qu-xlflwmbX.J}}

. FIND REFLECTION OF HIGH Q0&NT TH-OUGH CENF-D&D o

Kl(K3 d}‘{l +AfFA)*XI(K?;J}—ALFA*XI(IHHEX J)

fIF(Kl{K3 d} LT.C.) X](K3rJ}‘C.

XL =L (KFp )

INEK3
"CALL WSRY

343

. 39

IF(AS(K3) LT WSLY 60 To 11

CSELECT SECOND 1LARGEST vaLuE-rN'saMpLEx" .

IF(INDEX,EQ, 13- 60 TFO 38

WSGZWS (1)

G0 TO 39

WSSTWS (2) T
DO 12 T=lexl

IF(CINDEX=-1) ,E3.0) GO TO 12

IF(WS(I),LE.WSS) 60 TO 12.-

;.NSS:wS(I)

..12

fC)MTquE'7'

lrtw%txaa.er ws§J Gd To'13f

o1



QR

QUi
ONE
100

-.101
102

103
104

105

106
107

108

109

- 110

i1
LIS

112

113

114

115

116G
117
-118

121

122
123

124,
125

s

M [N IMUM

E A LARGER
119 .
120

126 .

11

15

18
17

19

20

GO TO 14

FORM EXPANSION OF MEW MINIMUM [F REFLECT(ON HAS PRODUC

DO 15 U= lfWK
Xl(KHvJ)—(l.—GﬂWA]*Kl(K2fd)+GAMA*X1(K%rd)

IF (XT(K4rJ)LUT. 0.1 X1(Kby d)—O.'
X{J) =XKL, )) :

CINTKY
‘CALL wSeY

[F{as Ky, L TowWse) GO To 16

C G0 TO 14,
13

IF (WS(K3),6T. WSH) 69 TO 17
DO 18 J=leMX :

KICINDEX e Y ZY1{K3s-J)

D219 Jz=1eNX :
Kl(KQrJ):HrTP*Yl{[ﬂJFKrJ)+(1.—HPTﬁ)*V1(<2 4

I (KI(&#;JI;LT.O.I fl{KHrJ)ZO;

X(JY=XL (Kdr )

- INE=KY

CA|u'uqav
IF (wsH,.0T, #S(&L}J CIO S FO 16

REDUCE QIWJLFK BV HALF [F REFILECTION HQQJFNQ 70 DQOHHF

VALUE THAN THE MA X TMLIM

00 20 J=1eRNX

DO 20 I=leK1
X1{L»J) =0, 5*(Xl(Ind)+Xl(K0UNTrd1)
DO 29 J=1eK) : :

S DO 30 J=1aMX

30

XY =110

CALL WSRY

oLT

e ———— e ——y



L 127
128

129

130
131

132

133
134
135
136

137

i38
139

140
141
142
143
144
145
146

147
1ug
- 1u49
150

15t
152

153
154
155

X!I5i

156
157 .

158

CIN=L

29

16
X1 INDEX» d)-x1<xu.J;

21

14

2

CONT INUE

GO TO 26

DO 21 J=1,NX

X(J)—XI(INDEXrJ}

IN INDEY

CCALL WSRY

GO TO 26
DO 22 JS1eNX

X1 (INDEX »J) =XIEK3sJ)

XCJY=X1CINDEX P )

S INZINDEX

26

23

CALL WSRY
DO 23 JZleNX

'X(dl—Xl(KZfd)

IN=K2

CALL wWSRY'

- TO° TERMIN&TE THE SFARCH DIFF% MU%T BE LtS% THAN EDSILO

24

853

101

- go0

DIFERZ0.

NO 24 I=1,K1. ' .
D[FER-DIPFR4(NS([?/WQ[KZ]—I.)*iQ
DIFER=SART(1. /OANX+ LY xDIFER)

CIF (DIFER.GE.0.00001) 60 TO 28

WRARRZL .+ (X1 (KOUNT e 1)} 4X1 (KOUNT s ?1r/(1.—90*noa
HEALKALXSGRT (1,-POXPO) /(R727)
WBARSWBARR -

-WRITE(6r101)Hv(Xl(KOUNTvd} J= lfﬂX)vWBAQrWSIvDIFERtII

DPMAT(SIrFIO 5;2X 2F11.bv9X9510 5:2X9F10 5 ZXfF12 5r1

60 TO 109
 CONTINUE
CEND

ut




n%WANI—M G*DPTIM STARTY"

10
11
12

13

4
15
16

17

19
20
21
p")

DN T EWUN -

SUBROUTINE STASTY -
THIS SUBROUTINE SETS UR INTTIAL
SIMPLE X FOR' MATHY.

D IMENS [ 0N Xl(lDrlO)-Xflﬂ):WH(lﬂ)rA(ln 10y
CUMMON/S/Xl NX»STER K Ly WH![N

.FOMWON/“‘/DOrY Sy Al
COWHERX

TF'Pl"";THf’/{VN*SQR I'(?.] ]*(%‘QRF(VN+1.)-IVN—I..)

TR0 1 JE1eNX
AT, =0,

'erD? erH/tvm*ger{p.))*r3aar(vm+1.)—1.);

N 2 I=2:K1

no 2 J=lenx

COACLeJ)YSSTERZ
Lzi-l

ACLPLYSSTER

“p CONTIHUE

N 3 [=z1eK1

SN0 A JzlarMX

XULLe Y =X (VA LTy U

REMURN

END




-

ASWAMI—M-G*ODTIM NbRY

o : L
= OO @R EAN

[

L
e

14

15
16

17

18

¢
C
c

SUBROUTINE WSRY C :

THIS SUBROUTINE DEFINES. THE OBJECTIVE
FUNCTIGN FORMULATED ON THE BASIS

OF SKIN YIELDING

- DIMENSION X1{10,10)X{(10)9¥S(10)
. COMMON/S /XL rNX s STER, KleWSs LN

10

COMMON/SS/ROr X228 AlLe R

COMUON/SR/GY
DO 10 JT1eN¥ _
IF(X(JY L LTa0,) X(J)=0.

AFAZ,?

AT(La+X (1) % (1a+X(2) 1 =R0*PD

B=2.#PQ*X{11+(l.+2;*AFA}*(K{21+1.-90*93)-

. czza*(x(13+1.-P0*Do}+na*x{2)*r1.+2,*aFﬁa"

P=SART(B*kR+Cxk =Bk} /A B o
wq{[M)‘l +{¥(1)+Yt?))/(l.—90*90)+10**YtS}*ﬁ%S(@/?.—QY/ _

RE TR
END

A




5

6

23

1002 ex¢10)

ASWANI-M-G*OPTIM MAINP
Kol

THIS PROGRAM IS FOR PANEL ‘BUCKLING
CHECK EMPLOY ING. GOLDEN SECTION
SEARCH TECHNI@UE

'BLMENsiON x1(106);k2t100¢,xatlouy;vition);?2tindignELf

1.Mf51.6ék51.21t5)

VCOMMON/SS/ALX!ALY!CXrCY!POr rZ

 COMMON/CC/AsBsCo FrG

COMMON/DD /My I

COMMON/XX/AFA;RTO

 PO=.3

- CX=1,

.‘ CY:I.

'.100
140

ALYZ0, | |

X(2y=0, | o
READ(5.1uerND-qgo)z’ALx,xt11,EL,RR,A;:

FORMAT ()

RTO=EL /RR

DATA x1(1),x2{11.x3t11.F1 EPS/ uo,u 00,5, oo 0. 38196601

."ZZ"Z*EL*EL/(AL*AL)

1000

TE!G-lGOO) B ' B L
FORMAT{vxpvzzv.7x,rELv.7x.vx:11',6x.'an',4x,vxvca'.ex N

L 1BETAY)

A



L ou

.25

26
27
28
29
30

5y
- 32
335

3y
38
37
38

b
a3

S
43

oy

e
HE
u7

N
49

50
m1
52
"3

54
G

56

57

G8.
59
/0

61
62

B3
e
A5

F)h_-

67

59-?

11

20

K=l -
=0

IF(@(X?(K))uQ(Kﬁ(K)})
AI{K)I=XFZLK)+0, 2%k X 3{(K)
IFEX3(K) , LT 15) GU ™ 11

eI |

IF (L, .T,10)

50 TO 11

X1(1)y=0,00001

X2(1)=0,.A
X3(1)=1.0
[FoL LTy

ATTEMPT A TRIAL

. FM=z1.0

.30

31

DEL (K ) =X
)

GO TO 8
) =X 3 (K
Y1(K)ZX1(K)

?glmyﬁxijy—ﬁl*DELJKl
AFAMYTIK Y ) = (T72({K) })

10910020

GO TO 1L .

xttéf

"u”\lHF' F-(JH F‘\’I ,-\c; 1

F1*OEL(KY .

DFEI_{K+1) TY2(K) =X {K)
X1ER+1) =X (K}
XK(K+]J“Y2(K).

K=K+1

3Ne 31032

.175 

[F(AHH((K%(K}"YliK)J/Y3(K)).lF FPQJ bO TO 40

GO T 12

DEL(K+1) Tr2{K)=¥1(K)
X1{K+1) =Y 1(K)
X3 {K+1)=X3(K)

K=K+ 1

GG TO 12

DFL(K+1J_111K}~Y1<K)
X1(K+1)2Y1(K)

.x%(K+1)-x%(K1-'

40

—k+1

RIRE (X1 0K +X3(K) ) /2,

QK-Q(HH) .
' AM_—G/F+QQHF(G*G/(F*F)+C/A HkG/(A*F)}

h1l

EM-HGRT(AM)
BET=RI*EM

RN =4 |

IF(EM=1,07
M{JJr=1

Glelleit2:

'IP(AHH((Y3(KJ—XI{K))/X3(K]).lT ERSY

-lF(AHQ((Xﬁ(K)—XI(K)I/X3(K)).LT FPS)
GO TO 12

GO TH 40

GO TO 4O

||




68
A0

70

71
72
73

74

75

R
78

79

A0
- Al
" g2

83

. 84
85

86
a7
85

89
(3[]

a0

91
92 -

a3
Qb

9%

2ls)
Q7

99

100
inl
102

103
104
105

106

73

98

42

43

71

GO TO 49 -
\_Jd:dLJ"‘ 1 .
MUY =EM

6O TOo L9 -

Jd=JdJd+1

_M(dd)-M(dd—1)+l

.60 TO 49
49

X1(1)=0,01

L=0 - '
IF (H(X?(K!}“H(x3(K)i) 7247273
X3 (KYSX3(K)I+0,2%X3 (K} . o

CIFIX3(K) LT, 15.) GO TO 71 -

=L+l

101
72

74

IF(L.LT.20) GO TO 71
WRITE(G:IHI)

.FORMﬂF(lHXr'BEF& HAR LOST IN R*Y.)

TO 898
DEL(K)“X%(K)*Xl(K)

Yl(K)*Xl(K)+Fl*)hI(K]

Y~

L Y2UK) EXB(K) ~E TROELEK)

IF(RPCYIAK) ) =R (Y2 (K)) ) 750 760 77
DEL (K+1)=¥2(K ltK : |

CX1(K+1)=X1(K) -

76

X3{K+112Y2IH)
K=K+1 :

176f"

IF(AHH((K%(K)-KL{K)!/X%(K)}.LF FPS) GO TO 78

GO TO 74 . _
UEI(K+1}*Y?(K}*X1(K)'

'xL(K+1)-f1(K)

L3{K+1) =X 3{K)
K=K+1

O GD.TD 74

DEL (K+1) X5 (K) =¥ 1 (K)
XK+ =YK
X3(K+1) ZXAKY

'IF(AHQ(tXW{K)—XJIK))/Xd{Ki) +LT.EPS) 6O To 78




CKEKHL

107 | |

108, IFCABS (IX3(K) ~X1(K) 3 /X3(K)) ,LT.EPS) 6O TO 78
109 LGO TO 74 . o
110 CO7A 21U XK 43K 1 /2. : =
111 : GGH(JI) TRP (21 (Ju) ) - i
112 IF(JJLEN, 1) GO TH 51 !
113 [FEJJFEQ.3) GO TO. bl !
114 GO TO. 43 ' ;
o _ e RET .

s G TFL (GBI =BG {JI=~1))) 51581952 |
16 51 CKYR=2GA(JJ) o - g
117 BI3=21 (Ji)) _ :
118 EMEt(JJ) '

119 60 TO. 47

-.120 - B2 CKYRIGG(JJ~1)

121 BBE21(Jd-1) :
122 O EM=M{JU-~1) o
123 47 CONTINUE :
124 BET=BE*EM i
125 M(JDJY=EM | r
126 E=3.0E+7 g
127 H:H O*R ['()* 1O9H 4SORT (1 ...,:.r()*n()} 727 .
128 =3, 1% 3, lu*FkHr.BkCK(H/(EL*kLkLQH *¥12. *(1.=POXPOY) >
129 . FN 3. LUxRET* 198, ZEL i
130 wRITEtﬁ'lnnlxzz.EL,xtlx.aux.CKYR.M(JJy,aEr

131 1001 FORMAT (5XeFB, 2, LXsF6, 2.F1n by FR;1.FQLD#1X;35,1XTFS.3)
132 CWRITE(6e222) | S o
133 207 FORMAT (5Xs tENY » 1Ry 1T Y
134  WRITE(Ar333)EN.0

135 335 FORMAT(IX e F 7, Le 5 E16,7)

136 RNSE2692,8 -

137 PHCR=QN/0
138 : WRITE (69 909)PBER :

139 909 FORMAT(6X ¢t PBCRTY »F 14, 5////)

140 .60 .TO 100
141 995 CONTTHUE
142 £
- i - —_ - -— —_ - _..T
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ASWANI -M=G*OPTIM_Q

DA UE LN e

Be

(1}$X(2)y/
12
13

14
15

SV HEX*EXE
' 16

_E?wi(2}4tl +_.

17

+EYXREY%X (2)

18"
i9
20
1)))*9%*34
21
22

23

FUNCT [ON G(BH) ' .
~DOUBLE PRECISION 41, ﬂ2!A3aAQrA5rﬂ BvCeFvGrT

Q-DIWENQIQM X{(10) _
. COM10N/SH/ALKIA'Y:CK!CY PO XtZ/

COMMON/CC/AsB»Ce G-
COMMON /Y Y /AF A

"ROXX:ALX*ALX*X(l}
ROYYZALY#ALY*X (2}

EXTm34 16443, 14kSAAT (1, =P0%20) % (L, +CX*ALX) /(2. 0%77)

EYT=3, 1443, JUKSQRT (1., =P0%Q0) k(1 4CY*ALY) /(24 0%77)

ALT(L o 4BBKEH) K24 X (1) +X (2) ¥B 3 442 , ¥ BBKBFK (X (1) +X (2] +X

1(10_39)

A2=(1, FBAKBI3) R4 24RO Y +D 7Y KBk &
A3Z12.%27%77/( 3, Luxkbx(1,=RP0*PN))

A4z FX*FK*K(1)+2 O*FX*FK*K(1)*{1.-DO+Y(?1‘*B”*B”/(l-*DO_

r

IX(LY*(L,4X(2))+2, U¥(].+ﬁ01f(1.—POi¥FX*?Y¥X(1)*Xf2}+FY*

'ZX(I})}*QH*'H+2 OiFY*ﬁf*Y(?lftl.—DO)*{].—DQ+Y(1})*Pﬂi*ﬁ;_

_3*HR**8

A= Al*ﬂ2+A3*Aﬂ

ﬂﬁ‘—E *PO*FX*X(11+9 *{ﬁx*X(ll*(l +X(2)I+EY*X{2)*(1 +X

1=2  kPO¥EY%X(2) *BR*xy
B A3*A6

c= ﬁ3*((1 +K(1))*(l +¥f?}l—°0*901

e ——



’ pu

BEXBB/ (1,-P0

25

.27
28

o9 T
300
Co3t

1
2

OB N TR

ST
';1;-.
12
o 13
tll*Y12)1/

 ASWANI-M~G*OPTIM,R

c

T?-(3 /3. 1&)1#?*((1 +HR*HH)*{FX*K(1)+EY*X(2}*BB**41+2 *z
.1)*{X(l)*X(2)*(EK+EY*BR#HH))}+{.5-AFA+BH*H8)*h1

EERRE T ST F.*G-(s 0/3.18) k425 ({1, +BB*BH)*(PO+BB*BH)+BB*BB/(1.—P01*L 
Ceesxihaxen PR
o | l+p0*xf2}+2 *X(l)*K(Z)}+X(°}*HB**4)

T“—G/F+€QQT(G*G/(F*¢}+C/A R*G/(A*F)) o
G-(&*T*T+B*T+C)/{F*Y+G}':

- RETURN.
CEND

“FUNCTION R(83)

Co RIS THE EXPRESSION OF KY WHEN M IS TREATED AS INTFGFR

DOUBLE PRECIS(ON A1,n2,a3.nu.aa.a-a.c,F¢G oo

IHDIMFwerw x(lO)cM(S) IR
; COWMON/OQ/W,JJ _ .
- . COMMON/XXY/RTO

CICOMMON/ZYY /AFA

ROXXSALX*ALX*X (1)

:ROYY AL YRALYXX(2) - : R L : -
EX==3,14%3, 1&*SQHT(1.—PO*PO)*(1.+CX*A!KI/(2 0*27}'
T_EY——B 1843, 14%SQRT (1, ~PO*20) x({ 1, +CY*&LY)/(2 OxZ27)
':ﬁl (1 +BB*BH}*42+K{1)+X(2)*BB*HQ+2 *BR*BH*{X(1)+X{?I+¥




__14
15
f1§'w

g7

YH{EXKEX®
18

: B .2%(1}))*BH*#H+2 O*EY*EY*X(2)/(1.—901*(1.~P04K(l})*BU*%(

o 19 .
*+EY*EY*X(2}
' 20

21
20

1)) 3 #8323 a0
- 23

e

j25

26

”*BB*BH/(i.—PO'

27

."'ZBIT'

'*~Tf?.*x<1a+X(21

:ﬁOQ"'
" 30
32

1(1e=P0)

'-a?4(i-+3H*3ﬂ)*w9+p0x14éov?*éq**u'

" A3z 12.*?2*72/(3 14**4*(1.—PO*PO)l

*-Au-Ex*Fx*x(11+2 0*EX*tX*X(1)*(1.—PO+X{Q))*H%*Hﬂ/(l.-Pﬁ i

1x11)*(1.+xt21)¢é.0*t1.+901/(1;+POL*EX#EY#¥(lj*xt2r+E¥*

-_3*83**8

A= Al*A2+&3*Au . : :
Ab =2 APOREX KX (1) +2, *{Fx*x(1)*(1 +Y{°)i+*f*x{9l#(1 +¥(

12, *DO*EY*X(?)*85*44 o o .'_ TZ  _- ..7~5 ' :.

Az AS*&% _
C A%*((l +K(1}]*{1 +X(2)1—no*ao}

FZ(’TO/3, 14!**2*{<1 +BP¥BH)*(EX*K(11+FY*Y(?)*BH**U)+? -
'  10)*{X(l)#xt2)*{uK+EY#BH*Bﬁ)J)+(eb-AFﬂfﬁB*Bﬂi*ﬂl
;'Gé(nroks.lnl**zxt(1.+HB*BB!#iPOfBB*BHi+BR*BB){1.-Poi$1

-[1+po*x¢2)+2 *X(l)*x(2})+x{2)*88**u) o :
“R'(A*M{JJJ**4+B*W(dd)*M(JJ)+C)/(F*M(JJ)*W{JJ)+G)

RETUQN
,END| 

ogT




o nswANL-M-G*onTIM RSSH -

RI

THIS PROGRAM [S FOR DESIGNlMG AING
STIFFENED SHELLS
- 5xX2 IS STRESS N SKIN sxsmaxy--
. SY2 IS STRESS INSSKIN SIGMAYY
CCKYR 1S KYY CRITICAL. .
QSTAR I& CRITICAL PRESSURE
SRY IS STRESS. [N THE RING -
S QR IS ILOAD QN THE QIMG PER INCH

L OF C(QCU%FFRFJCF -

G DD U E G
000 'r_)'r')'-n_ho_h

DRCR IS 2aNEL BUC(LING CRIFICA' LQAD o

= 3~ .
O

B S R .'ocq 15 RING CRITIC&L STRESS
12 ¢ LSKY IS STRESS 1N SKIS -
13 € 68 IS GEN. INST, CORFFLCIENT

PBC. IS PANEu.BUCKLING“COEFFICIEN?
RBC IS RING BUCKLING COEFFICIENT
CRYC IS RING YIELDING - COERFICIENT

U
15,
.16

noo

SKYC IS SKIN YIFLDING COSEFFICIENT -

. GW IS DENSITY OF IMY4ERSSI0N FLUID

S S0P IS OPERATING DERIH -

.oen S S DIMENSION x(1oy ' ' o
21 0 -],j;'cowwawxsa/ALx.ALY.CX rvfao,x,?r
R2 . L COMMON/PBRR/TN o

1T
18

000

23 T COMMONZAAA/MNT

-1 '-'-315“"*COMM0N/XX/AFa RTO'

Lopsl 0 ALX=

L 26 ::,1--'  x<1)_.D_

sz':iﬂTJ ?.::CK .

"fsza'_f"___ 1 READ(5.3,tNU~u)ZZ ELY-BK X{Z}rAY BYpDBFRpﬂLYrCY Re AYSr_'i

AFA!GW DP:AL

191

ey



_. §9_
30

31

32

33

34
© 35

36
37

38

39

Cho
41

42
u3

4y
ab

46

TS

48

.51

.'53.
C o4,

56,
57

58

59
A0

. 61

62

63

64
65
66

BT

68

/9

70 -

50 -

n:_18é   1

FORWAT()'

- RTO=AL/R
Co PO
L6SE282

':Q 12 o *GWkDP

=, 3548

H= AL*AL*QNHT(1.—90*903/(H*7/}

DD=E*Hx %3/ (12 % (1, =RPO*P0O) )

-?:AA~Q*Q*R*th16 #0000

1006

BHH"F*H/(DD*R*R)
A= Kt?)*ELY*H/(l.-PO*PO) .
DRTALY*H*(1, +AY*RY)/5QRT(1 +4.tAY*BYl

TRZAL(DR* (1, +Af*HY))
TFEAY®TR L

L wWE= BYxDR

. QCRTY,#3.14%3, Ju*F*TR*a%/{lP *tl.—PO*PO)*DH*DR)"

A§~ELY*H J -
TR=H* (1, +HK*A/(AS*BK+A9))

- CALL GENST(PCR)

© O QSTAREZ TN*3, 14*3 14*DQ/IR*AI*AL)

[F{OSTAR=2 Q) 36!16»16
X(?I—X(2)+ 00K

TO 1000

£ SELY=TR

.‘IF(ANIHHHY Sp6reT

CCzR*R /18,0
ne= .5*QQRF(F*H/(DD*R*R))
F”QQRf(—CF+DC)_ '
DIGSORT (CC+DC)

VEC*ELL/P,

YED*REL /2.

Al +YhY

'ﬁ'A2~§INH(V}*%INH(V}+%[N(Y)*QIN(Y)

a3~v*qrwtY)*cnstva+v*qlwutV)*COHH{V}-c‘

: W--lﬁ.*v*f*n1*A?/(A%*EL**a)

AJO‘H *AI*AH/(AK*FL*FL}

AQ=V*COSH{V)*QIN(Y)"Y*SINH(V}#COS(Y). 

R

A%“V*HIN(Y)*COQ(Y)—Y*HIMH(V)*CO%H(V)
AJL=4 , kA1 AS/ ( A3REL*E].) '

';HO“-tv*SINH(v)*COQ(f)+v*c09H(v)*q[N(Y)1

ABTVESINHIVIHCOS (Y =Y*COSHV) #SIN(Y)
CULEAGXSINH (V) S INCY) +I0¥COSHIVI*COS (Y )

P




72

7u
75

7F\i :
77

78
79

-80. -
ar

@

83
R
-85

=

BH

89
90
91

_.92_.
93.

a4

95

98

94

101

102
- 103
- 104 -
105

- 106

107

o109

- 110

111

’z .

‘A6

100 .

183

FO TO 100

S ) _QGHf(Q*H/(“.*DU))*tL/?.

VEVASIM (VY *COS (V) T
w--lﬁ *V**KkH[N(V)*GIN(V)/I(*FI**1)
Adi=a, *V*v*(ﬁrﬂ(v)-v*POQ(V!}/tY*EL*EL)
S AJL=GL, *V*V*{QIM{V)*CO%(V)nV)/(Y*Et*EL)
UQSVxCOSIVI+S TN (VY .
HL"UO*FOS{VJ+V*%IN(V)*SIN(V)
CHHZ Y

GO.T0-100-'
'?1cr-oxﬂ/tﬂ.*ou1
.DC=.}*%QRT(t#H/(DU*R*R))-

o C;SQRIECCfDC)'
'D:SGRT(CC+DC)

| VEC*EL/2,
Bl=Yxv=V*y

. B2z QIN(Y)*#?—QIW(V)**Q
- B3= V*QIN(Y)*CO%(Y)+Y*€IN(V)*COb(VJ

-w_-lﬁ *V*Y*Hl*H?/(HS*FI*l%]

Hy= Y* [N(V)*CO%{Y)-V*COQIV)*QIN(Y)
o AJOZ=4 kB 1B / (B3kELREL)
. Bz Y*SIN(V)*COQ(V)-V*%IM(YI*COS(Y)

Q'AJL—-u *Hl*Hh/(B%*FLrFL) - '
10O= Y*%IN(V)*CO%{Y)rv*COS(V)*FIN(T)

'ﬁB?Z(V*SIN(V}*CO (Y}+Y*C0§(V)*HIN(Y1i*S[N(V)*SIN(Y)
L= H?+UO*COH{V)*COS(Y)

HHZR3
GO TO 100

‘100 ARzZA+TR*xH -

_PP-R*H*W*H*r3/(6 *(1.-90*90)*AR1;
TYSA/Z(ARX (L ,=P) ). :
_ *QOR-Q*(FR—DDk(AH-PO*A/Q.)/H}
_GQ'Q@R/(I.—PP)
SRY=Q@*R/AR ;
CIF(SRY*TR*2,,GT, QCR)GO ro 934-'
L GO TO 333%

= 333 IF(SRY,6TAAYS) 60 ro,a;

GO TO 9 :
8 WRIFEfﬁrIOJHHY




112

113
114

11s

. 117'
L1118

120

121

122
123
124
125

126

27

128
129
130

c0 131
. 134

U133

o 134

- 137
138

'7f 13q_

10

FORMATxax.tsar_i i.F10'2/1

| SKBOZGXR¥R(1,~00/2, )*FT*AJO/(? *(1.—PO*DO)! o

CGKF12=QAR /H+Q¥R¥{ 1o =P0 /2. 1 TTHUO/ t H¥HH) -

'"_;SKFz--o*R/H+@*R*t1.—D0/2 VETTHULL (HEHA)

”'-"SKBL—@*R*R*tl.-poxa )*TF*AJL/{Z *(I—QO*DOJ)

' SKI—SKHO-G*R/(P *H)

SX2==SKRO=B*R /{2, ¥H)

SY1 QKP1+DO*5KBO

S Y2 =SKF 1=-RO*SKBO -

| SXIL=SKBL-A%R/ (2. $H)

SX 2L =~GKBL=Q*R /(24 4H)

SY1L=SKE2+RO+GKAL -

SY2LISKF2=00%SKBL

. SKYZGART (SX2%X2+S Y 24K 2 sx2*9y21

51

13

IF(SKY.GT.AYSE 60 TO 51 .

G0 TO 13-
X{21=X(2)+, 0001

LGO TO 1000

RO=R+H/ 2,

© RWISZRI=OR .

REI=RWI-TF

 USEAL#* (ROKRO=-RI*RIY’

N VWETRA (RIARI-RHTXRWI ) 8K |
V;iVF‘WF*(RwI*RwI RFI*RFI)*BK

 WULGS+3, 14*(vs+vw+v¢1/AL

 RYCZSRY/AYS o
- RBCTSRY*TR%2./QCR




149 ' PRC=2,%Q/PBCR

141 - SKYC=SKY/AYS
142 6B=2,*R/QSTAR
143 © WRITE(6s20) | o o
144 20 FORMAT(//25X+'D E S I G N RESULTS '//)
o145 CWRITE(6021)DP | -
 1ue 21 FORMAT(6Xe tOPERATING OEPTH = *,F8,0/)
147 WRITE (6922127 ¢ALsR o
148 22 FORMATI6Xs?12ZZ = 'oFB,1e2Xs %0 = 14F7,192Xe 'R = 'eF7,1/)
189 WRITE(6,40)X(2)sCY
150 40 FORMAT{(6XstX(2) = *»F10,518Xs1CY = *+F10.5/)
151  WRITE(6r50) WLIL - o
152 - 50 FORMAT(6XstWEIGHT :PER INCH = 1,F10,2/) .
153  WRITE(&s231H | - -
154 23 FORMAT (6X¢ 1SKIN  THICKNESS = *,F10,5/)
155 | WRITE(6s204)DR o ' |
156 . 24 FORMAT(6Xy'DEPTH  OF  WEB = *.F10,5/)
157 | WRITE(6s25)TR |
158 25 FORMAT(6Xs 'WEB THICKNESS = *+F10,5/)
159 WRITE (69 26) WF -
160 26 FORMAT(6Xs'FLANGE WIOTH = $+F10,5/)
161 WRITE(6,27)TF - |
162 27 FORMAT(6Xe'FLANGE THICKNESS = 14F10,5/)
163 © . WRITE(6e2B)ELY" | -
N U 28 FORMAT (6Xs 'RING SPRACING = 1/F10.5/)
165 o WRITE(S+41) TNsMeN

166 - 41 FORMAT(6XstCKYRZ!)F11,292Xs M = ¢9I5,2Xe "N = *415/)

167 -  WRITE(6,42)08STAR

SgT



168 . ' 42 FORMAT(6Xs"QSTAR=!,F15,2/)

169 WRITE(H¢30)QCRySRY $PECR
170 30 FORMAT (6X» *QCR= 1 F10,292Xs "SRY=1yF10,2¢ 2%+ '"PBCR=1¢F10.
2/ 1 . . -
' 171 S MRITE(G6,111)1SX2,SY2,Q0
; 172 - 7 111 FORMAT(6Xe'SX2 = *F10,2,2Xe'SY2 = ", F10.2:2Xs'Q0Q = ¢,
F12,2/) - - . ' o
173 WRITE(6229)SKY
174 .29 FORMAT(6Xs*SKY = t,F10,2/)
175 ' . WRITE(6,43)GB
176 43 FORMAT(6Xe'GB = '»F10,5/)
177 . WRITE(6¢31)P8C . i
178 31 FORMAT(6X»tPBC = *4F10.5/)
179 o "~ WRITE(6+32)R8C . ; \
180 - 32 FORMAT(6Xs'RBC = *»F10,5/) . '
181 WRITE(6e38)RYC - -
182 . 34 FORMAT(6Xe'RYC = '»F10,5/)
183 o WRITE(6r35)GKYC '
© 184 - 35 FORMAT(6Xe'SKYC= *+F10.5/)
185 . GO0 TO 5§ ' '
186 222 WRITE(Ay3003) _ _
187 3000 FORMAT(6Xs 'RING BUCKLING FAILURE' /)
188 o 55 G0 TO 1 ' : o o
189 o 4 CONTINUE o

196 END

98T




10.

.
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