APPENDIX F.

4-300 SCOPE

(a) Inthis article formulas are given for stresses
and deformations in spherical shells subjected
to internal or external pressure.

(b) Formulas are also given for bending analysis
of partial spherical shells under the action of
wmiformly distributed edge forces and moments.

4310 NOMENCLATURE AND SIGN
CONVENTION

The symbols and sign convention adopted in
this article are defined as follows:

@ p = Uniform pressure, internal or ex-
ternal, psi

(2) M = Meridional bending moment per unit
length of circumference, inch-pounds

per inch

(3) H =Force per unit length of circumfer-
ence, perpendicular to center line
of sphere, pounds per inch

(4) N = Membrane force, pounds per inch

(5) Q = Radial shearing force pe. unit of
circumference, pounds per inch

(6) S = Stress intensity, psi

(7) R,, = Radius of mid-surface of spherical
shell, inches

(8) R = Inside radius, inches
(9) ¢ = Thickness of spherical shell, inches
(10) £ = Modulus of elasticity, psi

(11) v = Poisson's ratio

(12) D  =E /1201 - "), flexural rigidity,
inch-pounds
(13) B = (30 = VR 1%, Lin

(14) @ = Meridional angle measured from cen
ter line of enhere, degrees

(15) ¢, = Meridional angle | reference edge
where loading is applied, degrees
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(16) ¢, = Meridional angle of second edge,
degrees

(17) @ = Meridional angle measured from the
reference edge, radians

(18} x = Leagth of arc for angle a, measvred

from reference edge of hemisphere,
7R _a/180, inches

(19A =3R,
®0) Y
®) 2z

= Ratic of outside radius to inside
radius

= Ra’io of outside radius to an inter-
mevuiate radius

(22) U = Ratio of inside radius to an inter-

mediate radius

(23) w = Radial displacement of mid-surface,
inches

(24) 8 = Lateral displac=ment »* rid-surface,

perpendicular to center line of spher-
iur.hell, inches

(25) & = Rotation of mid-surface, radians

(2€) 0 = As a subscript used to denote a
quantity at reference edge of sphere

{27/ = As a subscript used to denote me-
ridional direction

(28) ¢+ = As a subscript used to denote cir-
cumferencial direction

@9 K, =1-L=2 cot(g, -0

B0 K, =1-122 cor(g ~a)

1422 car g,
2

i41) &,

(32) k, =1 .._L;_AZL cot @,

3N A4, =Wk
(34) Bla) = [(1 + ") (K, + K,) - 2K,]
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h-10-4.322, Fig. 4-310.1

(35) Cla) = J—'-'"—""’
sin (¢ - a)

(3€' F(a) = \sin(g,)sin (¢, - a)

(37) y, =tan™ (<)

(38) ¢ = Radiai stress component, psi

(39) 9, = Tangential (circumferential) stress
component, psi

{40) op = Longitudinal (meridional) stress

component, psi

The sign convention is listed below and shown
on Fig. 4-310.1 by the positive directions of the
pertinent quantities.

2 Pressure, Positive radially outward

(5) Lateral Displacement, Perpeadicular to
E of sphere, positive outward

{(8) Rotation, Positive when acconpanied
by an increase in the radius or curva-
ture, as caused by a positive moment

(#), (M) Moment, Positive when causing ten-
sion on the inside <urface

(H),(H)) Force perpendicular to E, positive
outward

(N‘).(Nl) Membrane Force, Positive when caus-
ing tension

4-320 FRINCIPAL STRESSES, AND  STRESS
INTENSITIES RESULTING FROMINTERNAL OR
EANTERNAL PRESSURE

In this paragraph formulas are given for prin-
cipel stresses and stress intensities resulting
from uniformly distributed intemal or external
pressure in complete or partial spherical shells.

e cffects of discontinuities in geometry and
Hloading are not included and should be evaluated
{adependently. The stresses resulting from all
elfects must be combined by superposition.

4321 @¥incipal Stresses Resulting from ln-
igenal Pressure

The principal stresses at any point in the wall
of a spherical shell are given by the following

formulas:
0, =up=p(Z2°+ 2)/2Y - 1) (1)
oy =0 =p(2"+2)2Y - 1) (2)
oy =0, =p(l =« 2°)/(Y - 1) (3)
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4-322 Stress Intensities Resulting from Intemal
Pressure

(a) The average primary stress intensity ic a
spherical shell re-ulting from interaal pressure
is given by the formula:

S =.5p(r+ /Y -1)

avyg.

\  The maximum value of the stress intensity
in a spherical she.l resulting ‘rom internal pres-
sure occurs at the inside surface and ‘s given
hy the formula:

Snae = 1S p(YNAY - 1)
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323 Principal Stresses Resulting from b
ternal Pressure

The principal stresses at any point in the
wall of a spherical shell resulting from external
pressure are given by the following formulas:

0, =0p = -pY'(U" + 2)/2AY’ = 1) (n
0, tq-—pY'(U'»'Z)/ﬂY'-l) (2)
o,=0 =pY'(U'- DAY = 1) (3)

4-324 Siress latensities Resulting from External
Pressurs

(a) The average primary stress intensity in a
spherical shell resulting from external pressure
is given by the formula:

S <. 25p(F s DAY =1)

avg

(b) The maxinium value of the stress intensity
in @ spherical she!l resulting from external pres-
sure occurs at the inside surface and is given
by the formu'a:

S = L5p(P (Y =1)

NOTE: The formulas in Pars, 4-323 and 4-324
may be used only if the applied external pressure is
less than-the critical pressure which would cause
instability of the spherical shell. The value of the
critical pressure must be evaluated in accordance
with the rules given in Article D-3.

+330 BENDING ANALYSIS FOR UNIFORMLY
WISTRIBUTED EDGE LOADS

(@) The formulas in this paragcaph describe the
behavior of partial spherical shells of the types
shown in Fig. 4.310.1, dhen subjected ‘o the
@tion of meridional bending moments, M, (inch

uncs per inc% acumference), and forces,
E (pounds per inch of circumference), wniformly
f:trihud at the reference edge and acting at the

an radies of the shell. The effects of all other
loading must be evaluated independently and
combined by superposition.

(b) The formu!as listed inthis paragraph become
less accurate and should be used with caution
when R/t is less than 10 and/or the opening
angle limitations shown in Fig 4.310 ( are
exceeded.

3

4331 Displacement, Rotation. Moment  and
Membrane Force in Terms of Loading Conditions
at Keference Edge

The displacement, (8), the rotation, (), the
bending moments, (M), (M), and the membrane
forces, (.V'). (\‘), at any location of sphere are
given in terms of the edgc fouds, ', and M, by
the following formulas:
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L2
8= ”o {EztA’cl F(a)e"\a [cos(M)—K,sin()wﬂx

R.'A
+H {— A, sing, F(a)e™@ [cos(ka + yo)

Ek,
"K, sin(ka + )’o)]f (n
) el l
6-M C(a)('h coslAa)
(R, Etk,

2 .
+H, 3&% A, sing, Cla)e™ cosia + yo)z (2)

Mp=M, ilc.l Cla) e™@ [I\,cos(M\ + sin()\a)]s
i

+H -R—"-'—- A sing Cla)e™@ [I( coslAe +
L TR y

+ V‘,) + sin(Aa + yo)]z (3)

Cla) . R
‘w, = “"3m e e [B(a)cos(h)o .».v.-’sm(m)-lz

R ,
+H ,-—n— A singd Cla)e™a [B(a)col (Aa
*f durk, ° o

+5,)+ 2v" sin(Aa « \]; (4

Ngz - Mo ;RzAk. Cla)e™ @ gin(ra) cot(e '-nii

_Ho{)‘l-‘ A, cot(éa-a)C(a)e‘Miin(M‘yo)} (5)

nl

ol

N,x.uogR — Cla)e™a [m(m

(I\,d\'
ey

K, +K) | 1
[coo (Aa + y,) = - sin(Aa +y°)J (6)
.

l) gin()«aﬂi A ;TA A, lin¢°C(a)e'M
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4-332-4-342

4-332 Displacement cnd Roiation of Refercnce
Edge in Terms of Loading Conditions at Refer-
ence Edge

(a) At the reference edge a = 0, and ¢ = ¢_.

The formulas for the displacement and rota-
tion (Par. 4-331) simplify to those given below:

S W'sing, - R Asin’¢

8, = = (— + k

el Seme 1 el T s S
Mi 21‘\‘3;3\;‘;

(2)

6 =¥ + H,
R, Etk, Etk,

(b) In the case where the shell under consider-
ation is a full hemisphere the formulas given

in (1) Infi (2) above reduce to those given below:

1 2R A
RN ¢ S L
Wy e (1)
3 2
9 =y 2 )

4-333 Principal Stresses in Spherical  Shells
Resulting from Edge Loads

The piincipal stresses at the inside and out-
side surfaces of a spherical shell at any loca-
tion, resulting from edge loads, ¥, and H,, are
givea by the following formulas:

Ne oM
o,:oe(o)--!—t—-p (1

t ¢!

t 6"'
o,=0fa) s — t — - (2)

t 1

L
o, =0fa) =0 (3)

In these forrwlas where terms are preceded

a double sign, t, the upper sign refers to the
imside surface of the lhelr and the lower siga
refers to the outside surface.

4340 Alternate Bending Analysis of a Hemi-
spherical Shell Subjected to Uniformly Distributed
Edge Leads

If & less exacting but more expedient analysis
of hemispherical shells is required, formulas
derived for cylindrical shells may be used in a

SECTION VII = DIVISION 2 PRESSURE VESSELS

modified form. The formulas listed in this para-
graph describe the behavior of a hemispherical
shell as approximated by a cylindrical shell of
the same radius and thickness when subjected
to the action of uniformly distributed edge loads,
M, andH  ata=0, x =0, and @, = 90°.

4-311 Displac ‘ment  Rotation, Moment  and
Shear Forces in Terms of Loading Conditions
at Fdge

50 -ﬁo/Zﬁzovﬂa,‘Zﬁ‘D (1

00 - H°/2ﬁ'D + "a /'BD (2)
Holin'¢ Masiné

5(x) = f,(Bx)+ f,(Bx) (3)
28'D 28D

o) Holin¢ M

Xx) = e [ (B%) 4 o 4)

%D f(Bx) + 1D f, (Bx) (
HolincS

Mix)= -—ﬂ_ f.(Bx) + Mof, (Bx) (3)

Qlx)= ¥ sin g f, (Bx) - 28 M_{, (Bx) (6)

Where
£ fi f, and [, are defined in Articic 4.2,

Analvsis of Cylindrical Shells, and

X SGR" =:—R:-: l%o"é)

180°

342 Peincipal Siresses in a Hemispherical
Shell Due 10 Edse Loads

The principal stresses in a hemispherical shel!
due to edge loads. (M) and (H,), at the inside and
outside surfaces of a hemispherical shell at any
meridional location, are given by the formulas:

0, = oplx) = + 6M(x)/¢* (1
0, =0(x) = E 8tx)/R_ 2 v6d (x)/¢* (2)
0y = 0' =0 (3)

In thess formulas where terms are preceeded
by a double sign, *, the upper sign refers tc the
inside surface of the hemisphere and the lower
sign refers to the outside surface.
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APPENDIX G. FLOW DIAGRAMS OF THE COMPUTER MODELS.

!. Basic Truncated Hemisphere ( first principles ) g
2. Basic FEM Hemisphere Model. i
;
3
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G.1 BASIC ISOTROPIC MODEL

Figure 11 depicts the flow diagram of the first principles
computer program. The method of operation of the program is as
follows :

All dimensions are in m’llimeters, pressures in
Newtons/millimeterA2 and angles in degrees. A value for the
edge moment would be in Newtonemillimeters.

1) DATA INPUT :

Enter in - Pipe cut-out diameter, hemisphere diameter and the

average wall thickness

- Internal pressure, Modulus of Elasticity and
Poissons ratio of the material of construction of
the hemisphere

- The increment angle which is the angle at which
each section of the element is to be analysed for
stress decav

FIRST PRICIFLES COMPUTER MODEL

......................................

e . +
{DATA IKPUT: ]
{ PIP® CLTOUT DIAMETER - B (mm) H $emmmmececnanan +
{ HEMISPLIRE DIAMETER - D (mm) H | CALCULATION O/ |
| INTERNAL PRESSURE - P (bars) ee--- #THE EDGE MOMENT |
| AVERAGE WALL THICKNESS (mm) H { Mo - plate !
| INCREMENT ANGLE (ox) (degrees) e L +
{ MODULUS OF ELASTICITY (N/mm"2) |
{ POISSONS RATIO :
S ‘ ------------------- +
RS T I e +
{STARTING PHI VALUE +--% TRUNC/TED ELFMENT CALC.|
; -7 | | SCREEN OUTPUT :
$omecenan ; ---------- I P +
LRt LT TP TP SR + D T L LT +
{DATA INPUT OF THE ELEMENT | | STORE/RETRIEV® !
| THICKNESSES AND THE #-===%  DATA !
{ INCLUDED ANGLES ! $ecmcmeeenniaana +
ereeenieaann. $enmmminenan +
v
+>»FOR i = 1 TO NUMBER OF ELEMENTS
I HSessancecacancsssnve +
H {ANALYSIS OF FLEMENT |
R $omemmnnnnn +
s Becconssnnconnns +
H \ PRE CALCULATIONS OF THE |
E | ELEMENT VARIABLE VALUZS |
! esccccaccnccccanncennrans +
E B "1 § = 1 TO INCLUDED ANGLE/INCREMENT ANGLE
'
1]

| CALCUTATION OF THE | | CALCULATION OF STRESS DUE!
i UEND.NG MOMENTS AND +% TO INYERNAL PRESSURE AND '
i THE MEMBRANE FORCES.| | EDGE MOMENTS STRE 7§ H

P T SIS, + $escccnccccetrcctanacianans +

$emmnecnnad ‘ ------------ L +

| SUM PRESSURE AND EDGE +-3* PRINT STRESS VALUES POUND '

| MOMENT STRESSES | | AT INCREMENT ANGLE o

Pensssnccscscccnnsssccan * $rcnccccnnnnes Pesssssnncasne -
L T +

e mremecmeen ca e m———————

P e e e s ——— - -————r————

Figure 1l1. Flow chart of the first principles computer model
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2) SCREEN display will ensue requesting an edge moment, Mo,
value. This value may be calculated wusing the pipe-cut
diameter and the internal pressure value in which case the
ENTER key should be depressed.

3) REQUEST for a starting Phi value. This angle is measured
from the hemisphere base flange to the junction of the
nozzle and its compensation overlay.

4) SCREEN OUTPUT is provided of the truncated elemert limits .
for the initial phi value data value. §
At t(his stage the program determ‘nes the initial values
required for the stress calculation equations.

- e

5) INPUT - Data of the element thicknesses and the included
angle of each element.

SRR SRS T 7

6) The stress values are detevmined for eac) element at the : 4
particular increment angles. Tais loop is completed until the
strese distribution within the element is completed. The next
element is then considered in a similar way.

7) A printout ensues of the stresses found at each increment
level of all the elements.

8) ABOUT THE PRINTOUT
The symbols used in the printout ha. ‘owing meaning:

ST TSGR 7 i

x,t = Hoop direction
y,1 = Meridional direction
in,ot - inside and outside respcctively

R AR G

N - Unit beuding moment
N - Unit force :
S - Stress due to pressure
SM =~ Stress due to the edge moment
All stress values consider either the outside wall suriface or '
the inside wall surface. % 4

The totals provide the valucs of the sum of the bending and
the plane stress values. It must be noted that the M1 value is
zero for each new element considered for alpha equal to zero.

. N g el SR,
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G.2 BASIC FEM HEMISPHERE MODEL

Figure 12 depicts the flow diagram for the Basic program of
the FEM program. Its operation is as follows.

All dimensions are 1in millimeters and the pressures and
stresses in Newtons/millimetera2.

1) DATA INPUT

Enter in ]
= Number of elements and suppressed displacements. -
-  Strength properties of the material of construction of 3
the hemisphere , the Modulus of Elasticity and the 5
Poissons Ratio. i
- Axial Pressure value ( zero for this case ) g

-~ Lateral pressure value ( Internal pressure value )

XK

e
<mrmes

&

BASIC ISOTROPIC FINITE ELEMENT METHOD 3
’ """"""""""""""""" + ."
{INPUT DATA ! 4
| NO, OF ELEMENTS !
{ NO. UF SUPPRESSED DISPLACEMENTS |
{ BLASTIC HMODULUS (N/mm’2) -
| POISSOKS RAYIO [
! LATERAL PRESSURE (N/mm 2) !

!POSITIONS OF THE SUPPRESSED DISPLACEMENTS +-#+PRINTOUT OF;
{ ELEMENT NODE DATA (X.I.T.PII) < (mm,N/mm 2)| |INPUT DATA |
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----------------------------------------------------- + i

+ . + + 2&
F

............................. NN oot i nns
LOOP PR BACH KLEGENT A
T T TR L e + 1

.commrmn :

]
]
! CODRDINATE PANAMETERS E
| B AND D MATRICES |
| PRESSURZ EFFECTS ON THE LOAD VECTOR ;
1
]
H
]

F

| SLEMENTAL LOAD AND STIFFNESS MATRIX

“q
“
| TRANSFURMATION OF THE K AND O MATRIX INTO GLOBAL AXES ?
| IHE STIFFNESS MATRIX SYSTEM §
| SET UP THE STMULTAWROUS BQUATIONS %
draveve cemEm e mEn s a .- cscvassassssnnaseanant v :
! SOLVING THE STMULTANEOUS EQUATIONS | 4
frmsmsnensennsnnnnnnn frerrassemnmunsnsnanen e + i
L T LT * ................... 4
{DATA OUTPUT :
! UW O DISPLACEME! .5 FOR EACH NODE
| STRESSES FOR EACK ELEMENT ;
fucsavnmanan inmane amsssennannee Sand
----- END UF PROGRAM

Figure 12, Flow chart of the FEM computer model.

Appendix G. Flow Diagrams of the Computer Models 157

P & " P SIS SYRERe L RPe s S S nmk»m;"fh




2) The positions of the suppressed displacements :

- These values are calculated so =~
For each node there are three possible dirsctigns in
which it may be suppressed. These being the W, , U; and 9:
directions, For a node 1, to be suppressed in a
particular direction the respective suppressed
displacement value may be calulated as follows.

U: $ I3 %4 -2
We : 3% 4 -1
& :3*{

3) DATA INPUT of the position of each node with respect to a 4
particular reference axis anud the thickness and applied
pressure on each element

The meridional radius of curvature for each element is also
entered.

4) PRINTOUT of the input data ensues.

LM L Lo

At this stage the program develops the set of simultaneous
equations for determining the stresses at each node site.

f
5) ABOUT THE PRINTOUT f r
:
The symbols used have the following meaning. s -
I - Node number i

X,R -~ Reference axes coordinates of the node. ﬁ

T - Element thickness :

PR - Internal pressure value &

E NO - Element Number 4

=
=
3
E

POS - Position on the element +1 and -1 :
MERIDIN, MERIDEX =~ Meridional stresses !
internally and externally respectively.

HOOFIN, HOOPEX = Hoop stresses internally and
externally respectively,

The printout of the stresses occurs once the simultaneous
equations are solved.
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APPENDIX H. DRAWINGS OF THE TESTING RIG

Working Drawing Specification

Appundix *y. Drawvings of the Testing Rig
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APPENDIX H. DRAWINGS OF THE TESTING RIG

Working Drawing Specification
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