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ABSTRACT

Stress analysis of attachments to pressuré vessels is the
-Eain concerﬁ of this study. The stresses caused in pressﬁre
vessels are the combination  of longitudinal forces and mo-
ments. | | | '

. Equations expressing the deforﬁa%&ons caused by lohgitu}x
dinal stresses are. the solution: of ah5eighth,ordef differen-
tiai”équation which is the redncéd fqim'of'the three pé;tial
differentiz equations of thihféhell theory. The load is
app¥ied oﬁyé . band along the circumference and expressed 1in
', terms of Fouri#r-series.' Resultszlfor an éxially symmetric
loading are‘generated for\seyérali shell and lbéding parame-
ters. “ - . “

- The stféSséé developed by the péeséncé of the integral
lugwattachmenfs are analysed by finite el?ment method where
a I?ﬁnoaea déubly cufved shell element and Front Solver
technique are utilized. ’Numerical calculations have been
gene:a;ed for sevegél ;ué sizes and radihs‘to,thickness rat-
ios 65 the shell. . C5qparisons~of the present method with

the available methods has also been presented.
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NOMENCLATURE

a - radius of a shell _

C. stress index for lbngitudinél.mdmént.due to
) axial maximum stress. -,
hcz .. stress index for longitudinal moment due to

circumferential maximum stress

c, . half-length of the locaded area in the
A circumferenfial direction
c, '_ half-lengtﬂ of the loaded area in the axial
direction - : |
D " -flexural rigidity of a shell
D" = Bt/(1-»2) |
[D] | elasticity matrix
E s modulus of elasticity
G . shear modulus of elaéficity
k an integef 3
[J] - Jacobian matrix
Ji .lpngth of a shell ‘
2,70 1 starting position of external load

L,-£./1 band width ' _—

ML longiEudinal external moment

My My My My bending and twisting moments per unit ;éngth
Mx:”:pg"&a“.;sx bending and twisting mo_rpents per unit.length

of a cylindrical shell
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Ny Ny

Xy 'V yx
N, Ny

Ny Ny,

Py 'Py Pz

shapé func;ioné

membrane forces per unit length

membrane shear forces per unit length
membrane.forces‘per un¢€/length of a'
cylindrical shell

membrane shear.forces per unit length of a
cylindrical shell '

external ibads applied to a shell

total external load applied to a Shell along
the axial direction

intensify_of external force per uﬁit surface -
coefficlent of Fourier séries for external
loadiné

shearing forces " ~ _ .
shearing forces of a cylindrical shell
radii of cunyafure of the middle surface
of a shell

stiffness matrix

= BML/4clc;

thickness of a shell

Fourier coefficient of axial deformation
components of displacements

direction cosine vectors ‘
Fourier coefficient of radial dispiacement
‘global coordinates

rectangular coordinates

" coordinate axes defined in the element

=



B2

€
x*Cy*€z

€0

%y

o

Txy?Txz*Tyz
. .

Yxy>Yxz*Vyz
v
xx"x‘y
Xxy
Sl,ezﬁ

EaM,8 T

e -~

. degrees of freedom of an

eFement, rotations
around V,; and V;
= 12(1-»?)/ alt?

= cl/a- \
N

= c;/a '
unit élongations in x, y and z directions
initial strain :
normal components of stress parallel to
x,y and z directions

initial stress
shearing'st:ess components
shearing strain in the middle surface of
a shell
shearing strain components

Poisson's ratio

changes oﬁ'curvature of a shell

the twist of the middle surface

i;dt elongations of the middle surface in
the x and y directions

curvilinear coordinates

cylindrical coordinate in circumferential

direction of a shell

12y (1-y?)/ Eat?
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Chapter %N

INTRODUCTION

‘<
Pressure vessels have long been used in industry for sto-
rage, industrial processing and power generation.
The original design philosophy of pressure vessels was

first added to the ASME Boiler Construction Code in 1925 un-

der the title, (Section VIII)'Unfired Pressure Vessels . 1In
1968 the title was changéd and Section VIII published in two

parts, Division 1, Rules for Construction of Pressure Ves-

sels, and Division 2, Alternative Rules'[l].

In the design of pfessdre vessels, the minimum required
loaéings to be considered are stated in Division 1, Par.
0G-22. According to Division 2,'caiculated stresses caused
by these loadings are divided into various categories.
These categories are:

a) Primary Stress

i) ' General Primary Membrane Stress

ii) Local Primary Membrane Stress
1ii) Primary Bending Stressi?
b) Secondary Stress -
c) Peak Stress o
One of the requirements for the acceptabi%ity of a design

—

is that the calculated stresses will not exceed the limits
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..described in the Code‘.ThelgAsic limits for the various ca-
tegories defined in Division é; (See Code Table AD-150.1 and,
Fig.. 4-130.1) aré lower than those permitted in Division 1.
Howevef, in order to maintain- the reguired safety, design
and quality control, a detailed stress analysis is-assigned
in Division 2. A“ ‘ | N“ 
One of the loadings that has tgfséigonsidered,.in the de-
sign, 1is the loading resulting in locélized stressés‘due to
the ;ttachments such as lugs, rings,ﬂfékiffﬁ etc.(See Code
UG-22). Stresses caused by these typglaf{ioaAings fall ipto
local primary membrane stress categoéy. AR
The main charaéferistic of ﬁrimary‘gt:esses is.tha;,_tﬁéy
.éare not seif limited, i.e. their magnitude reméins.thélsamé
no matter how large deformations they produceJ._?hereforé, a"
lower ailowable stress limit 1is given for ‘this t§pé of
stresé than to Secondary stress.
In Division 1 of the Code, some, general design guidance
‘is given for attachments to pressure vessels {See Par. UG-55
and UG-82, and Appendix G ). However, for most of the at-
tachments design procedures are not provided and left up to
the designer.
Although Division.l recommends [8,16 and 19] as an addi-
tional guidance on the design of integral attachments, com-
parative study presented in [16] shows large discrepancies

in the results.

! Code as used in this text refers to ASME Boiler and Pres-
sure Vessel Code, Section VIII. '
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When attachments a£é welded, brazed of bolted to the “out-
side or inside of the shell, they.caus; localized loadings.
One of the] approaches, in analysing' the effect of local
loédings on shelis, is t§ distribute ihe load over a fe;-
fangulgr area. Tﬁe major'investigation in fh;s field is the
one conducted by Bijlaard [4]. Bijlaérd represented thrust,
longitudinal and circumferential moment loading by double
_Fourier series, which enabled him to express the deforma-
‘tions and stresses also in this form. n T

The second approach, which has been presented by Hoff,
Remper and Pohle [10], 1is to distribute localized loadings -
along the circumferential and axial directions by line load-
ing. |

Wichman, Hopper  and Mershon [19] preséhted Bijlaard's
analytical work in a much simpler and convenient way in ord-
er to make the results readily available for désign engi-
neers. Based on available experimental work some adjust-
ments to Bijlaard's results are recommended.

W.G._ Dodge [8] simplified the solution procedure intro-
ducingystress index concept used in ASME Boiler and Pressure
Vessel Code, Section III, Nuclear Power Plant Components.
Dodge defined the stress index for a moment loading as " The
ratio of the maximum stgess intensity in the pipe éomponent
to the nominal bending stress in straight pipe subjected to
the same moment”. Whereas, the stress-index, for a radiql'

loading, is normalized by the average shearing stress in the
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pipe. Based on the numerical study done on Bijlaard's re-

4

sults, Dodge gave a single approximate‘formula to calculate
stress indices for integral lug attachments.

Rodabaugh, Dodéé.and Moore's work [16] uses the same ap-
proach preéenféd in [8]. However, the definition of stress
index is changed and re—defined as "The ratio of thé maximum
stress intensity in the pipe component to the nominal bend-
ing stress in the lug", which, 1in fact, predicts conserva-
tivé results in comparasioﬂ with [8,19]. |

For comparative study, this definition of stress index
has also been utilized in this study.

It is the purpose of this investiéation to give detailed
stréss anzlysis for two typeé of attachments to pressﬁre
vessels, (i) Ring attachments, (ii) Integral lug attach-
ments.

An analytical procedure adopted here 1in analysing the
ring attachments has éimila{ities to those used in [4,21].
It is the advantage of this éfocedure to deal with a sinéle
differential eqﬁation. An eighth order diffefential equa-
tion in terms of radial deformation alone is derived in case
of longitudinal loading. Expressing this type of loading as
trigonometric series allows the solution for deflections to
be written in term§ of Fourier series. Numerical computa-
tions have been done for an axially symmetric loading.

The second design ébnsideration is given to integral lug

attachments. The pressure vessel is assumed to be supported
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by four\iugs separated 90 deérees apart along the circumfer-
en;iai_direction. This type of structural attachment causes
longitudinal-bending‘moment ‘and axial shear loading _on the
shell. 1In this study, ' the stress distribution resulting
from the bending moment is analYSed‘by?finite element method
which uses a 17 noded doubly curved shell element and the
simplified 'Front Solver' technique. " Results are éenerated‘
for different 1lug sizes and radius to thickness ratios of
the shell., The effect of each Qariable is analysed, and, in

addition, comparative study is provided between the results

obtained here and in [8,16 and 19].



.Chapter II '
REVIEW OF SHELL THEORY ' |

2.1 GENERAL

A shell may be defined as an object bounded by - two curved
surfaces, the distance between the surfaces, thickngss, be-
‘ing small in comparisoﬁ'with the other dimensions. Some de-
scribe a shell as a structure which can be derived from a
thin plate by initially forming the middle plane to a single
(doubly) cufved surface. It is geometrically defined if the
;ﬁapg of the middle surface and 1its thickness are known for
-every pbint.' .

There are two different types .of shells - thick shells
and thin shells. A shell is considered to be thin if the ra-
tio of thickness to radius is less than 1/10. From this
point on shell theory .can be divided into é theory of shells
of arbitrary thickness and into a theory of thin shells.
_ From the définition of fthin-ness' some of the terms may be
neglected, in basic formulation, in order to keep eguations
linear. in addition to this fact the fgllowing three assump-
tions can be made for the'simplicity of solution :

.1. Shell deflections are assumed to be small,
2. The stress,o,,in the direction normal to the thin di-

-

mension is negligible,
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3. A line originally normal to thé shell middle surface

will remain normal to the deforme@}sﬁe&l middle sur-
| facé.' . |

The analysis of sheli structures include two versions of
shell theofy -membrane theory and&beﬁding theory. Membrane
stresses are simple to calculate, however, there are some
limitations.

In membrane stress analysis all external loads must be
applied in such a way that the internal stresses are gener-
ated in the plane of the shell only. If the shell is carry-
ing 2 concentrated load or an edge loading céndiﬁion the
bending stresses are significant. For this theory there are
no conditioﬁs on w or its derivatives, which implies that
clamp boundary conditions can notfbe fully satisfied.

Bending shell theory includes bending stresses and tran-
sverse shear forces in addition to membrane stresses. But
here number of unknowﬁ stress resultants exceed the number
of static equilibrium eqguations and éo additional differen-
tial equations have to be derived from the deformation rela-
¢€ions.. Bending theory is also capable of discontinuities in

the stress distribution in the vicinity of a load.
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2.2 BENDING STRESSES IN SHELLS

»

Thin shell theory emplgyed in this .section and the following

one has been adopted from Timoshenko [17].

Considering the | infinite#imaln element shown 1in Fig,
(1(a)),we take the codrdinate axes x and y tangent at Q.to

the lines of principal curvature and the axis z normal to

the middle surface. The stresses acting on the plane faces

of the element are shown in Fig. (1(b))(M" denotes M~ 3M /3Xdx
, etc.), ry and Ty bezng the principal radii of curvature,

the resultant forces and moments per unit length of the nor-

mal sections are given by

(Nx ‘ ( cx(1-z/fy) \
N, ool Oy (1-z/r.) .
% | fz 12/
Nyx - - (] Z/T‘ )t dz
Q -t/2 (1-z/ry)
Qy J ‘ \ ryz(T-z/rx) J .
| (1)
M
e Gx(1‘2/ryJ
My _ 2 O'y(] "Z/T'x)
.Mxy - - rxy(]-z/fy) z dz
Mox 2o, (T-2/r))

Shearing forces ny and Ny, are not generally egqual due to
the fact that in general r, #ry. - However for thin shells,
thickness is small relative to r, and Ty
z/fy may be neglected in comparison with unity, then Nyy =N

, and so, z/rx and

¥x

, and also Mxy=Myx
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According to assumption (é), the stress in z direction is
neglected (o,=0). The following expreéssions for the compo . -

nents of stress are obtained from Hooke's law :

-
£

0 = _E _(ex-u-vey)

T-v

g, - _E (e ve ) '
T I A (2),
- ‘

Txy= Yxy &

St

where E= Modulus of elasticity

G= Shear modulus of elasticity.

The strains,ex,eyand Teyr aTE given as follows :

Cx = f] — X Z
Ey"'ez_ _ X_yz - {3)
Yoy ¥ — & Xyy

vhere ¢ and €,are the unit elongations of the
1 2 gat.

middle surface along x and y, respectively.

Y shear stress in the middle surface of the

shell.
Xy , Xy and xkyrepresent the change of
. curvature of the midsurface.

Upon substitution of Eg. (3) into (2), and later to Eqg.

(1), we obtain the stress resultants as

-
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l'*lx F-I—z (ey + vea) . Mx --D (Xx * VXy
-v -
Et 4
N_Y -;z' (62 "' vel) | Hy - -0 (Xy * \’Xx) (4)
: ‘vEt
-\ - : M, = - M, =PI} x -
Y TN T 2 oo o4
where |

3 2
D -Et./ 12(7-v )

2.3 CIRCULAR CYLINDRICAL SHELLS UNDER GENERAL LOJ.KDS

Now we proceed to establish the differential equations for
the displacements u, v and w which define the deformation of
a cyiindrical shell along the coordinates. x, y and z, re-
spectively.

' The shell element separated f:om a cylinder is shown in
Fig. (2(a)), and Fig. (2(b)) shows resultant forces and mo~
ments . Projecting resultant forces and moments on three

coordinate axes, the following equations can be obtained:

3 2N N Nox -aqQ 32w _ .y 2% _
3 X 30 X 3x2 X6 3XZ .

av 3 %W - N
( 3 X * axa¢)

Q¢ &



Figure 2:
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aN 2 2 A
xd 32y 3v 33w -
rag—ral axz'Qx(a_x"+_:axaq=)+
N ( 3 2v _ Iw )'Q (1_'_' av_ . 3 2w )"‘P a_o (5b)
¢x * 3ax3¢ 9IX ¢ ' ade &3ec Yy

3%
-
xas ) T2 NaxE

: av L 3w 3V . 33w
+H (1 + + ¢2).+N (ax +3X8¢)+Pza'0 (5¢)

a2y _ 4 3%y _ 3w - 5d
75 - 2 My e M¢x(axa¢ ) *2 Q=0 (54)
X 3 <y ) IW _ -
aax+aMx¢ 3xe ¢(-axa¢'ax )-2aQ, -0 , (5€)
av 3 2w R 3V 3 2w _
" oxae | T e st M (1 e 7552

4

av_, 32w ' _ - "
M¢(ax +axa¢)+a(Nx¢ Nyx) =0 (5¢)
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~= If buckling of shell is not considered, some of the terms

can be neglected in Eg. (5). Equation (5.f) becomes identi-

- ty. aé a result of the

relation %y=7y,. Therefore, Eq. ‘5)

becomes
R 2
l:t¢ +.a ;;259-- Q¢ + Py'a =0
23°+a :SX+N¢+PZ_a-O
- a;:&-:—:aﬁ%-O'
e e e

The transverse shears Q, and Q¢ may be eliminated from the

above expressions. We finally obtain the following three

equilibrium équations :

aN aN

X dX - T

ax 3¢ +an 0
_aiha Mo 12 aMx¢+.P 2 =o (6)
3o 3 X a 3¢ 3 x y =

2 32 32M 3 2M

1 aMﬁ +ao._x+ ¢X_a x¢+N +P a-O
a Y I X< IX 3é 19X 3¢ é Z

Kinematic expressions and changes in curvatures are
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expressed by :

= ‘ U
au . -l 2Y =, 2
% TEx 0 S TalEeM) Yxo T ax T43 6
(7)
3 2w LN 32w) __l.(l!+3%" )
X =224 =2 (55 * e *x¢ T @ 19X 340X

Introducing BEq. (7) to (4) results in the following stress-

displacement relations

Et 3u 1 3v W
Nm T [ty (g -2 )]
Et 1 3v W au ™
) P e A T A P

Et 3 v 1 35w
Neo = 201507 | HERE ] (8)

3 2w 3 v 3 2w
M= -0 [t 2 (ge 53 ) ]

1., av 3 2w 3 2w
M¢-‘-D\[€2(a¢ +W)+vw]

: 1, 3v 32w .
"o == D (1) 7 (F-+ TErR

Substituting the expressions for N, Ny rNeg My Mg and Mo

into Eq. (6), we obtain the following differential equations

of behding of a circular cylindrical shell :
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By i a2 (1) RS
PR EReRE |
02)
122 ( gi‘gat:» ¥ :i‘;w' )+ 'lti" [(1-v) 557 azv ¥ 2—%52 ] = L—PyTS_v) (o)
v:—‘;+%¢-§-%(a%‘}f%aiz‘;¢z °a¢*)
l % (‘?‘? aiig¢ ¥ ai:;a) - '-_E"Pz f: 1“‘-“_2) | (ge)

There are many shell theories that have been developed
such as Sanders, Fligge [9], etc., and these show small &iSf
crepancy when compared term by term. This is due to the
difference in expressing the relationship between the strain
and stress resultants. -

The wéll known 'Donnell equation’ has been geﬁerated by
neglecting the terms containing t?/12a’in Eq. (9h_making it
éimplef and more applicable to numerical solutions. Howev-
er, many investigations have demostrated certain shortcom—

ings of the equation.

2.4 CIRCULAR CYLINDRICAL SHELLS UNDER LOCALIZED LOADS

Attachments, which can be divided into two categories- in-
tegral and non-integral ones, are the structural elements
which connect a vessel to its support. When attachments,

such as nozzles, lugs, skirts, saddles, etc. . exist, a
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vessel will have concentrated loads which are assumed to be
airectly transmitted to the vessel across the area of con-
tact. Therefore, in complete design of many pressure ves-
sels and shell structures the effect ofi attachments has to
be considered. .

| Early studies of shell sfructures under localized loading
were conducted in the late thirties. A.Aas Jakobsen ex-
pressed equilibrium lequations in terms of the radial dis-
placement alone in order to reduce the large amount of work
necessary to obtain numérical results.’ In 1941, he demons-
trated how concentrated load problems could be solved using
his technigue. S.W. TYuan [21] in 1946, solved Donnell's
single eighth order differential eguation 1in terms of w for
an infinitely long cylinder. The two concentrated loads,
equal and opposite, were represented by Fourier method. The
definite 1integrals for radial deflection are utilized by
Cauchy's theorem of residue. In 1956, Yuan and Ting [22]
reinvestigated the problem, this time by ﬁsing Flugge's
equations.

From 1952 to 1954 a series of papers were published by
Hoff, ‘Kempner and Pohle [10]. Close form solutions were.
given for the displacement, moment and membrane stress guan-
tities for the thin circular cylindrical shell subjected t6
radial forces or circumferential moments using Donnell's
differentia%ﬁsquation.

Using the iteration technigue developed by Jakobsen, - Bi-

jlaard [4] solved the problem of a simply supported
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cylindrical shell subjected to radial-loading, of moment
loading in longitudinal and circumferencial directidnsr as-
suming ?ourier series expansion for the displacements. o

In discussion of the fﬁrst paper published by‘Bijlaard,
authors Weil, Laupa and Murphy proposed retaining the last
term on the left hand side of Eg. (9,b), which has been ne-
glected in [4], to be able to get an exact and finite value
for w for a finite load. Later the same author [€,3,5 and
6] gaﬁe a variety of numerical results for the most practi-
lcal problems as well as alcomparisdh 'with the experimental
results obtained with Cranch [6] and by Schoessow and Koois-
tra. . . ;

The SOiution procedure presented in Nash and Bridgland's
work in 1960 [14] shows similarities to that of Yﬁan's, but
in many ways the type of loading and differential equations
are not the same. Flugge's differential equations have been
used instead of simpler Donnell equation.

In 1965, Wichman, Hopper and Marshon [19] presented their
results in WRC-107, following Bijlaard's work and consider-
ing a more idealized and simplified solution of the problem.
Bijlaard's data has been modified based on the available ex-
perimental work. It was found thadt in some cases discrepan-
cles can be quite significant.

The former study, which has been done in 1974 by
W.G.Dodge [8] follows the simplified analysis procedure giv-

en in ASME Boiler and Pressure Vessel Code, Section III,
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and defines three stress indices for thrust, longitudinal
and circumferential moment loadings. - For bending moments,
stress indices are defined as "The ratio of maximum stress :
intensity in the component due to a ﬁoment loading to the
' nomigél stress in the straight pipe sﬁbjected to‘ the same
ﬁoment loading”. Whereas, stress index defined for a radial
load uses the averége shearing stress in the pipe as the
" normalizing factor. Although these stress indices are based
on a numerical parameter study, using analytical results ob-
tained in [4] as a gquide, numerical computations have been
redone with the following modifications to Bijlaard's egqua-
tions: (i) The last term on the left ‘hand side of equation
(9,b) has been retained, as recommended by Weil et. al. (ii)
The angular effect on distribution of 1loadings along the
circumferential direction 1is found significant and consid-
ered by adding new terms in calculations of resultant loads,
(iii) Since the stresé—index methéd covers the beam bending
effect on the pipe sepaﬂézgly, it has been subtracted-out
from Bijlaard's results.

The later work [16] follows the same solution procedure
outlined in [8]. However, the normalizing base of Dodge's
stress index is changed to the nominal bending stress in the
lug. The analysis of the results presented in [16] shows
‘conservative results in comparison with [8,19]. Addition of
a new paragraph to ASME Boiler and Pressure Vessel Code,

Section III, is recommended for integral attachments.

\\\



Chapter III )
RiNG ATTACHMENTS TO PRESSURE VESSELS

3.1 INTRODUCTION

A literature survey shows that quite satiéfaétpry results
have been obtained on stress analysis of shells subjected to
concentrated lcading; line loading; radial ioaéing and cir-
cumferential and longitudinal moments but not much work is
available on the subject of cylindrical shells with axial
loading applied aloﬁg circumferential bands generated by the

attachments.

b
nN
¥

Figure 3: Cylindrical shell subjected to band load aleng
the generatrix

- 20(
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The shell, shown in ?ig. (3), is defined by-three axes x,
¢ and z. a‘is the mean radius, t is the thickness and [ is
the total length of the shell. o |
Dimensionless quantities £1L£ and [ [f are introduced to
define thé position of }oading along the generatrix. The
cylindrical shell considered _here is fixed along the axial-
direction at one end, i.e. at x=0 axial deformation is zero,
and it is free_at the other end. At the fixed end,é force
' boundary condition is imposed to sat%sfy the support condi-
tion, i.e. Ny= P,, where P, is the total load gpplied to the
shell. '

3.2 DERIVATION OF THE SINGLE EIGHTH ORDER DIFFERENTIAL
EQUATION _ ‘ y; -

For the sclution of the current problem, the similar itera-

tion technique used in [21] and [4] can be applied to Eqg.
(9) without neglecting any of the terms containing t?/12a? ,
at the beginning. But, since the loading considered in this

study is along the axial “direction only, P

y and P, are set

to zero.

The following steps have been taken to develop a singie
eighth order differential equation from the three differen-
tial equations of the thin-shell theory [17]:

a) ‘

i) Apply 32/3x? "to Eg.(9,a), solve for a“v/.a3giss

ii) Apply 32/ 323¢2 to Eq-(gra): solve for ahv/ 333X303
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iii) Apply 32/ aaxa¢ to Eg.(S,b),. substitute the
" results obtained in step (i) and (ii). ‘into the -

latter, and multiply by a (1+)/: {v-1) , to obtain

by . O _ 3w Tww _t2 35w 3 5w
AL T TR T T 12T Lt et B e
2 .. 2
Ca 2Py o %Py (10)
o* 'axz ab{l-v) 3¢= .
1+ 3 By
_T'—'::_ [(1- ") x-‘la¢+ T5x3 97
“where '
D* = Et / (1-v2)
b}
i) apply 22/3x% to Eg.(9,b), solve for a_’*u/ aax33e

ii)  Apply 3%/ 223¢® to Eg.(S,b), solve for 3°*u/3x3¢3
iii) Apply 32/ a3x?d¢to EQ.(9,a), insert the results
obtained in (i) and (ii), = into the latter and

multiply by a (1+v)/ (1_\;) to obtain

, be o 3 3w 3 3w __t2 28 3 5w
a Thy = (2+) a3§23¢+ adaed ]2a2( T-v ax“a¢+

3-v _ 33w L 35w
T-v. @ 3x3¢°- a®3e>

2
)+1_113 Py -
D* T-v 3x3¢

(11)
2 L b
2t ((10) 2+ 2] -
T 12a(l-v) ax a<'3 X< 3 ¢

1 3bv
s T [ O ") x2“¢? 2Z 537

D* = £t / (1-v2)
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i) Apply 'fi_/_ix to Eq-.(IO), _

ii) ﬁ.;pply 3/ a’¢ to Eg.(ll), ‘

iii) Apply the operation av*to Bq.(9,c) and insert
the results obtained in (i) and (ii) into the
latter, where V“‘ denotes

(32‘ L2 )2
3xZ  afg¢2

‘Finally, the following single eighth order differential

equation is obtained

12(1-v2) a*w 6+v- v2 3 Bw 7+v .23 5w

v+ aZt? . xt . a’ IXT 362 abf’lax43¢“+

: T ap 3 3p
2 9w _12v _ox 12 X .,
a¥ 3 a® atel* 3 x?d a teD" ax 3 ¢

2 2

1 .I"'\J 33 [(2_\)) 3 PX+ 1 3 PX] _ Z2-v 33‘?‘;__ -
asD* J-v 3 x3é< 3 X< a< 3¢~ a? 3x*3¢

. 3 12 2a(2-v) .3 B 2-v)(3-v) 28w
-_.:_13 g¢§m+ e aE v) + (2-)(3-v) +  12)

v 3 XP 3 ¢? a(l-v) IXT 34"
2-y agw c v 2 3 8w L 3y = 3% +1333\; ] -
a¥3x%3 ¢ a(l-v) 3 x~*ae" a3(l-v) 3x%3¢°> a°3¢
(e - By - 1 (00 3
= 3¢l -



where

Fhv 3 v ] -

T2tz
= 12a{1-v) [ 0-v) 3 X aZ 3 x¥3 e%

2 Y+ Joud 2. .1 3%y
223 T-v [ (O=v) 3x2 302  aZ3a? ]

5 5
asv_ . _3Sv

‘!2-(1-\’) ax’-ﬁacp alax23¢3

D* = Et / (T1-v2)
Recall that for thin shells t/a<1/10, so that t? /12a’=
1/1200, tﬁerefore the contribution of the terms cpntaininé t?
/12a%? in the above equation can be neglected.
Furthermore the derivatives of displacemen;s with respect

to ¢ can also be eliminated in case of axisymmetric loading.

Then, Eg. (12) becomes

d3p.
d8w d'w X
AT R A el

' ; _'1zag1;v2)

(13)

where,

12 *
W _a—tz%’ D = Et/(l-.uz)

The equations derived in [4,21], wusing the same iteration
technique explained above, are somewhat different than Eg.
(13) in the text. It is due to the fact that the shell is

subjected to radial loading in References [4,21].
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3.3 EQUILIBRIUM EQUATIONS |

Due to the symmetry of the problem circumferential displace-
ment, v, and its derivatives, as well as the derivatives of
.u and w with respect to ¢ are zero. Therefore Bgq. (9,b) is

identically satisfied, and Eq. (9,a) and (9,c) become

L4

-

. - 2 '
- dZu v _dw Px -7 - 0. (14.}
. Tdx? ~ a dx Et
du w __at? d%w _ | (15)
- Sl R T SR

3.4 EXTERNAL LOADING

The external loading, B, ,in Eg. (13), applied on a band
along the circumferential, can be expressed as
' o KX
P, =P sin=p (16)
p = intensity of force per unit surface

£,/% = denotes starting position of external load
3‘-7-;—11- = band width-

_4p g Ko n kT
Py = %x Sin oy (2, + £5) sin 57 (2, - 24)

This allows the solution for deflections to be written in

terms of Fourier series.

¥
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3.5 RADIAL AND AXIAL DEFORMATIONS

The single eighth order differential equation developed

in Section (3,2), Eg. (13), can be solved developing w in

. cosine series as

W =Ag+ I W, cos %' - Q17)

Insertion of Eq. (16) and (17) into (13) yields

T [ W (k%a-'-‘swk (-—%’- Pk( ) '] cos Lx-C} (18)

Equation (18)- has to be satisfied for all values of x which

implieskghat the expression prior to the cosine term has to

be zero, and can be solved for the unknown Fourier coeffi-
cient L

- ¥ Py ) 19

T kS (A W

Geoing back to the equilibrium eguations, it is observed that
Eq. {14) contains an even derivative of u and an odd deriva-
tive of w. On the contrary, Eg. (15) contains an o&d deri-
vative of u and an even derivative of w. Therefore, for the
simplicity of the sélution, axial deflection can be assumed

to be in sine series with an additional constant C,as

Kk 20
u-C0x+£uks1n%x (20)

By expressing u as such, the boundary condition, u=0 at x=0,
has also been satisfied. .
Introducing Eg. (17) and (20) into Eg. (15) yields

] K K
(vCom 5 Ao) + 2 [y (g )-gr- gz (5
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There seems only one way to satisfy Eq. (21) for all values
of x,that is by setting the first term and the term prior to

~

‘cosine equal to =zero. This yields the following two equa-

tions
kmy % at? m_ (23
E[Uk(——)-a-—rz )]OS Q- ()
Equation (23) can be solved for gﬁ{ yielding
2 atfhkw
U = W [ Kra *. ) ] (24)

) Applying the force boundary condltzon to Eq. (8,a) at x=0,
‘the following expression for the two constants C, and A, can

be obtained,

Co'-v 5 ~Py ¢ +Ilg % Ty . (@)

Substitution of Eq. (22) to Eg. (25) determines C, as
P : s -
Co = E“E + _1__21 z ( e Uk _‘%‘) . {(26)

-V

Having obtained the expressions for the unknowns C0} Ay Wy

and U, U and w can be expressed, in nondimensional form ,as

follows

K ok
48y (1-v2)P/E . sin ?% (21+2,) sin _2% (25-2,)
s

ol —cos XKIX

a 0 2 [ (km)® (_2)2(_}‘3 + 12 (1-v2) ____E_] [ (27)
. u .

Lo i) () e (55 sin kBX ¢
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where u _and C, are defined in BEg. (24) and (26),

respectively.

. 3.6 STRESSES IN THE CIRCULAR CYLINDRICAL SHELLS

Flnally, substltutxon of equations (27) and (28) to equation
(8) in case of axisymmetric loads gives the following ex-

pressions for the stresses

M () =2 (—)2 W

X - _k 2 a3 Krex

Et2 12(1_\’2) z ( a ) k< sin — . . . (29)
My My (30)
Et2 T Y TER2

N

Ti" 11_2-\1 [Co (1-v2) + ¢ [y (k_; - W ] cos kg_x] (31)

W
- ¢ vy () - 5E7 cos KX | (32)



Chapter 1V
INTEGRAL LUG ATTACHMENTS TO PRESSURE VESSELS

4.1 INTRODUCTION

Various integral and ﬁon-integral attachments usually gener-
ate localized loadings in a vessel. In the third chapter,
the special case of an. axially symmetric shell with axial
loading applied along éircumfe}ential bands, has been con-
sidered and .a close form solution is discussed.

Vertical vessels supperted by infegral lug attachments,
which is integral by means of a full penetration weld, gen-
erate.local shear forces and moments. It is the subjectiof
this chapter to analyse the stresses caused by axial moment
‘alone because of the presence of four integral lugs separat-
éd 80 degrees apart along the circumferential difection, as
shown in Fig. (#). .

Although the Code has published the work presented in
[8,16 and 19] as recommended practice, due to large discre-
pancies in the results, it is found essential to reinvesti-
gate the problem.

The streés-analysis technique employed here is a widely
~ used numerical mefhod in'the literature. Because of its di-
versity and ﬁlexibility.finite element method is well suited

to the present problem. The existing finite element program

_29_



Figﬁre 4: Typical lug arrangement

30
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-

[15] is modified to fit for the geometry of the shell and
the type of loading. |

In setting uﬁ the model, a curved shell element and a
simpler version of 'Front Sol;er' solution technique is
used. A brief discussion on this techinique is available in

Appendix (A) for the interested reader.

4.2 THE FINITE ELEMENT METHQD

For many engineering problems, it becomes extremely diffi-
cult to obtain exact-close form solutions. The difficulty
'arises frdm the fact that either the geometry 6r some other -
féature of the problem is irreguiar or arbitrary.

Now that the digital computers ,are readily availabie;
numerical methods have become the preferred methods for so-
lution. Finite Element ﬁethod, which.was developed in eérly
60's, is the most widely used numerical method in the liter-
ature.

In this meéhoé the continuum‘ is divided into small, in-
te%connected elements. With the combination of these small
elements complex shapes can be analysed within the accuracf
of the method. For each element an approximate function is
assumed to express the unknown field, usually the dispiace-
ment field. These approximate functions, known as interpo-
lation functions, are defined at specified points called no-
dal points. Number of nodal points and their positions
within the element change from one type of element to the

other.
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There are four basic approaches in defining the‘elemen;
properties -direct, variational, wéighted residual and ener-
" gy balance. . : : .

" In direct stiffness or displacement method, displacemen;s
of each nodal points are qeprgsented by a stiffness matrix
whicﬁ can be generated using either the principle of virtual
work or principle of minimum potential energy. Since at
each node equilibrium and compatibility conditions have to
be satisfied, _a set of algebraic equations are obtained
which then éggrbe solved by several techniques;'

In the recent years ‘the last three approaches— variation=
al, weighted residual and energy balance- have achieved a
fair amount of .consideration in extending the range of ap-
plicability of the methed. Detailed information on these
three approaches can be found 1in [11,23] and the references
therein. .

In short, the following steps.have to be considered in
‘“th%’present method: ' RN -

a) Discretizing the domain and choosing the element
shape,

b) Selecting appropriate interpolation functions,

c) Finding the element properties— derivation of the ele-
ment characteristic eguations,

d) Assembly and boundary conditions,

e) Solution technique.
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4.2.1 ELEMENT PROPERTIES

A curved shell element used in this analysis has five de-
grees of freedom at each node,.three &isplacements‘u,- v and .
w along x, vy and z and two rotations a-aﬁd 8. In the deriva-
tion of a curved shell element, direct displacement method
has been used by m:nlmzzlng total potent1a1 energy. Consid-
ering the shell element in Fig. (5), Erﬂ ‘and ¢ are defined
as the curvilinear coordinates in the middle plane, using

the same nomenclature and the sign convention as in Ref,

[23].

NODE ¢y -
(u,v,w,a,ﬁ)

a
Figure 5: Curved shell element with degrees of freedom

The relation between the Cartesian coordinates and curvi-
linear coordinates, and the displacement u, v, w at any
- - \‘ - . -
point in the element in terms of nodal displacements can be

written as follows:

rr
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yi= I Ni ‘ .Yi +1 N‘i z/2 V31' (33)
rd Z,i ’
u ui Gi -
=T NG fvgl v TN et/ [V e Ve 1 (34)
W 1% - | o 1

wherg Ni_}ﬁ a shape function in terms of curvilinear coordi-
nates (see Appendix B ) and the two rotations.aiand,% are
| the rotations = of the - vector V,; which connects upper and
lower surfaces along thé thickness t. Vi and V,; with V.
form 6rth6gonal axes and define the direction cosines of the
local axes. Since curvilinear coordinate system need not be
mutually perpendicular, another coordinate system - (') no-
tation coordinates- has been used to describe the state of
stress and strain in the element itself.
Keepiné in mind the usual assumption of thin shell énaif—
sis - the strain along the thiékness. being 'negligible-

strain-displacement and stress-strain relationships, in 3-D
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stress-strain analysis, [18], are given as follows

] p— 4 —

E.? U
) X X

r
€y’ Vv
h 3 y’

. - zu’, 3V

€ Yoy’ 2y ax (35)

# ' aw; au

Y&’ 3x a2z

Neu aw 3V’
Ty%’ 3y, 82

where € and €yare unit elongations in the x/, y’ ‘
directions respectively and Yy Y. and Yyyare the

three unit shear strains along x/, y’and z.

,gxt A
Sy
ot = 4 T =D"( ¢’ - e ) *+ a% (36)
e N _
Tx’z’
\ Tyt
I

’ E T-v
D = T >0 o0
SYM Tew
- —— 0
2.4
1-v
2.4
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Elasticity matrix, D, is derived from 3-D analysis by simply
substituting o, =0 into the general form of D’ |

Stiffness matrix, §, in usual notation can be defined as

s—ﬁnsuwm'~.
v (37)
where ' '

r-;' - B' ae

a® being the displacements of an element.

‘One of the important parts of any finite element analysis
is the evaluation of integrals involved in Bg. (37). The
accuracy of the results are directly proportional to the ac-
curacy of the integrations. It is sometimes possible to ob-
tain close-form exact expressions. But, when it is extreme~
ly difficult and lengthy, numerical procedures are
available. Compared to other procedures, Gaussian formula-
tion leads to better accuracy withiﬁ the limits of =1 and
+1.

In order to make use of -the aédve formulation, B matrix,

5 which is presently in global coordinates in Eq.‘(37), has to
be expressed in terms 3} curvilinear coordinates.
In order to do so, two sets of transformations arge neces-
, sary to relate the derivatives of local displacements with
. respect to local coordinates to the derivatives of global
displacements with respect to curvilinear coordinates. |
a) The derivatives of global displacements with respect

to curvilinear coordinates have to be 'established

~through Jacobian matrix,” J.
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b) After the directions of the local axes have been de-
fined, the derivatives of local displacements have to

" be expressed in terms of the global derivatives of

displacements.
Hence,
Cau 3w aw | T 3u. 3V 3W ]
I x 3 X ax - 3E . 8E 3 E
Ay 3V aw SR T 2u v aw |-
! g J 3n: 3nm 3n o (38)

ay’ Ay’ Ay

au  awv éwk ‘ au av AW

0z 3z 3z ag 3T 3L

b —

Where

e=[ Vi, Vo, V5]
[ ax a3y 3z |
3 g 3 3¢

3 X 3y 3z
[J] 3T an an
d X ay 32

3 3 3L
5 ' -

e

From the components of the left hand side of Eq. (38), B ma-
trix can be found.

The'Ia§t step before the integration procedure is ex-
pressing the infinitesimal volume in terms of curvilinear
coordinates. This can easily be accomplished by the formula

given below

dx dy dz = -det |J| dg dn dz (39)
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f)

I

In the analysis of shell struc;ures, strains an@istrééses‘
are geqerally"given in terms of a local coordinate system
and therefore, further transf?rmation of strésses to global
coordinates is not considered in this study.

Once the elément properties have been defined, the con-

sistent load matrix can be obtained as -
F=f NT q dv (40)

where q is the distributed load
The flow chart of tye computer program used in this ana-
lysis for calculating the element stiffness  and consistent
load matrix is shown in ?igx (C-1) of Appendix C.

4.2,2 FINITE ELEMENT MODELLING

Having obtained the element properties, we are now ready to
discretize the domain.,
Due to the symmetry of the problem only a 90 degree seg-—

ment of the vessel is meshed, as shown in Fig. (6).

Figure 6: Typical finite element model considered
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Typically 22 rings agg/ifilements in each ring, a total

‘of 88 elements are taken. Lugs afe placed far enough from

the ends to avoid end effects in the results. Axial moment
loading caused by the lugs considered in thié study is gen- .
erated by a radial load that is distributed symmetrically
with respect to.the mid'point of the locaded area. The total

moment loading, M for values of £ =0.05,0.1 and 0.2 is

L ’

distributed on 4,8 and 12 elements respectively. The shaded

area in Fig. (6) represents the case A =0.10.

Shorter elements are preferred in the vicinity of the

h - .
-loading area and at the ends. The vessel itself is consid-

4
ered to be free at one end and fixed along y on the other

end.



Chapter V
DISCUSSION OF RESULTS

St =
{\I -&" . | . r\

5.1 RING ‘ATTACHMENTS

5.1.1 GENERAL |,

The analytical procedure discussed in Chapter III has been
- used to generate the numerical results. The. variables con-
sidered are: ; : |

1. .Distance of loading from one eﬁd of the shell ([QZ )

,varying as 0.3,0.5,0.7 and 0.9.
2. Widﬁh of the band over which the load is distributed
(pz-ﬂl‘/ﬂ), varying as 0.02,0.04,0.08 and 0.10.
3. Length to radius ratio of the 'shell, varying as
4,8,10 and 80. |
4., Radius to thickness ratio‘éf the shell, varfing as
10,20,40 amd 80. '
The value of (P/E) and Poissqﬂis ratio, v , are taken as
150000 and 0.3, réspectively.

In most cases an absolute convergence has® been achieved
with few terms in the series. However, for long shells,
{/a= 80, the.calculationk had to be extended up to 250
terms.

From the above combinations of variables, only 64 cases

are presented here. Figures (8) through (23) represent the

_40_
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general trend of the effeqts of each variable. The results
generated for.the remaining cases can be found in Appendix

().

5.1.2 INTERPRETATION OF RESULTS

The typical distribution of bending moment ,M,/Et, and mem-
brane force N¢/Et are plotted in Fig. (7). The value of M,
/Et is plotted along the vertical line on the right hand
side. Whereas, for N,/Et, vertical axis on the left hand
side has to be used. J

A quick look at Fig. (7) ‘and (20) indicates that M, /Et
and N,/Et are small compared to Ny/Bt. FOF example, for the |
case where f [f= 0.3 (Fig. (20)), the maximum value of Nyg/Et
' is 0.110*107¢, whereas from Fig.(7), £or the same parame—
ters, the maximum value of My/Et and N,/Et are 0. 153*10 ¢ and
0.108%*10° %, respectively. This type of behavior was expect-
ed for the loading considered here.

Although bending moment My /Et 1is small, the variation
seen in Fig. (7) " has significant effect on radial deforma-
tion in thel vicinity df-loading.‘ This effect on ; can be
explained by recalling that M,/Et is related to the second
dgfivatives of radial deformation. .Ho;eger, the results
presented in Figs. (8) through (23) for radial deformation
indicate éhat this effect vanishes when [/a > 10. It is

also observed that increase in a/t results in lower peak va-

‘lues for w.in the vicinity of-loading.
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As expected,in the region x/f < f,/&, it is found that
membrahé force; Ny /Et, is equal to the total load applied‘on\
the shell and outside this region it is zero. '

Bending moment, M¢/Et, is not shoyn in figurgs. | It can
be calculated by using‘the simple expression given 1in Eq.
(30).

In Figs. (a)lthrough'(23) axial and radial deformations
are. plotted agzinst the nondimensicnal distance parameter x/f.
Due to large differences in the magnitudes of deformations;
different scales are chosen to regresént u/a'and w/a. The
scale for u/a is given on the left‘hand side‘and that for
v/a on the hand right side. In addition, the membrane -
force, Ny/Et, 1is ﬁlofted and has to be read from thelverti-

- cal axis on the left hand side. ‘

From these figures-it is observed that axial deformation
is linearly increasing up to the end of the loading area (x/f
=E1LE);- 1t reaches its maximum value at x/f =£,/f and re-
mains constant thereon. However . -for relatively long shells,:
axial deformation decreases towards the end. |

In the regioﬁ where x/f <:£l[£, radial deformation ;tarts
with a constant value. As it gets close to the load, howev-
er, it slighly increases, due to increase in bending moment.

Since Ny/Et is the dominant for;e, it is expected to have -
1argezaxial deformation. The' results pfeseﬁted here indi-

cate this fact and show"two orders of magnitude difference

between the deformations.
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In order to analyse the effect of -individual variables on

the deformations, magnitudewise comparisons are made. For

‘this bomparative‘test the maximum value of axial deformation

and éﬁe value of radial deformation at x=0 ‘have been consid-
ered. ' - ‘ | ’

‘ 1. An increase in f/a bf a factbr @ 't This causes the

radial deformation to increase by the same factor and

the axial deformation by «?(Figs. (8) through (11)).

2. An increase in a/t by a factor « :; Both deformations
ihcrease by the factor e« (Figs. (12) through (15)),
which had.béen predicted'by.the elementary theory.

~ 3. An.increase in band width (Figs. (16) thoﬁéh (19) ):
'The factor of « increase in band width causes r;ai-
al deformatioﬁ- to increase by thé‘ same multiplier.
However, 1t has been observed that an increase in
band width from 0.02 to 0.04 or ‘from 0.04 to 0.08
causes the axial deformation to incregse rapidly.

4. An increase in f{[ﬂ (Figs. (20) throughr(23)): Re-
sults iﬁdicate that the location of 1load does not
have much effect on the magnitude of radial deforma-
tion. The same can not be said about the ;xial dé-
formation as it does depena on the location o% the

load.
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5.2 INTEGRAL. LUG ATTACHMENTS

5.2.1 GENERAL

The numerical method adopted in Chapter IV has been used to
analyse‘ the effect of iﬁtegqal lug attachments on preésure
vessels. = | o v

In any finite element analysis, a check on the conver-

" gence of the method has great importance. The element prop-

. 1
erties as well as the computer program itself were tested

for relatively simple problems and the computational accura-
cy was found to be excellent [15].

' In modelling of the present problem, considerable aﬁount
of work has béen done in discretizing the ﬁomain inside the
loaded area as well as outside the loéded area. The conver-
gence achieved}with tpe given model has been found to be ex-
cellent as lﬁhe number of elements are increased and dis-
placed along - the circumferential and longitudinal
directions. ,

Numerical results are generated for fi;e values of é/t,
i.e. 5,10,20,40 and*BO. These values show a broad spectrum
of radius to thickness ratio covering from thick shells to
thin shells.  However, the results;ﬁor_’thick shells have
to be used with caution,

Usually the lugs are placed at least a diameter away from
the ends to avoid end effect. This requirement has been sa-
tisfied by taking the parameter, §/a, as four. '

The two nondimensional variables p and paconsidered here

* ! - - - - -
determine the size of the 1lug in circumferential and longi-

.

-
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tudinal directions, reépectively,/& is one half the width of
_the lug divided by the radius of the shell. Similarly, B,
;is defined as the ratipo of half the lengﬁh of the lug to ra-
dius of the shell. For all practlcal de51gn con51deratlon,

the followlnng and }E comblnatlons are taken as.

P P

"0.05 0.05

0.05 0.10

0.05 .  0.20 o .
i 0.10° 0.10

0.20 . 0.10

0.20 0.20 :

0.40 0.10

P
Poisson's ratio, v, and modulus of Elasticity, E, are taken

as 0.3 and 30*10° , respectively."

5.2.2 COMPUTATIONS ON DEFORMATIONS |
The axial and radial deformations of the centerline of the
lug, for‘ﬁ =0.20 and a/t= 10,40,80, are blotted in Figs.
(25) and (26), respectively.

A symmetry is observed, Fig. (25), with respect to half
fhe length of the lug for all values of a/t. The large var-
iation in axial deformation shown for a/t=10 within the

loaded area vanishes as a/t values are increased.
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Although a rapid decaying pattern is seen in radial de-

forgation'for a/E-lO, Fig. (26), it seems to‘spréad over the

entire length of the shell for a/t=80. .More localized be-

‘havior is observed in +the region where the 1lug is posi-

tioned.
A :eiﬁtively wide and short lug design 1is considered in
Fig. (27) (f5=0.40, B, =0.10), where dotted lines represeft

the position of the lug. For a/t=5, axial deformation

- reache5 its maximum .value within the loaded area. . :But, for

values of a/t=20 and 80, the maximum is found to Bé;ogtsidé
the loaded area. |
The results presented up to now reveal the fact that as
the shell gets thinner, ﬁgagfane fSkces.become dominant.
Typi;él variation of w along the circumferential direc-
tion is plotted‘ih Fig. _(24), where dotted lines represent
the undeformed shape of the shell. Radial deformation,

plotted with the scale of 500 at lug-vessel interface, shows

complete symmetry.

-

P Skt )
-
v -

-
-

Figure 24 : Radial deformation variation (Lug-vessel
interface)
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’

5.2.3 COMPUTATIONS ON STRESSES ‘
A typical stress distributidn at the lug-vessgl gentérline
has beeﬂ‘plbtted'in Fig. (2&)' for the values of Bi = En =
=0.20 and a/t=10. . o
Recalling that the stress index is defined as the ratio
‘5f the maximum stress intensity in the component to the no-

minal stress in the lug [16], we write,

L= 0’,;/8! . and CL- %% /SE
where

- 2
Sg- 3ML/ 4clc2

An-examination of Fig. (28) shows that maximum stress in-
tensity in axial and circumferential directions is within
_ ;he loaded area and occurs in the element located to the up-
per end of the‘lug-véssel interface. The stress distribu-
tion is antisymmetric with respect to the haif-lengtﬁ of the
lug. From Fig. (28), it is observed that both stresses van-
‘ish at the ends. This result reveals the fact that there 1is
no end effect on the results and taking f/a as 4 is satis-
factory. Further discussions'on this can be found in Sec-
tion (5.2.5) where the effect of changing the position of
the lug is examined. ‘ |

The maximum outside and inside stresses, °‘in both direc-
tions, are presented in Tables (1)} thfgugh (7) and discussed
in the following two subsections for square and rectaﬁgﬁlar

loaded areas.
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5.2.3.1 SQUARE LOADED AREAS. - . :

' In general it can be seen from Tables (1),(2) and (3) that

maximum-stress occurs on .the outside jsurface;of the shell
and it is in axial. direction. ~ For the case vhere B =5, =8
;O.éO' and :a/t=-80‘ (Table (3)), the present method 'predic:té
the maximum stress on ‘the outside surface of the shell but -
in circumferential direction.

The. results show that for a_épecific B .value, the maxi-
mum axial and circumferential stress " index increases as a/t

is increased. Similarly, for a given value of a/t, an in-

crease in B value iesu’its in higher stresses in the shell.

Calcﬁlations' pre‘sent'e@"ir.i Table (D-1) (Appendi'x D) are
found to be,_helpfuifin' understanding the effects of B and

é/t on the maximum stress index. &- It -is observed that when

a/t is constant, 1ncrease 'in "B causes percent dlfference of

maximum stress 1ndex to decrease. This decrease€ in maximum

-

stress index is more drastic for a/t-40 and 80G. As a/t in-

-

‘creases, percent difference Hof maxzmum stress index values

corresponding to increase in B  decrease.

- -
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TABLE 1 . .
Stress indices for longztudxnal moment loadlnékon square lug
‘ attachments
E
B a/t ¢ ) oA
ocutside inside outside inside
0.05 5 -0.0379 0.0267 .| —-0.0559 10,0565
) 10 =0.1446 0.1124° | -0.2229 | 0.2221
) 20 ~0.5700° | -0.4444 | -0.8589 0.8471
40 ~2.3000 1.6665 | -3.2300 ' | 3.2300
80 | --9.1833 | '5.7673 |-11.4371 | 10.8141
TABLE 2 -
Stress 1nd1ces for lengitudinal moment loading on square lug .'
attachments.
% ’ -
\ ) - * -
- Cr, : C
B a/t . outside 1nsidé outside inside
- 0.10 5 . =0.1440 0.1056 -0.2235 . 0.2256
el 10 -0.5723 0.4021 | -0.8747 0.8576
' - 20 -2 2341 < 1.3963 | -3.2533 3.0943
40 ~8.4981 4.2112 | -11.4453 | '10.4645
S\ 80 -30.9147 | 10.6229 | ~36.8139 | 32.1621
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TABLE 3
Stress indices'for'longitudinal moment loading on square .lug
: attachments, - : y
. an bk %
.8 S outside inside outside inside
0.20 .5 © -0.5547 |. 0.3029 - -0.7808 0.7723 .
’ 10 -2.1504 © | 1.0112 | -2.8587 2.6795
20 -7.9104 2.7136 | ~9.6427 8.4992 |
40 -25.3141 3.8997 |-28.2112 | 22.3787
80 -65.3099 7.4112 | -64.3115 .| 44.9237
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The results. in Tables (4),(5) and (6) show TtQat max imum

| 72
5.2.3.2 RECTANGULAR LOADED AREAS |

- - -

stress occurs in axial direction for all values of a/t.

"However, in Table (7), for values of a/t > 20 maximum stress

calculated by the preseﬁt method 1s found in circumferential
direction.
~ Tables (4) through (7) show that incrgagé in a/t value
results in higher sfresses regardless of  the size of the
lug. o ‘
Comparisons of Tables (4),(5),(6) and (g) for a given va-

lue of a/t indicate that an increase in lug size in any of

- the'directions yields relafively higher maximum stress on

the shell. 1In order to study this effect in detail, Tables

(D~2) and (D-3) have been prepared and included in Appendix
D. In view of the percent study prgéented in Tables (D-2)
and (D-3),'tbe following results are observed.

1. Increase in lug $£ize along the circumferential direc-
fion Tabie (D-2 :.,For values of a/t £ 20, increasing
the lug size?& from 0.05 to” 0.20 causés a rapid in-
crease in maximum stress. WHereas for the cases whe-
re a/t=40 and 80, the rate of increase is slower (26
%). Beyond.,ﬂ =0.20, the rate of increase of maximum
stress is:fopnd ;o be slow. A 15% increase is ob-
served for the case where a/t=5, and.zhe percent in-

crease for the cases of a/t=40,80 1is found to be in-

significant.
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Increase in 1lug size along the longitudinal direc-

‘tion: As a/t is increased, the rate of increase of’

‘maximum stress is slower (Table-(n;3)). ?br a/t

20, an ‘increase in A, results in a rapid increase
(106%). . For a/t=40 and 80, on the other hand, it is
found to be slow (55%).
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TABLE 4

Stress indices for longitudinal moment loading on
rectangular attachments

74

x
. C.
; ' a/ts ! . — L_ —
Bl Bz outside | inside outside | inside
0.05 0.10 5 . =0.1069 | 0.0896. =0.1419 | 0.1381
10 =0.4251 | 0.3445° =0.5536 | 0.5341
, 20 =1.6584 | 1.2400. =2.0307 | 1.9208
40 =-8.5040 | 4.1643 =11.5790 [10.5487
' 80 . 30.8297 | 10.1826 37.0800 |32.3400
TABLE 5
Stress indices for londitudinal moment loading on
. rectangular attachments :
¢ C
\q L L
Bl B, a/t outside | inside outside | inside
0.2 0.1 5/ -0.1740 | 0.0942 -0.3022 | 0.3088
10 -0.6779 | 0.3553 -1.1716 | 1.1532
20 -2.6433 1.1022 —-4.3308 | 4.1070
40 -9.6384 (-2.3307 -14.56 '13.32
80 -30.12 5.58 -41.60 [37.0581
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TABLE 6
Stress 1nd1ces for longitudinal moment loading on
rectangular attachments
. . EL c,
- Bl .Bz a/t outside | inside outside rinside
0.40 .10 5 -0.1956 | 0.061 —0.3488 |} 0.3651
10 =0.7225 | 0.2183 =1.3006 1..1.2993
20 -2.6901 0.5128 -4.5803 | 4.4437
40 ~-10.0032 |~2.1589- ~14,.6987 {13.9584
80 =-32.4843 |12.9536 -41.8832 |37.8389
TABLE 7 .
Stress indices for longitudinal moment loading on
rectanqular attachments -
* ' : C..
L L
a t . - - » ‘. - -
131 Bz a/ outside| inside outside _ inside
0.05 0.20 5 -0.2645] 0.2219 | =0.2937 } 0.2869
| 10 -1.0571| 0.8037 -1.1061 | 1.0366
20 -3.9154) 2.6413 -3.8094 . 3.%307
40 -15.3643 B.8s872 -13.2971 10.9300
g0 57I.6896 ~30.9088 44,9536 1-28.5771
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’5,2.4 COMPARATIVE STUDY

.€§tress analysi§ - of pressure vessels: with intggrai lug at--
;tachmenfs has been investigated in [8,}Siand 19] as well.
Large discrepancies exist between the results presented by
these authors. Tables (8),(38)  and (ld)ﬁ'fof square ioaded
areas and Tables (11) through (14). for rectangularlloaded
areas héve béen prepared to demonstraﬁe this clearly.
5.2.4.1 - SQUARE LOADED AREAS
Within the range of parameters presented in Tables (8),(9)
and (10}, a good agreement is Bbserved between WRC-107 and'
Dédge's results [8,19]. However, comparisons of theipresent
method with these two indicate that this.can only be extend-
ed for the parameters included in Table (8).

In spitg of é good agreement seen for the cases’where a/t
£ 20 and £ =0.20 in [8,16 and 19]), comparisons of WRC~198
with WRC-107 and Dodge's calculations show large variations.

v Por example, for values of B < 0.10 and a/t € 20, WRC-198
predictions on the maximum stress in&ex are at least 20%
more than the other two. For the case where circumferential -
stress dominates the design ( B =0.20,a/t=80, Table (8)),

- discrepancy in the results may reach as high as 70%.

'For the cases where A =0.10 and a/t=20,40,80 (Table
(9)), WRC-198 and the present method calculate the same max-
,'Emum sFreés index and tend to be conservative in comparison

with the other two. Co .o
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The present methed for the given parameters in Table

(10}, in general agrees, once again,. with the results pfed-.

icted in WRC-198. The present results also indicate about

20% discrepﬁncy in comparison t& the othe}‘tuo studies.

In spite of the large variations in predicting the magni- -
tude of the maximué stresg index for the parameters, consid-
ered for square loaded areas, the methods, in general, agree

on the direction of the maximum stress.

-
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5.2.4.2 RECTANGULAR LOADED AREAS
Tables (1l) through (14) show that Dodge's calculations gen-

érally agree with the approximate results  obtained 1in

WRC-107. However, - for the cases.considered in Table (14),.

both methods have failed-to"give the actual stress state on

the shell. For example, when a}E;BUT\;ipiis obéerved that
tﬁe.maximum stress index calculated using th;\sreSent method
is almost 120%.more than the result giveniin WRC-107. HEan-
whi}e, the result is only 20% mofe'fhan what WRC-198 prea;
icts. . On the contra;y, .it is believed that ;he results in
WRC-198 for a/t=5 and 10 are highly conservative. _. In addi-
tion, for the cases where }% =0.Q5 ﬁz=0.20'and a/t=10, the
present method calculates the maiiium stress in axial direc-

tion whereas in WRC-198 it is predicted in cifcumferential

direction.
In Table (11), for a/t < 40 an excellent agregment'is ob-

'segved among the methods. But, for a/t=80, the predicted

direction of the maximum stress in WRC-107 is found to be
misleading. -

In carrying out the same argument for the rangé of param-

eters in Table (12}, WRC-107, once again, fails to pfedict )

the direction of maximum stress for a/t=80. For values of
a/t=10,20 and 40 the present method and WRC-198 show a good

agreement ir calculating the maximum stress index.

Table (13) _indicates that present method tends to be on

the conservative side.

———



8 .

.‘.\ . .
. . 11 @1avy : ’
68€8° L€ | 2€88° 19- 9£56° 21 . EvBYTE- \ comam snasing :
R LoLy ™ se1-oun
o9z | 25" 82 ST I . 16°Se~ . 49404
- €0°ST LT e- 90'0¢ 2L es- £0T-Dut - 08
¥866° €1 £869" ¥1- 6851°Z- TE00'OT- | doniaW INisudd N
L €91 | . 861-0UN .
05" 11 Sh'21- SO0y 1- $9'8- 49000
6176 06" €1- %601 S9° L1~ tor-oun 4f oy . .
Levy*y goss*v- | . szisto 1069°2- | QOMEAN INSZN
B A . 861-0ut . -
Ty gy~ L0'¢ LS't~y 49004
q 0 ove / oy Y- , SeE €26~ L0T-01h 0z -
T [ -900€°1- €812°0 czel'0- | ‘qony3n wasawa | ¢
821 : | 86 1-0uM .
Lzl ze 1- ) 8c’ e 6L9°0- 40004,
£9°1 61~ || 86°0 2y 1- £01-0uN ot
1659¢°0 © 88%et 0~ 190°0 9661°' 0~ -QOHLAR INASAYd -
' £8€'0 ) | \. 86 1-2UN .
09’0 " | $9€°0- 060°0- 891°0- 49000 ,
SYE' 0 6L€°0~ %0€°0 -08€°0- LOT-DUM s or'o 0v°0
< opysul wvmmusc __ ap1Buy aptsano
. . | AOHLIM ve v NQ . _Q
;w N , ] , o
* 1Y
r— r Y

 Biseis i




71 a1avy
©18S0°LE | 0009°14- 0085'S 00Z1°06- | qomian INasdud .
gy . 861-0ut
ov' Lz . 90° v¢- £y G- 5 gz- . addod
16°61 08° 76— £ 91 LSt~ {0T1-2UM 08
00Z€* €1 0095 * 41~ L0EE T~ Y869’ 6- AOHLAN INASTYA
| \\\\ﬂ A3 . 86 1-Dh
e |, £9°Z1- S* 1 00°6- 29004
YZ'6 ANAL 60°9 YARA LO1-DUM oY
0L0T"Y 80EE" - |- ezt €Yz~ AOHLZN INASTUd
. : 'y 861-0u1
. 99°€ L6° ¢~ 960 8y C- 49000
Z1°¢ 69" €~ [0°T 9y° - LO1-0UN 0z
roZESTI'T 9141° 1~ £55€°0 6419°0- AONLIN LNASINd
XAR - 861-0UN
L0 , 11~ £5€°0 €90~ . 79004 )
%60 50" T~ _ 129'0 1680~ |’ £01-0UH ot _
. 880€°0 Z220¢° 0- Zv60°0 ovL1°0- QONLAR JNASTUd .
B . 89€° 0 861-0UN '
{82°0 £6Z'0- 801°0 Ge1°0- A9000-
892°0 ¢82°0- 261°0 8€2° 0~ LOT-D04 G 1°0 270
apysuy " ap1sINe { ap1sUuy ap1sINno .
: I
, . GOHLIN 1/ d . g

‘1

. w_J

/ Sviauv aaavoT uVINONVIOAN




€1 F19vL

00Y€° ZE 0080° L€ 9z81° 1 £628°0¢ | qouran INASHA
) S % g6 1-0UM
80° L1 L6 02~ 1zl €9 22- 49004
. 0761 Y"1z~ 16°8 811~ L0T-0UN 08
£895°01 06£5° 11— ev91'y |° ovos'e- | aouzaw Inasava
E VIR 86 1-0un
0L's T eyte- v68° € 6619~ 49G04
[1°9 £9°9- 266°2 t0ey- | LOT-0NY oY
B0Z6° 1 LOE0" T~ 00%Z' 1 ¥859°1- | qonmsam anasaud |-
©02°T . 861-0MH
269°1 pig 1- | Z61° 1 565" 1~ 49004 g
164° 1 6¢8" 1- 0160 [ZA SR & LOT-DUM 0z O
19€5°0 9£55° 0- “CYYE0 1529°0- | qonsaw anasana
. 859°0 . 861-0NN 4r\
osv'0 .| 69%°0- y1E*0 26€°0- 40404
SLY*0 68%° 0- 96Z' 0 Z0¢ ' 0- LOT-DUM 01
18€1°0 61%1" 0~ 9680° 0 6901°0- | "qONIAW INISTNA
. L6170 861-0H
zerro KANE $80°0 - 860°0- ﬂmoaom
82140 AN €L00 |- 180°0- £01-DuN S 01'0  <€0°0
apysuY uvumuzm IpI8UT apisane :
Y - omamn [ 3/e wu. 9}

‘1

SVAUV QAAVO'T UVINONVLIIZY




. 8

21 ATAVIL

.“ 1LL6°82- 9es6° vy 9806° 0L~ 9689°LS AOILIN INISTAA
S 6°LY 861-0UM
£E°GT 64'92- 12 e ve* 6E- " aodoq
96'zz | LE'S2- oy - %9°61- LOT-DuN 08 .
€6/ 01 ez EI- 2099°8 €79€°61~ | conzan inasiuua
/ . A2 86 1-DUM
90°9 65°8- {L'9 G811~ a900d
€0°6 $8° 6~ £010°0 b £O1~04N o
LOEY'E 4608 "° £~ . ETh9'g ¥S16° €~ aONLAN INASTUA
. . (O 86 T-2UH
€2 . 8T £01°2 €Y' €~ 49000
v8° ¢/ 70"t~ 89" 0 LS 1- LOT-DuM 0z
99£0° T o1°1- [ eosto 14s0' 1> | qonzan ingsTud "~
62" 1 BG1-0UN
908°0 968° 0- 199°0 656" 0- 190004
L28'0 £98° 0- 0810 914" 0- L0T-0uN 01
. 698Z°0 LEGZ O~ 612%°0 C¥9Z°'0- AONIAN INASHYUA
- GBE'0 . 86 1~0UMN
T2 A1) ATANS £81°0 0%Z' 0~ 49000
€€2°0 6£2° 0~ 690’0 L01'0- L0T-0UN S 020  $0'0
opIBUT ap181N0 apIHUT apI8INO
4 ’ b N —
. aOHLAN /e m& m‘
- -.— . - .
) 0
" /

SVAYY aAaAvOoT1 #VINDNV1IDAY




/

L, .

-86

~5.2.5 | CHANGING THE PdSITION OF THE LUGS ALONG THE LENGTH

Finally, -the effect of changing the position of the lug
along the 1length has been analysed aﬁd presented in-Fig;
(29). The shell is assumed to be under 615000 1b<im of axi-
al moment and 41000 ib'i\ of longitudinal force. Dotted
lines in Fig. (29} show the position‘ of the lug along the
length. Stréssgs are in stgzss units and along the lug cen-
tefline.r- | |

First the lugs are placed 6 inches away from the free end.
The maximum stress is found to be 15033 psi and occurs in

the element close to the lower end of the lug-vessel inter-

" face along the circumferential direction.

As it is located 25 inches away from thg free end, ‘Fig.
(28-b), the change in the direcfion and location of the;ﬁax—
imum "~ stress is observed and ;Ee magnitude is calculatéd
12264 psi , representing an 18%}decrease in comparison with
the maximum stress intensity found in Fig. (29-a).

In Fig; (29-c) where the lug is considered 47 inches away
from the free end the magnitude and the direction as well as
the locaﬁion of the maximum stress are found unchanged.

An examination of Fig. (29+a) and (29-b) points out that
for some cases plééing the lugs at least a diameﬁer‘away
from the ends may be considered as a conservative condition.
This can be interpréted in two ways, (i) The 1lugs may be
placed less than the distance specifiea’above, or {(ii) The

results may be used for f/a values less than four. Further

investigation is recommended to establish this clearly.
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The following conclusions can be drawn from ﬁhis'study:
a) Ring attachments:

1. Axial loading caused by the . presence of this type
of attachments ' results in ‘a dominant membrane
force on the shell. It has no self-limiting char-
acteristics.

2. Large axial deformation is calculatéd, comﬁared_to_
radial deformation. It is seen that the axial de-
formation‘inéreases until it reéches ité maximum
value at the upper end of the loaded areé and then
it remains constant. .

3. Aﬁonglthe variables considered, an increase in
length to’ radius ratio, f/a, is the one having the
dominant effect on axial deformation. ‘

4. Although bending moments are small coﬁéared to N,

/Et, locally they have a significant effect.
b) Integral lug attachments: '
1. The maxiﬁum stress 1s located at the upper end of
the lug-vessel interface. Ih addition, it occurs

‘at the outside surface of the shell and for most

of the cases.co;iidered in this study it is aleng

the axial direction.

_88_
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As a/t increases, membrane forces become domirant.
An increasé‘ in lug-size in aﬁy direction causes
higher stress state Sn'the shell.
The position of the lugs along thc . length of the
shell has significant effect on the ﬁagnitﬁde and
the locatéon as well as on the direction of the
maximum stress. |
For squafe loaded areas, in general, the present
method agrees with the results predicted in;

WRC-198. However, the same can not be said for

‘rectangular lug attachments as some discrepancies

in the results exist.
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Appendix A
FRONT SOLVER

-

Simplified 'front solver' techniqﬁe is used for solving the
set of simultaneous equations. This method, which is devel-
oped by B.M.Irons in 1970 [12], takes,cage of large core
storage problems. It is based on the fact that a large num-
ber of zeros in stiffness matrix; including the ones inside
the band, do not necessarily have to be stored. Another ad-
vantage is the numbering system, node numbériné is no more
important in the solution but numbéering of elements.are. ‘In
Fig. (A-1) a éimple flow chart is given for the front solver
technigque. ' :

The first Qperatibn employed 1in subroutine PREFRONT is
the determination of the maximumﬁﬁront ;idth, in other words
maximum number of unknowns at one time. Another subroutine
attached to PREFRONT gives numbering sequence for the nodal
points. ‘

Starting from the 1last element, if the ﬁodal number 1is
appearing for the first tim?, a minus sign is introduted in
front of each node number, so that these nodal displacements
can be eliminated anfﬁhere withiﬁ the front width area at
the ﬁime of forward elimination. As a result of second op-

eration all the nodal numbers appearing for the last element

_90_
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will havg5$ minus sign, indicating that MAIN'and STETR steps
can be taken for usual finite eiementrprécédure.* Meanwhile
the lpcation of - displaeem;nts and forces have .to be siored
for the assembly of the whole sfructﬁfe;

Next operation which is FORWARD elimination, starts with
‘the calculation of the first j;element stiffness matrix. If
the mings‘sign appearé.in_front of any nodal number§ for the
first element, corresponding sets bf eguations fdr'that pér-
ticular node can be eliminated in front’ width area, using

the Gaussian elimination procedure, and stiffness coeffi-

\

w~

cients and ;he 'force term can be transfere&\\fgﬂa temporary
disc storage area. ’

After the calculation of the stiffness matrix for the
next elément, usual assembly can be carried out, adding
stiffness coefficients which, gorrespond to the same node
number and.- introducing new stiffness coefficients into the
front width area which are not yet there.

The same procedure which consists of eliminating corres-
pon&ing equations for the nodes appearing for the last time
and transferring the coefficients to the disc storage area,
will be repeated until all the elements in the structure are
completed. S

When all the elements have been considered, the equations
in the front width area can be reduced to one single egua-

tion using Gaussian elimination procedure and the unknown,

either the displacement or the reaction force can be solved.
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- K ey -

Tﬁéﬁ;thé ﬂéxg'negatiéé node is entered-to the working area,
for which the.‘stiffness gnd force coefficients are already
known and stored in temporary disc §torage area. This proce-
dure, called BACKWARD . substitution, is repeated.until all

the unknowns in the structure have been determined.

v
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Figure A1 Flow chart for Front Solver technique'
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Appendix B

SHAPE FUNCTIONS

. . o
* Ny = —{1-8) (1-n) {4 [ § (1-) (1+g)*n(1-n) (¥+n) J+3gn}

Ny = - 40 (=) (10) (0.5 =n) (1=g) |
Ng =2 (1+n) (1=n) (1-8) [ (05-n) (0.5+n) = 5= (1+8) ] .
Ny =3 n (1=n) (1+n) (0.5+) (1-¢)
Ns =L (1-n) (1n) €4 [ € (1-8) (1+€) = n (1-n) (1em) ] = 3z}
N = - 3¢ (1+8) 1-¢) 058 () |
Ny =2 (1em) (1%8) (1-8) [ (0.5-5) (0.5+¢) - 0 ]
N =3 (1) (1-) (0.5%) (1)
Ng =Tz (1+€) (1+n) {-4 [ & (1-g) (1+g) +n (1-n) (1+n) ] *+ 3gn}
Nig =31 (1-n) (1+n) (0.5+n) (1+€)
Nip =2 (em) (1on) (158) [ (0.5-n) (0.5%m) =1 (1-8) ]
Niz == %= n (1-n) (1+n) (0.5-n) (1+¢) T
Nys =15 (1+8) (1-n) €4 [ £ (1-8) (=€} = n (1-n) (1+n) ] <3gn)
qu-g’—s_(w) (1-£) (0.5+€) (1-n) _
Nis =2 (1+€) (1-¢) (=) | (0.5%%) (0.5-5) - - (1om) |

Nig = - %— g {1+g) (1-g) (0.5-¢) (1-n)

Nygo= (1+€) (1-£) (1+n) (1-n]
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Appendix C

FLOW CHART OF THE COMPUTER PROGRAM
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-

B a/t Maximum stress Percent
index difference

0.05 5 0.0559
. 75

0.10 -5 0.2235
71

0.20 5 0.7808

Q.05 10 0.2229
74

0.10 10 0.8747
' 69

0.20 10 2.8587

0.05 20 0.8589
. 74

0.10 20 3.2533
: 66

0.20 20 9.6427

0.05 40 3.2300
71

0.10 40 11.4453
. 59

0.20 40 28.2112

0.05 80 11.4371
i 69

0.10 80 36.8139
43

0.20 80 65.3099

=

" TABLE D-1



~ Percent

B‘ : a/t _ Maximum stress :
; index difference
0.05 0.10 - 0.1419 113
0.20 0.10 0.3022 15
,0.40 0.10 0.3488 e

0.05 0.10 10 -~g955§36- 112
0.20 0.10 10 1.1716 1
0.40 0.10 . 10 1.3006

X L 1. <
0.05 0.10 20 270307'_‘ 113
0.20 0.10 20 4.3308 P
0.40 0.10 - 20. 4.5803 -
0.05 0.10  40. 11.5790 26
0.20 0.10 40 14.5600. 1.0
0.40 0.10 40 14.6987
0.05 0.10 80 37.0800 12
0.20 0.10 80 41.6000 . 0.7
0.40 0.10 80 41.8832 '

TABLED -2
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3
Maximum stress . Percent
BI_ | Bz a/t index difference
0.05 0.10 5 10.1419
, 106
0.05 0.20 5 0.2937
0.05 0.10 10 0.5536
' 99
0.05 0.20 10 1.1061
" 0.05 0.10 20 2.0307
92
0.05 0.20 20 ' 3.9754
7 0.05 0.10 40 11.5790
o 32
- 0.05 0.20 40 15.3643
0.0  0.10 80 37:0800
. : 55
0:05 0.20 80 57.6896

Table D-3



Appendix E

The parameters é, £, 21, %5, t, u and w that have beéen utilized :

in the text have been referred toas A, L, L1, L2, T, Uand W
respectively, in the following figures of this appendix.

-
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NXZET £/P=150000 .. = |
L/A=4 7 CL/ass
gJ a ™
o — i ' s
Qo v [+ 2 0
7o =) o
~Oa QO — e
—_ . .
[ ]
] [ - -l -
° 23 33
o K= ’o_ !
: Y :
o. - — ’.1::; c- . T o .-xc.}
.00 35.33  66.87 100.00 .00 33.33  $6.67  100-00
LENGTH (%) LENGTH (%)
L/A=10 - L/A=80
) .
~ padt o
& o —g
o @ o
| SO < (S o
S — o o —
. ® .
< . N
o [ o] O —
oo & o™
) o Q
5 . 0 O. c?_:a . ol o o ﬁo-
'0.00  33.33  65.67 100.00 0. 50 33.33 66.G67 107.00

LENGTH (D _ LENGTH ()



103

® W/A A/T 10

A U/A . POSITION OF LOADING (L1/L)=0. 50..
+ o BAND WIDTH((L2-L1)/L}=C.10
NX/ET E/P=150000
L/A=4 - | L/A=8 _
01 : o o
“ ] i | <
] / dh o [=]
Oﬁ o' '
T = |- O
oo Q— Q-
— » ]
. . J . .
. -l -
& W 83. 33
cf / K= =)
: ' \ ——e—a
g ‘ § f
200 . 33.33  6B. &7 1b5.00 .00  33.33  66.67 104. 00
LENGTH (%) _ LENGTH (%)
L/A=10 o L/A=80 _
& RJ &
. ™ o o
o7 o o
_.-.O T ‘-r\ Y o _—.O
o — oo¥ < = S —
» — <
-
[ - ] -
S 3 3
K= o o
\M———e——e
2 S g 3
?o.oo T 33.33 . 65.67 aog 00 Hoo | 35.33 Ye5.67.  106.00

LENGTH (%2 LENGTH ()



OH;°‘

® W/A
A U/A
+ NX/ET

L/A=4

[++]
n <
oo
"
~ - ~r<
3 53
o) Y=
i ‘\_,—é———{a
-
o] [ =]
(=] -
N . =
.00 35.33 ss 6? 100.00
LENGTH (%)
% L/A=10
‘ o
ot
[7e]
v <
oo
.
~N
<
-
[4V ]
o
c. v L g r —pr
‘0. 00 35.33 65.67 15600

LENGTH (%)

104

A/T=20
POSITION CF LOADING(Li/L)—O S0
BAND WIDTH((L2-L1)/L)=0.10

" E/P=150009

L/A=8

=
8 M S— T
%00 35.33 66.67 100.00
LENGTH )
LYA=80
R & & =
5 S
~—~
o
| Vo
S —
L
.
o Q
o- L 1 . "
<o c0 33.33 66.67 130.00

LENGTH (0



s107

Ol-'lﬁ .

O W/A
A Usn
T NX/ET

-L/A=4

0.08

/
/

3 Rb,;M 2
2 : AR5
.00 33.33 65.67 100.00
LENGTH ()
L/A=10
[ . N
N . —
o7 o
. .
°o
2o
-}
I <‘
S
o
3 - o
a - l9
‘0. 00 33.33 55.67 109.00
LENGTH (I

L A/T=40

105

POSITION OF LOADING(L1/L}=0.50"

L/A=8

'BAND WIDTH ((L2-L1)/L)=0.10
~ E/P=150000 -

0.60

»

10

0.20
W/A

a \-Q- +
g \R_ l
o o
. o
[ ] — - C = .
‘0.00 33.33 65.67 105. 60
LENGTH () .
L/A=80
9 3
o :o
w 1]
< | Yo
o (== 3
>
[ | -
S S
o =)
o y
o (=]
- (e ]
o, ﬁﬁ:& — :__.
000 33.33 65.567 100. 00

LENGTH (D)




o

O WA
A y/A
+ NX/ET

L/A=4

\

k.

33.33
‘LENGTH (%)

3

' 65.67

L/A=10

Q

-

-00

0.24

0% 1
¢10

0,08
W/A

T 35,33

65.67
LENGTH (%)

—&
120.co

06
* .
A/T=80
POSITION QF LOADING(LI/L) 0.50

BAND WIDTH {(L2-L1)/L)=0.10

E/P=150000

L/A=8

'9. 00 33.33 66.67. 105. 00
LENGTH (%)
: L/A=80
o :o
N 1
. S o
[=} O v
- |
- <
S =
o =)
-
o o
- . o
< - et — D &
'0.00 33.33 65.67 108. 00

LENGTH (%) -



O W/A
A U/A
+ NX/ET

L/A=4

107

A/T=10 - _
POSITION OF LOADING (L1/L)=0.70
BAND WIDTH ((L2-L1)/L)=0.10
E/P=150000 -

L/A=8

N—d //, 1 4——\\\,—4
. N -+
(=] [=] o
. <
v ' o . — . . ‘ o
00 33.33  65.67 100.00 .00 33.33  65.67  100.00
LENGTH (%) LENGTH (%
L/A=10 L/A=80
w o 5'@' ’
1:1!\ r? c\.J
o\cd‘ o—. _o
S g :
7 R + A | O
o0 QoY (=R
— — L
L ] -]
w0 o <
- = =
o o [
| /. > .
(=] o o =]
S / \ 5 ? 42
.00 33.35 £6.67 106.00 S6loo 3o 33 55.67  135.00

LENGTH

(%)

ENGTH (%)



010

108

O WA A/T=20 - ‘ N

A y/A POSITION OF LOADING (L1/L)=0.70
+ NX/ET | Eﬁggigégég (L2 LIJ/L)‘—O 10
_ L/A=4 . L"/A=I8

SJ/ 2 g
oo . 35.33 66.67  108.00 %' o0 33.33  .65.67 100.00
LENGTH (%) LENGTH (%)
L/A=10 ' L/A=8G
o glr &—= S 8 5
5% 2 g
w - 5 ’
< e Yo
=3 o o —
-]
) J -
p-3 8 °3
= o = \
8 : + o uoj' 8 : | r l k 8
c',f/ AN 2 o e am

0. 00 33.33 66.67  100.00 0.00  33.33  65.57  100.00
CLENGTH (%) LENGTH (%)



O W/A
A y/A
+ NX/ET

L/A=4

0.1
- o0

7

0.09

\ » |
S

.00  33.33  65.67 ._ 106.00
LENGTH (1) .~
‘ L/A=10
- o
A =
o X=}
i
To -
A | Co
ooy (=
-— o .
‘ ,
@ - <
S 2=
o "o
8/ N, )8

.00

L

33.33  65.67 103. 00

ENGTH (%)

H/A

109

=0.70

A/T=40 -
POSITION OF LOADING(L1/L)
BAND WIDTH (fL2-L1}/L)=0.10
E/P=150000
L/A=8 _
N > & o Eg
S S
[+ +] -
* < Yo
oo O —
— [ ]
»
] -
S 83
o "o
SJ// , _ 8
S9.00  33.33 65.67 108. c0
LENGTH (%)
L/A=80
S —e——o- .2
IR K=
% Yo
o o —
. -
S 83
=} K=
o o
o__*. R , . | =]
5’00 33.33 66.67

LENGTH™ (20



s

O W/A
A UZA
+ NX/ET
L/A=4
o S Lo
© ' W
o o
) ar
” N Mo
Qo S —
— .-
b ‘
1 -
& 23
o \ o
"ﬁ' . . ; - ) ‘
%00 33.33 66.67 108. 00
LENGTH.(Z)
L/A=10
@ -
-+ o~
ST o

¥

«1072.

o\
o0

0.08
W/ A

[=]
(=]

33.33 55.67  133.00
LENGTH ()

110

A/T=80,
POSITION OF LGADING(LI/L)—O.7O
BAND WIDTH((L2-L1) /L) =0.10

- E/P= 150000
L/A=8
;
= mh - Foa ™ N
Q.‘ - Nl Tt _.
o =)
© =
v K=
oo [=R
—— -
[ ]
o <<
2 1 9=
o (=]
o o
< . f\o.
%.00 . 33.33  66.67  105.CD
. - LENGTH ()
L/A=80
34 o—o— , o
S =
w 1
el o
o c'—
B -
G)‘ f<
S S3
o =)
o [}
o . o
" ~ = v === S
S'.0c 33.23 £5.67 100.00

LENGTH (%)



O W/A
A& U/sA
+ NX/ET.
L/A=4
:

Nep——=¢ & N~
= o
p -9

[++]

e Co
oo O —
o L ]

[ 3 i
~ | L
3! Y
o | o
o .
<, ) o
oo 33.33 66.67 10T.00

LENGTH (%)

L/A=10
;
[ =]
[7e]
ey
s " .
o
<
FD'-'
1
8/
0" 60 33.33  65.67 159. 00
LENGTH (%)

A/T 10

111

POSITION OF LOADING(L1/L)=0.S0

BAND WIDTH((L2-L1)/L)=0.10
E/P=150000

L/A=8
@ -
- o~
o o
~N
n D
] -
Oo\d
.
©
O.‘-
) i
o L
O./
- o v

0. 00 33.33 66.67 155. 00
LENGTH (%)
L/A=80
@ -
- o
o] =
o ‘ -y
3 . ;‘////4 o
-1- r?f'\ 2 o Fon - _._.O
Oo‘c-’ T A Nart Nt O"_
— 2
L
-
23
o
(=]
. 7; i L L ___['D_O.
0. 00 33.33 €5.67 10G.00
LENGTH (/J

aa f



O W/A
A U/A
+ NX/ET
L/A=4
1. £ = Faon ¥
:{Ici ' = - l::
o =
4 3
© -3
e | O
o [= N
»
a. -
S S3
o o
(=] / %n
e . <
.00 35.33 66.67  100.00
LENGTH (%)
L/A=10
o =3
& /{//Az;
© NT
© o
o =
..
-l
S 23
o] o
2 ; ; ‘ : o
0. 00 33.33  66.67  163.00°

LENCGTH (4

b

A/T=20

POSITION OF
BAND WIDTH(

12

LOADING (L1/L)=0:90
(L2-L1) /L) =0.10 -

E[P=ISOOOO
L/A=8
] | ¢ [
NG o & = S
= "o

3 4
oo et
-— [ ]
[ 3

] o

3 o3

o K=

Qe - t

%" 06 35.33 €6.67  100.00

LENGTH 0

L/A=80
Sp—e—B——o0—=o g
=n o

m E
< o
o Q) e
-]
L ’O-c
s e
- | =
Qo o
o o
e , . , 1, <
9. 00 3%.33  €6.67 100. 00

LENGTH O



O W/A

A U/ZA
4+ NX/ET
L/A=4
& o
)
c‘—n
- P
too.__
T
2
e

66.67
(7

33.33
LENGTH

L/A=10

01. 08

33.33 66.67 108. 00

LENGTH (%)

A/T 40

POSITION OF LOADING(LI/L)"O SO

BAND WIDTH((L2-L1)/L)=0.10
E/P=1350000 ) -
. L/A=8
o—eo—o—o—=o 2
o7 K

?Oc""
*
_
Q
. O
3¢2/ — | 8
— o0 35.33 66.67 . 108.60
LENGTH (%)
L/A=80
W .
piC & S = =) 2
5 "o

. cod ) ‘ﬁ.l- x ])- .
©g’. 00 33.33 65.67 163.00
LENGTH (%)



114

~ A/T=80

O W/A _ ' .
A U/A POSITION OF LOADING(LI/L)—O.QO
+ NX/ET BAND WIDTH ((L2~L1)/L)=0.10

kOI. 418

-00

65.67
(%)

33.33
LENGTH

L/A=10

*10°
%

16

0.

ékqgl

.00

§6.57
(%)

$3.33

\ 158. 02
LENGTH

E/P=150000

L/A=8

13 v

0.12

—

S <
AN Qo
oo O —
— L ]
»

[+] .1‘< -

= o=

o K=}

OJ/ l %Q

o . (o]

%" 00 33.33  65.67 108.0

LENGTH (%)
L/A=80

gg: 0 & & [‘,‘_‘

o ~o

& Y

S 2

- ]

c. -

2 S

o o

o o

< I 1 ] ,_\D_

©0.00 33.33 65.67 103.00

LENGTH (%)



-115
O WA A/T=10 -
A UsA POSITION OF LOADING (L1/L)=0.30
T NX/ET - BAND WIDTH((L2-L1) /L) =0.08
NX/E E/P=150000
L/A=4 ' : L/A=8
=2 - ™ . ' ©
o7 e A — G
LT
o mW -
TN n e o
oo oo "o-—l
-
e 3 | 83
=N o = & &5
o Jo\
° s S
000 35.33  665.67 100.00 0. 00 e5.67 109.c0
LENGTH (%) ILENGIH ((.) ‘
L/A=10 . L/A=80
2 o
& PV
~'o o
o — o —
- i -
N 33
/ a5 =
' > o
o . - . 22
65.67 108. 00 <0 35.33  85.57 . 105.40
) LELCTH (W)



€

116. -
S w/a - A/T=20 T :
A usn POSITION OF LOADING (L1/L)=0-30
+ S " BAND WIDTHCC(L2-L1)/L})=0.08
NX7ET E/P=150000
L/A=4 ' : L/A=8
2 by
= R
g’f T
O | O
(= O -
» -
< <
83 53
2 &3 Fo
3 \ B N
Soo . 35.55  65.67 102.00. o 33 65.67 'I'og.oo
LENGTH (%)
- L/A=10
[=2] -
o o~
o . o
-?23 _Tb
(=] [ R
- -
34 A 83
/ ) ’_c.?.s- _é._-
£ l $ + $
g L s -
o = 5 & . 1o
"o’ 02 33.33 §5.57 196.00 €7 ieg. 00

LENGTH (%)



| n7

® W/A a A/T=40

A U/A POSITION OF LOADTNG(L'I’LJ a0
+ Ny " BAND WIDTH((L2-L1) /L) =0. 03
. NX/ET E/P=150000 ) . o
L/A=4 | : L/A=8
o7 =7
o "o
S —_ o— -
<- <
S 3
B L
8.J/ \ékl  ——— : - ¢
0" a0 33.33  66.67 108. 00 <% 00 35.33 §6.67 108.¢0
' LENGTH (%) LENGTH (%)
L/A=10 L/A=80

o
o~ —

. ) ] — b
< [ R o [&)
— L] o—

-* L]

0.0
> ]
|
19
W/ A
0.16
1 N
0.16
W/ A

o -~

S D 8/ | 2

T = T 7 | G ——— R == %

0.00 33.33 £5.67 128.00 0. 50 23.33 £C.57 152,00
LENGTH 50 LEMCTH (XY



o e e e rem e e e e e

ns

O W/A . A/T=80 B .
A Usn POSITION OF LOADING (L17/L) =0.30

+ - BAND WIDTH ((L2-L1)/L)=0.08
T ONX/ET E/P=15C000

- L/A=4 -  L/A=8

r
[
-«
I -;-':’o
O —
[
' < ~ 1 / 2
[o e L2 B ’ . .
. T= p .
V —c ‘ N ..
L/ . : 1 T o e s =
- o o~
g/ - R | S S - °
ot e . of . 3
0% 00 33.33 65.67 106.90 '0.00 - 33.33 65.67 _ 100.00
LENGTH (Z) N LENGTH ) °
L/A=10 . L/A=80
] _ o Y / P
o \ - R o o
(o] . — — —
ol K=) R X
o~ l A A ] "
o / S o _'D.O
oo O — QD —
— - -
-
. o - <
- -
3] , pEg 33
o /7 \ . =) M
\_~w€+ Eﬁ S o>—=50 g
. l o
T — vy S =3
"0.400 33.33 £5.67 100.¢0 . 55.87 127,60
LENGTH (1) LELGTH (M)
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O W/A A/T=10

A UJA POSITION OF LOADING (L1/L)=0.50
+ T BAND.HIDTH((L2‘_L1J/LJ=0.08
NX7E £/P=150000 '
‘L/A=4  L/A=8
. .
Co
"o
QO —
.
-
23
o S S 3
' = 2o ¢ — o
- 00 35.33 66.67 108.00 '0.00 33.33  66.67 106.56
LENGTH (%) ‘ LENGTH ()
- L/A=10 L/A=80
= | 3c]': 8—o o
o &7 =
o [a] .'
T ol T o
Qo oo O —
. 1 <
° 5 33
o y o
. » \\ e s \ .
o o
: r —T t < © Z— = T
<0’ 00 37.33 66.67 1e¢.00 . '0.00 33,33 65.67 1550
LENGTH (%) _ LEHGTH (D



) ~
i'zo.
O W/A ' A/T=20 ' o
A U/A POSITION OF LOADING(L1/L)=0.S0

+ ~ BAND WIDTH((L2-L1)/L)=0.08
NX/ET E/P=150000

L/A=8

[+ 2] —
< <o
t v T S c:‘i T ‘c.
'0'.00 33.33 66.67 100.00 ‘.00 33.33 66.57 198. 00
LENGTH (%) LENGTH (%)
L/A=10 : : L/A=80 .
L& O : ~
& ;),; 5 S
v ' - / -
o T O o
& — oo O —
| ] —-— [ ]
L ]
s . S
= & - S=
o =)
z : ——— ;
ool ‘ \
o []
. [
5 o= G &
.GO ‘0. 00 35.33 62.67 122,02
Fi .

LENGTH ()
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O WA A/T=40 : '
A U/A - POSITION OF LOADING (L1/L)=C.50
+ BAND WIDTH((L2- Ll)/LJ—O 08
NX/ET - E/P=1500Q0
L/A=4 .  L/A=8
2 2$ M 3
o . ~o
nr ) . * —_
~o v e =
"o — oo - o —
- — [ ]
[ 3
- -
S3 P 23
=] ' = / — : \ "o
' N~ B | Yo I
;T \ - 13 gf | \ G
S | D 3 K N s
‘0,00  33.33 66.67 108.00 ‘9. 00 33.33 66.67 158.00
LENGTH (%) L‘ENGTH (%)
L/A=10 _ ' L/A=80
~G— < A °6 e— ¢ 3
ol |2 ] N\ =
[ 1 . | A &
X ~ 8 ‘ /| s
Qo —c-.— . o 'o,.-.
. / oS W3
< = \ Lfg
<o / [=} lo
. : |
< & DL &
0. 02 33.33  65.87 108.00 '\ oo 33.33 65.67 15300
LENGT

Ho GO LEMGTH  (X)

&



® W/A
A U/A
+ NX/ET.
L/A=4
)
3&
c‘-
<
n o
oo
r
[=~]
(=)
c'-<
&
[++] —
e 1<
'0. 00 '33.33 66.67 106.00
LENGTH ()
L/A=10
@ & o
b \ =
C.J-| A A _O
[1a] ?-.""
v - o
Qo] =
"- »
-
b4 53
= -
ST
01 N s
0. 30 35,33 65.67 108. 00
LENGTH (%)

A/T7=80

¢

122 -

POSITION OF LOADING(LI )=0.350
'BAND WIDTH ((L2-L1) /L) =0.08
E/P=150000
©
o
* o
o
-
13
=
- = Vg
o =
‘0. 00 33.33 65.67 103.00
LENGTH (%)
L/A=80C
o) o
o o

0. 00. 53.33  65.87
LENGTH ()



~ 123

O W/A - A/T=10

A ysa . POSITION OF LOADING(L1/L)=0.7C
+ BAND WIDTH((L2-L12/L)=0.08
NX/ET £/P=150000
L/A=2 - L/A=8
f 1 .
&7 e L;
F—e S
o -
00T
g
c-...

_ / L )
[=] (=] [=] [=]
o . (=] .

- t < o. ) ! ic
g.00 33.33  66.67  100.00 060 33.33  66.67 100.60
LENGTH (% LENGTH (%)
L/A=10 L/A=80
. _ .
] Iy e, S a8 I
2 2 So—e—eo—b ~
< = o =
- [aVhat w o=l

" “J |- T =

oo o — oo o —

- L] -— [ ]

- -«
@ = <
8 S 3 O
S J S S =5
/ | -
, \e——ea - :
oo - \
o o o o
. c . ) , =
e : < oot == Fo
‘0. 00 33.33 65.07 104709 0. o0 33.33 56.67 125. 00
LENGTH () /// | LENGTH ()
. 2
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O W/A . A/T=20 .
a U/ c ., POSITION OF LOADING (L1/L)=0.
+ NX/ - BAND WIDTH((LZ2-L1) /L) =0.08
NX/7E1 E/P=15000C0
L/A=4 | | L/A=8
T e o
= o'—
®
B
> oo
.
1
e
— .6_.
3 )
S g 2
.00 33.33 66.67 - 100.00 %5 00 35.33 . 65.67 153.00
LENGTH (%) LENGTH (%)
L/A=10 ' - L/A=80
: . i
3 o =5 =
| _2::3 T M _“f.?o
[= 9 c.:
- ' -
3 23 o 83
o] o o ey
Vv |
g \ ’ S ' =]
o \ e — I o _ 1
'0.00 35.33 §6.67  10d.00 0. Cco 53.33 65.67 100. 00

LENGTH (%) . N LCENSTH (%)



0.24

£} —s
L8

O W/A
& U/A
+ NX/ET

L/A=4

33.33 66.67  100.00
LENGTH (%)

L/A=10

]
8(3 S — S o
o7 "o

0.04

0.04

.00 -

q§.33 55.67 194,00
LENGTH {X)
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A/T=40 L -
POSITION OF LOADING(L1/L)=0.70
BAND WIDTH((L2-L1) /L) =0.08

E/P=150000

L/A=8

o—
———

12

0.

0.08

0. 00 3533 65.67 10
LENGTH (%)

L/A=80

- n N
o

0.00

¢ 09 33.33 §6.57 :
LEMGTH )



et e AaL i
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O /A © A/T=80 | ,
A U/A | POSITION OF LOADING(L1/L)=0.70
+ © .BAND WIDTH((L2-L13/L)=0.08
NX/ET £/P=150000 - \
L/A=4 SR . L/A=8
9 | : -

W

) o
%00 33.33 65.67 100.00 ‘Efoo_f 33.33 .66.67 T03.00
LENGTH (%) . LENGTH (%) . .
‘ L/A=10 L/A=80 - -\
B—a S r 3 ;
~ o
o'-— -

00 33.33 66.67 1A
LENGTH (3




® W/A

LENGTE ()
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A/T=10 . - )
A ysa POSITION OF LOADING (Li/LY=0.SC
+ : BAND WIDTH ((L2-L19 /L) =0.08
NX/ES £/P=150000
- L/A=4 L/A=8
i b 31 o
- o s i
h E
n S ™ S
L] L. _lo "’ *
T o~ co
— ™ —
[ 3 - ..
1 - < 1
S . S =
& ;///;(' ~ S &
sT | o g
S ~ < >
'a’.00 33.33 66.67 157. ¢o 0. 00 35.33 66.67  120.00
‘ LENGTH ) LENGTH ,(Z_) '
L/A=10 L/A%80
S.J Se—e—=o © S e
o o = -
ol o S
IR T 9 “o
oo oo [ QN
-
© e e
o] o e
= + g o ‘ [
2 s . < " — EF?
0. 00 35.33 66.67 108.00 000 35.33 65.67 5. ¢

LENGTH (O



O WA
A ysa
+ NX/ET

L/A=4

e o e & ™
o] o -
w h
o~ or
AT _'_O.O
D0 O —
— [

L 3
-~ <
5 l o3
o‘/ )
T fo
. o
o v — T .
‘0.00 33.33 §5.67 105. 00

LENGTH 0
L/A=10 n

Né I o o~ e
AL &
o \ =
[==]

¢ @

oo

.
<
L]
o
o o
— RN
0. 00 35.33 66.57 153. 00

LENGTH (%]

A/T 20
POSITION OF LOADING
BAND WIDTH ((L2-L1) /L
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1 L) =0.
=0 os_-

E/P=150000
L/A=8
b ,
o ——""—8 = "
‘5_’ o~
&7 S
2 Y
v =
oo o —
b L ]
»
S S
o] W= )
£ i— . @
o =
Qo
O' O
0. 00 33.33 €6.67  106.0
CLENGTH (%)
L/A=80
1
gCB & &
o
<
<
o
o~
o
o‘-—
o
fe=] . } o
%" 00 35.33 c5.07 163,05

LENGTH .



{3 i

30

O W/A
A Y/A
4+ NX/ET

0.

G. 00

®

35.33
LENGTH

66.67 108. 00

(%)

L/A=10

0.24

= 2 Fo
= A= ~—

sl

-

0. 00

35.33 66.57 106.00
LENGTH 1%
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A/T 40 '

POSITION OF LO‘DIhG(Ll/L)'O SC-
BAND WIDTH((L2-L1)/L)=C.08
- E/P=1350000- °

o =
. LK
0" 00 33.33 66.67 100.
LEMGTH (%)
j L/A=80
N & - & o ®
5 o
o7
To
D ——
[ ]
-,
=2 N
-=
=]
=)
o]
lr::— -
0. 6o 3%.33 65.67 165, ¢
LERGTH (D)

<>



=107

B ¢ e e ey e e =

& U/A
+ NX/ET

oL h

@ i -«

=) "o

Q ~7

= "o

(=) Qo —
3

o nw<

« =

o K=

. E

Q .

c“!' T - %ﬁo

0. 00 33.33 . 66.67 109. 00

LENGTH (1)
L/A=10

® = F——e—a r

- \ f\\ _

-~ —

S o

A/T=80
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POSITION OF LOADING(L1./L}=C.
BAND WIDTH((L2-L1)/LY=0.08 .
E/P=150000
L/A=8
<L _ H - _ =
o-.a A < 4 = ._‘:-
I o o
¢ =
-
3 o3
o o
a .
st/ \Tg.
%00 33.33 66.57 1b§.oo
: LENGTH (%)
L/A=8C
. o
& ‘*e
® & & & &
X T
© \13?
- 1o
o S —..
~
2 3
& =
o [ =]
Sls . S
0. 00 33,33 36.57 T.co
, LENGTH (%)

o
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O W/A o a/T=10

0.02

A UJA - POSITION OF LOADING (L1/L)=0.
+ N BAND WIDTH ((L2-L1) /L) =0.04>
- NX/ET - E/P=150000
S L/A=4 L/A=8
1 - - X - 1 - a e
=t / 2 2f 3
el - ' P =
0 " /_,--.- o
: e /%
L] . -
[ - -
) . 33 2 ) Z3
S S : &5
A L e COR B (U :
< A = — ° . = = &2
.00 35.33  66.67  100.00 .00 33.33  66.67 106.690
LENGTH (%) LENGTH (%)
L/A=10 L L/A=80
= © ! | 2
o _ X 3 "o
e n . .
or o~ -
g S5 ¥ M NS
o o — oo o —
uq: 1 Ny
3 8y o e
. cH 37 s
&5 = — = 3
S 8 o . o
i I Si———J. . 18
'0.00 3E5.:é:4 . 66.87 106. 09 %00 '33.33  66.67  100.00
LENGT

Ho) LENGTH (%)

& .
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® W/A . k/T=20

R POSITION OF LOADING (L1/L)=0.30

" " BAND WIDTH((L2-L1)/L)=0.04
NXJET . E/P=150000

L/A=4 L/A=8

. 5- : %000 33.33  66.67  100.00
LENGTH (1) 3 LENGTH ()
L/A=10 L/A=80 )

o] o NG o

~N o~ -— —

ol - o o \ o

E b 4

o - N o <
- o T c
oot == oo O —
— L ] — *
» L 3

- R 1 _:c_

<] o3 S S

o o u Xe)

£ & 2= = 3]

=+ -

o o o

S T T ! o E {.‘ - }—. ’L?

'0.00 313 I3 66.67 109.00 CJ0-00 3'3.33 66.67 ‘ 153-00

LENGTH (%) LENGTH )
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r Faull o
N o

OL/ ' .g OL/ QNH - ' o
S L - S o A sr—o— 52
o7 é

Pg oY

h- 4
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Q W/A A/T=40 ,
A U/A . POSITION OF LOADING (L1/L)=0.30
+ ET . BAND WIDTH((L2-L1)/L)=0.04
NX/ET . E/P=1500C0"
L/A=4 L/A=8 |
.21 ——— . xl s
o) . = o o
A A -—t
. %W & w : oy
! > _.O . o .-.'O
oo O — (] =] : [=
Paf m. ' mf
S o . P
t:C,”' = S

0. 00 3553 86.67  106.00 .00 _ 33.33  65.67  100.00
LENGTH (%) - . LENGTH ()
CL/A=10 - L/A=80

-
s g3
o =)
o (=]
. — = 95 4 — ~ - 19
0", 00 23.33  66.67 168.00  <0.co 3533 's‘e\,.s?" 155,08
(-”:J

LENGTH (%) LENGTH
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® W/A A/T 80
A UsA POSITION OF LOADING(L1/L)=0.30
+ | BAND WIDTH ((L2-L1)/L)=0.04
NX/ET E/P=150000
L/A=4 - L/A=8 ,
< =
-Q'“ 'C;-
o L8
"o~ oo
™ —_—
L ]
-
53 @
_G. C;-
o o
oy —e——0_ g
900 33.33  66.67 100.00 %0 00 35, 33 66.67 100.00
LENGTH (1) - - LENGTH ()
L/A=10 _ L/A=80
. A A ; ]
3 26— 2
= o7 o
1
_’?";:) T S_- "o
—_— oo O —
- -
2> o e
mov = =
o o o
Y R0 e s
<0'. 20 33.33  65.67 108.00 %0’ 0 3333 65.57 1535. 00

LENGTH (%) _ ~ LENGTH (X



Q W/A-
& U/A
+ NX/ET

L/A=4

0.29

4 i
m L4
b .
o'—|

1 T
N 0-_' R
"IO'g

0.09
/A

8| R
.06  33.33 66.67 0t
. LENMGTH (%)

L/A=10

A/T=10

POSITION OF LCADING(L1/L)
BAND WIDTH((L2-L1) L) =0.0
E/P=1500Q0 ‘

L/A=8

/ — )

135

=0.50
g ‘

NT \ ]N
O‘ [}
9. 00 33.33 66.67 108.00
LENGTH (%)
: L/A=80
Sé B 32
o ™ S
1 , .
or
T < -//// ‘ Yo
oo ’ . O —
— L ]

&

= o
-‘ o
O T G
'a. 00 33.33 65.67 125, 00
’ LENGTH (%) :



el e oy A -

*
/ . - | 136
® W/A A/T=20" -
A U/A POSITION OF LOADII\G(LI/L)-O-SO
L+ . BAND WIDTH((L2-L1)/L)=0.04
NX/ET - E/P=150000
| L/a=4 o ~ L/A=8
' j - -1 o
a0 > I
— o ) €
_%3- _c.’ia
[=R —
L L]
< [ <
23 . 83
CH =0
2 | S
%06 33.33  66.67  100.00 '0.00 33.33  66.67 ‘_mg.oo
: LENGTH (%) ‘ LENGTH (%) <
- L/A=10 L/A=80
B .
S &
o] E
'-OJ N i '
? = ~o
Qo O-.—

o

</
-
o o
o .
) + $ Ll

6. 00 33.33 §6.67  100.00 '0.00 33.33
LENGTH (%) . LENGTH

<
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O W/A - A/T=40 , -
A U/A POSITION OF LOADING(L1/L)=0.5C
+ ' . BAND WIDTH((L2-L1)./L).=0.04 "
NX/ET E/P=150000
L/A=4 L/A=8
e
o
®
w .
? S
oo
.
S .
o7 o i ‘ ]
] .
O- ) t_'_.'i Q‘ b Fore "Lo- .
‘0.60 33.33 66.67 108.60.  ° 'o.oo 33.33  66.67 105. 09
LENGTH (%) Co o LENGTH ()
L/A=10 ' : /A=80
4 QG a—e g
I - \ L
or -
T o T Y e
o — () =] o —
- ' 1 -
3> =4 22
cH '6'/ cl
X t ~ ;
N S | E
2 A= 2o o = 2 - 2
<0 00 33.33 £5.67 160. 09 '0.20 33,33 7 6220

LENGTH (D) . LERGTH (%



© W/A
& U/A
+- NX/ET

L/A=4

oF "

o~ o

= =)

~ +Y
c.'-‘ " -o- |, p—
»

. <

3 3

o \ o .
‘ N
A »

S ¢ >

él ]5

'0.00 33.33 65.67 108.00

. LENGTH (%)

- L/A=10

]

& P . @

= v

ol ro -

[+3]

o-

O'-—

b o

]

-

o

[

20" 00 35,33 s 100.00

LENGTH (X%

A/T= 80

138 .

POSITION -OF LOADING'L!KLJ-O,SO
BAND "WIDTH (L2~ L‘)/L)-O 03

E/P=150000"

.L/7A=8

o~
[=]
= == 9o
0. 00 33.33 65.67 190.00
LENGTH (%)
L/A=80
o6 = S~ @
e o
1o iy B x(\;.l,
el "o
o O -
. [ ]
: ~ -
[3¥] s
< — Iz
o L
-3
o
o [ 4]
. . (=
< . = . Sk
0’00 35.33 65.67 eS80
LENGTH (%)



IS AL X D

159
O W/A - A/T=10 '
& ysp POSITION OF LOADING (Li/L)=0.70
L . ~ BAND WIDTH((L2-L1) /L) =0.04
NX/E:F' : E/P=150000
L/A=4 © L/A=8
3' o B
pe
o
n <
oo
Py
o'-n
o o S
<@ < o
%00 33.33  66.67  100.00 .00 - 33.33  66.67  100.00.
LENGTH (%) - ’ LENGTH (%)
T L/A=10 | . L/A=80
;_
.3
oo
o o
3. . 13
%00 35.33 66.€7 ved. oo

LENGTH ()



A/T=20

POSITION OF LOAD

140-

\-

ING(LT/L)

=0.7C

BAND WIDTH((L2-L1)/L)=0.04
E/P=150000

O W/A
A U/A
4+ NXV/ET
L/A=4
o0
[+s)
c‘—
)
oo =)
e r
o;
o~
T
o s
e : P
%' 00 33.33 . 66.67 .00 .
LENGTH (¥}
L/A=10

*10

0.c0

33.33
LENGTH

66.57
(Zy

L/A=

8

\

.00

35.33
LENGTH

56.67 10
(%)

L/A=80

Voo S

16 0.24
(PN W - W

0.

0.08

00

oo
Nt

L41]

N’

0.

co

35.33
LEMGTH



G W/A
A U/A
+ NX/ET

s\

L/A=4

S
%" 00 33.33 85,67 10600
LENGTH (%)
L/A=10
]
o & o -

A/T=40
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POSITION OF LOADTNG(Ll/L)‘O 70
BAND WIDTH ((L2-L1)/L)=0.04

E/P—]SOOOO
. ‘L/A=8
?P & o o EE
o [=]
(3] wT
IR o
. oo S =
— | ]
" . |
. -
o 23
ST S
ya i ]
o ) VO
< 1<
%.c0 33.33 ' 66.67  100.00
LENGTH (%)

L-/A=80




142

O W/A " A/T=80

A usn 'POSITION OF LOADING (L1 /L) =2.70

+ BAND WIDTH ((L2-L1)/L)=0.04 |
NX/ET E/P=150000

L/A=4

o
X3 F =2 i ) 7 e
%000 33.33 66.67 ~100.00 ~ '9'.00 33.33 66.657 108.00
LENGTH (%) -~ LENGTH 0 :
L/A=10 | L/A=80
o~ n pui < < -
- ;
o mq.-
v "o
— 5
[ ]
-,
: 23
o'l =)
- 1 -
o (=]
O‘I - 1} "LlC;
“*a' 00 .33 65.67 108.¢c0

LENGTH (%)



O W/A
& U/A

+ NX/ET

L/A=4

L/A=10

0.00 '33.33  66.67
LENGTH (%)

.00 33.32 65.67
LENGTH (%)
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A/T=10 R
POSITICN OF LCADING(L1/L)=0.80
BAND WIDTH((L2-L1)/L)=0.04

E/P=15Q0C0 '

- L/A=8

=
. }: C;
'0.00 3%.33 55.67 100.00
LENGTH (%)
L/A=80
] ‘ f
So——e s — ;
] >

0.a0 35.3{ £5.67 PRt
LENGTH (0

)
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"A/T=20 : )
POSITION OF LOADING(L1/L)=0.9C
'BAND WIDTH((L2-L1)/L)=0.04
"E/P=130000 -

) L/A=8
a
=
19
oo
"o
O---‘
T
-
2
o \qw \ =]
o (o] o o
. - [ .
< " T 9 o T ‘ = S
0.00 33.33 ° 66.67 106.00 0. 00 3%.33 56. 10%.00
LENGTH (%) - LENGTH ()
L/A=10" _ L/A=80
: i
EX = — = = -~
o =3
c
T N o
oo O
.;_. -
-
© s3>
. =
o/ I
el : . . i<
5. 00 35.33 55.67 100. 00
LENGTH (X))
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e .
O W/A - | A/T 40
- . LA U/A POSITION OF LOADI\G(LI/L)—O S0
] I + NY/ET ' BAND WIDTH({L2-L1)/L)=0.04
\ NRZET.  £/P2150000
L/A=4 ' | L/A=8
S® = = \ o
o o
o o
A igf=)
oo & —
.,‘_ [ ]
-
S &3
o =
- [==]
Q Q [w] o
o . o Q . i 29
'0. 00 35.33 66.67 100.00 4" 00 33.33 56.67 105. 00
LENGTH (%) _ _ | LENGTH (30
L/A=10 | L/A=80
: . .
o® s S - - od o " L
— o oW A i -~ - N}

‘ 5 o "o
g._ _"'c
<o —

-3
a 33
o7 =S
' o o / o>
' S A S— e 4
‘0. 00 35.33 - 66.57 158.00 <. 00 35,33 T 16320
LENGTH (%) LENGTH (0
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O W/ A/T=80 ‘
N POSITION OF LOADING (L1/L)=0.
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