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SYMBOLS

Definition

= mean radius of cylinder

Eta
D = c

c 12(1-yv)

Et 3

Ds 12(1- v )

E = modulus of elasticity

H = radial shear on section in direction perpendicular
to x

i = subscript refers to internal stress

KB = stress concentration factor- for a shouldered plate
in bending

Kt = stress concentration factor for a shouldered plate
in tension

Mx = axial bending moment per unit of circumference

o = subscript refers to external stress

p = pressure acting normal to middle surface of the
shell (positive when acting away from shell axis)

R = mean radius of sphere

r = external fillet radius between cylinder and sphere

tc = cylinder wall thickness

is = sphere wall thickness

W = rotation, change of angle of tangent line to middle
surface

w = radial displacement with respect to the center
line of the cylinder

x = axial coordinate along the cylinder

y = circumferential coordinate in a plane normal to
the axis of the cylinder

a = coefficient of thermal expansion

in.-lb

in.-lb

psi

lb/ino

in. -lb/in.

psi

in.

ino

in.

in.

rad

in.

in.

in.

1/ F
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Symbol

Oc

4
ps

AT

V

abc

bs

an

anom

at

Yc
as

s

Unit

in.

in. 4

Definit ion

-3(1 _ v2)

a2 t2

3(1 - v2 )

R2 t2

= temperature difference between the cylinder and
sphere (positive when the sphere is at a higher
temperature than the cylinder)

= Poisson's ratio = 0.3

= axial bending stress in the cylinder

= meridional bending stress in the sphere

= stress in circumferential (hoop) direction on
the outside surface of the cylinder or inside
surface of the sphere*

=pR .pa. .
= -in sphere; Pin cylinder2t s sc

= stress in the axial direction in the cylinder*

= discontinuity hoop stress in cylinder

= discontinuity hoop stress in sphere

= angle between the normal to shell middle
surface and shell axis in meridional plane

*Nominal stress plus discontinuity stress.
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ABSTRACT

Design nomographs and equations have been prepared for
determining the bending stresses and hoop stresses at the
junction of a cylinder and sphere when:

1. Internal pressure exists in the sphere and
2. There is a difference in average temperature

between the cylinder and the sphere.

A correlation of calculated stresses and photoelastically
determined stresses for models with internal pressure is pre-
sented.

KAPL-2109xi





PRESSURE AND THERMAL STRESSES AT A
PIPE ATTACHMENT TO A SPHERE

INTRODUCTION

One of the simplest forms of nozzle connection for a pressure vessel
is the planned intersection of a cylindrical pipe with a spherical cap on
the vessel. When the vessel is subjected to internal pressure or when a
difference in the average wall temperatures exists between the pipe and
the vessel, an axisymmetric shear force and bending moment are required at
the juncture of the pipe and the vessel to maintain continuity of the struc-
ture. These shear forces and bending moments produce bending stresses and
hoop stresses in the two members which must be taken into consideration when
the fatigue life of the structure is evaluated for cyclic loading conditions.

The bending moment and shear force at the juncture of the cylinder and
sphere are statically indeterminate and must be evaluated by the use of the
relative flexibilities of the cylinder and sphere. Expressions relating
the deflection and rotation of the edge of the cylinder when axisymmetric
shear forces and bending moments and uniform internal pressure are applied
are given by S. Timoshenko. 1 To obtain similar expressions for the sphere,
use is made of the approximate solution given by Timoshenko in which the
sphere is replaced by a tangent cone at the edge of the opening. The solu-
tion developed for cylinders is then applied to this cone.

These expressions for the rotation and deflection of the cylinder and
sphere are used to derive dimensionless formulas for the discontinuity bend-
ing stress and hoop stress on the outer surface of the cylinder, at its
juncture with the sphere, and for the bending and hoop stress in the lati-
tude plane on the inside surface of the sphere. Since the derived formulas
are cumbersome, nomographs as well as curves have been prepared. They show
discontinuity stresses for internal pressure and differential temperature
loading for use in design calculations.

The total stress in the cylinder and sphere is obtained by adding the
membrane stresses to the discontinuity stresses.

Formulas have been derived in the Appendix for the stresses in the
cylinder and sphere with internal pressure and for a difference in average
wall temperatures between the cylinder and the sphere.

DISCUSS ION

In this derivation of dimensionless formulas for the discontinuity
stress and hoop stress, the principal assumptions are:

KAPL-21091
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FIGURE 1. COMPARISON OF MEASURED STRESSES WITH CALCULATED

STRESSES FOR VARIOUS EXTERNAL FILLET RADII (Models N-8F,
N-8G, N-8H)

1. Thin-walled theory (wall thickness is small compared with
the radius of the shell) is used.

2. The approximate solution for a cone tangent to the edge
of the opening is used to describe the flexibilities of
the sphere (see page 469 in Theory of Plates and Shells ).

3. The structure behaves elastically.

4. The modulus of elasticity is the same for the cylinder and
the sphere.

5. Poisson's ratio = 0.3.

The analytical expressions are derived in terms of dimensionless

ratios of wall thickness and radii, in order to minimize the number of
variables. The discontinuity stresses in the cylinder are expressed as
dimensionless ratios of the hoop membrane stress in the cylinder; the
discontinuity stresses in the sphere are expressed as dimensionless ratios
of the membrane stress in the sphere.

2
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FIGURE 2. COMPARISON OF MEASURED STRESSES WITH CALCULATED
STRESSES FOR VARIOUS EXTERNAL FILLET RADII (Models N-9A, N-9B,
N-9C, N-9E)

Actual nozzle designs are not described exactly by the intersection
of a cylinder and a sphere since nozzles usually have a fillet radius on
the outside surface and a corner radius on the inside surface. The effects

of various fillet radii and corner radii are shown in Figures 1 and 2.

The dimensionless stress values given in these figures are for two groups
of models in which the only variables are the inside and outside corner

radii. On any given model these radii are equal. An approximate method
for considering the effect of the outer fillet radius is given in the sec-

tion on Application of the Nomographs to a Design Problem.

The approximations used for the influence coefficients of the sphere
are expected to give the best estimate of the discontinuity stress when
the ratio R/a, i.e., the included angle of the opening, is small.

G. D. Galletly2 recommends a more precise approximation for the influence
coefficients when the included angle of the opening is less than n/6,
e.g., R/a > 3.$6. However, in his examples, he shows that the simpler
approximation that we use gives influence coefficients that are only



4

15% greater than those obtained by the more precise method when R/a ~ 5.5.
The curves on Figures 1 and 2 are obtained for models having R/a equal to

7.45 and 2.5, respectively. These curves show that the effect of the outer
fillet radius on stress concentration is a greater source of error than the

approximations used in obtaining influence coefficients for the sphere.
Therefore, we believe that Galletly, 2 for practical applications, sets
too low a limit on the ratio for R/a. However, we do not know what the

practical upper limits for this ratio should be.

The results obtained from the nomographs, prepared for design calcu-
lations, are accurate only to two places. If greater accuracy is desired,

the analytical expressions can be used. However, in using a solution of

this nature to predict the fatigue life of a real structure, we do not be-
lieve that more than two-place accuracy is justified.

Generally, in the design of pressure-retaining members, the minimum
wall thickness for any given internal radii will be determined from the

largest membrane stress. Therefore, the initial design of the structure
for cyclic loading is based on these minimum values of wall thickness.

If the design life predicted from the combination of membrane and discon-
tinuity stresses for these minimum wall thicknesses is not satisfactory,

the wall thickness of one or both members should be adjusted until a sat-
isfactory life is achieved.

APPLICATION OF THE NOMOGRAPHS TO A DESIGN PROBLEM

The total stresses on the inside and outside of the cylinder and

sphere are a combination of the discontinuity stresses obtained from the
nomographs and the nominal stresses in the cylinder and sphere. An added

correction is made in the form of a stress-concentration factor on the
outside axial stress in the cylinder to account for the re-entrant angle
between the cylinder and sphere.

To minimize the stress-concentrating effect of the re-entrant angle,
a fillet forming a circular arc tangent to the cylinder and sphere is

often used. The larger the fillet radius becomes, the closer the stress-

concentration factor approaches unity. However, another effect takes
place as the fillet radius becomes larger in proportion to the wall thick-
ness of the cylinder. That is, the additional fillet material at the loca-
tion of the maximum discontinuity moment acts to reduce the stress result-
ing from the axial force and the discontinuity moment. It does this with-
out changing the magnitude of the moment since the stiffness of the cylinder
or the sphere is not altered. The additional wall thickness to be attributed
to the cylinder by the presence of the fillet is assumed to be equal to

r(1 - cos 450) = 0.293r,



r 45-)
e r (-cos 45)

FIGURE 3. EFFECTIVE INCREASE IN THE
WALL OF THE CYLINDER DUE TO THE
PRESENCE OF THE FILLET

=KB X - t
cnom t

_ay

=c+ 1.0 +
anom

to

C + Q.293r

Vunb

where r is the fillet radius as
shown in Figure 3.

The formulas for computing
the stresses in an actual design
configuration ar*e as follows:

For the cylinder, we obtain:

2

+ 05K$tc + 0.293r

(
to

to + 02 -1

pa
lom t

c

KB = the stress concentration factor (scf) forE
plate in bending, expressed as a functions
fillet radius, and

Kt = the scf for a shouldered plate in tension.

a shouldered
of the

The values of these characteristics may be obtained from the litera-
ture. 3 " 4,

For the sphere, we obtain:

0 nom

where

+ 1.0 ,
0 nom

(3)

onom - p2ts

The stresses in the cylinder are computed for the outer surface at
the juncture with the sphere. The stress in the sphere is computed for
the inside corner of the cylinder-sphere Juncture.

The formulas for discontinuity stresses have been derived in the
Appendix for internal pressure loading and for the limiting case of a
"step" temperature change between the cylinder and the sphere. The dis-
continuity stresses for the step temperature change can be obtained from
Figures 4 through 6.

In general, a temperature change occurs during operation at full
pressure so that the total stress due to internal pressure and the tem-
perature change is required for an evaluation of the fatigue strength
of the nozzle Joint. This combined stress can be obtained by combining

KAPL-2109
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algebraically the stresses resulting from the internal pressure with
the stresses caused by the temperature change.

CCIPARISON WITH EXPERIMENTAL RESULTS

Photoelastic tests have been made in a joint study conducted by the
Bureau of Ships, the Atomic Energy Commission, and the Pressure Vessel
Research Committee of the Welding Research Council. The results of this
study are reported by Taylor et al.' 7'p8  Table 1 shows a comparison be-
tween the stresses determined from the charts and those obtained from
the photoelastic investigation.

Dimensions of the models are taken from Table 2 of Taylor et al *7

they are given in Table 2.

The stress notation used in the photoelastic investigation is shown
in Figure 7.

The test results should in Figures 1 and 2 are taken from Taylor
et al.e The dimensions of these models are given in Table 3.

KAPL-2109
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FIGURE 7. STRESS NOTATION

SAMPLE PROBLEM

To illustrate the use of the
nomograms (Figures A.3 through A.5)
and the calculation procedure, con-
sider the determination of the
stresses in Model N-5B, whose di-
mensions are given in Table 2. The

TABLE 1. COMPARISON BETWEEN CALCULATED AND MEASURED STRESSES

Inside Values

jn/anom

Measured Calculated

2.01 2.5
1.71 2.1
1.73 2.0
2.27 2.6

Outside Values

an/anom

Measured Calculated

2.64 2.5
1.90 2.0
1.85 1.7
2.73 2.3

at/anom

Measured Calculated

1.81 2.9
1.76 2.2
1.60 1.8
1.60 1.8

NOTE: 0nom =t in this table.
2t5

TABLE 2. DIES IONS OF IvDEIS

Model Main Vessel, in. Nozzle, in. Corner Fillet
Number ID Thickness ID Thickness Radius, in. Radius, in.

N-1A 14.333 0.600 2.875 0.250 0.333 0.333
N-3D 14.333 0.600 2.875 0.458 0.333 0.333
N-lE 14.333 0.600 2.875 0.600 0.333 0.333
N-5B 14.000 0.900 2.875 0.250 0.333 0.600

TABLE 3. DD.NIONS OF MJDEIS

Model Main Vessel, in. Nozzle in. Corner Fillet
Number ID Thickness ID Thickness Radius, in. Radius, in.

N-8F 14.33 0.600 1.845 0.1605 0.118 0.118
N-8G 14.33 0.600 1.845 0.1605 0.40 0.40
N-8H 14.33 0.600 1.845 0.1605 0.063 0.063
N-9A 14.33 0.600 5.51 0.478 0.118 0.118
N-9B 14.33 0.600 5.51 0.478 0.289 0.289
N-9C 14.33 0.600 5.51 0.478 0.040 0.40
N-9E 14.33 0.600 5.51 0.478 0.063 0.063

KAPL-2109
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ratios for use with Figures A.3, A.4, and A.5 are:

--- 02 = 0.278

ts 0.9

R 7+0.45 = 477
a 1.4375 + 0.125

R =7+0.45=8.28
is 0.9

The discontinuity bending stress in the cylinder is obtained from
Figure A.3 as follows:

1. Locate the point tc/ts = 0.278 on the left-hand set of
curves and from it draw a line vertically until the line
intersects the curve at the point R/a = 4.77 (interpolat-
ing between R/a = 4 and R/a = 5). With a horizontal line
through this point, locate a point on the vertical axis B.

2. Draw a straight line between the point on axis B and
R/ts = 8.28 on the diagonal scale to locate a point on
scale T.

3. Locate point tc/ts = 0.278 on the right-hand set of curves,
and draw a line vertically until it intersects the curve
R/a = 4.77. With a horizontal line through this point, lo-
cate a point on the vertical axis A.

4. Draw a straight line between the point on axis A and the
abc

point previously determined on scale T and read = 2.1.
Qnom

The discontinuity hoop stress in the cylinder is obtained from Fig-
ure A.4 and the discontinuity hoop in the sphere from Figure A.5 in the
same manner as described for obtaining the bending stress. These values
are, respectively,

= 0.9
anom

- - = 1.60

Qnom

To obtain the values given in Table 1, the cylinder stresses are mul-

tiplied by 2 to relate them to the nominal membrane stress in
R/a X tc/ts

the sphere.

For the ratio of fillet radius to cylinder wall thickness, we ob-
tain:
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r 0.6 = 2.44.
tc 0.25

The scf are obtained from Figure A.7-1 of Bureau of Ship's Report
PBl51-987 as follows:

KB = 1.14

Kt = 1.28.

When these values are substituted into Equations (1), (2), and (3), the
following stress values are obtained:

Outer surface of the cylinder

= 1.8
anom

- = 2.3
anom

Inner surface of the sphere

=.2.6 .
anom

CONCLUSIONS

The principal sources of error in the calculated values of stress
for the various models are the approximate influence coefficients used
for the sphere, the relatively thick walls of the structures, the use
of Poisson's ratio of 0.3 instead of 0.45 for the plastic models (see
page 28 of Taylor et al. 7 ) and the stress-concentration effect of the
fillet.

The last effect mentioned is considered to be the most significant.
This conclusion is based on the comparison of measured and calculated
values in Figures 1 and 2. On these figures it is shown that when
r/ts > 0.5 the agreement between the measured and calculated hoop and
axial stresses is reasonably good for engineering purposes. Similarly,
the agreement is reasonably good at the inside corner. Thus, the agree-
ment between the calculated and measured values is fairly good for (1)
those stresses which are little affected by the stress concentration
effect of the outer fillet and (2) the condition when the fillet radius
becomes large enough for the scf to approach unity. However, as the
outer fillet radius is decreased, the difference between the calculated
and measured axial stress approaches 100%.

A significant part of the difference between measured and calculated
stresses for small values of rts may be due to errors in the measured
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stresses. This conclusion is supported by the test data as explained in
the following discussion. Figures 1 and 2 show the same variation in the
outer axial stress and the outer hoop stress with decreasing r/ts. How-
ever, since the effect of the fillet would be expected to act directly
on the axial stresses and only by a Poisson' s ratio of the axial stress
in the hoop direction, there should be a greater increase in the axial
stress than occurs in the hoop stress as r/ts decreases. That is, the
measured axial stresses should show a sharper increase in gradient as
r/ts becomes smaller in the same manner as do the calculated stresses.
This tendency of the axial stress to show no greater rate of change of
stress than that shown by the hoop stress leads to the conclusion that
the measured values of axial stress may be too low at low values of r/ts.

In the foregoing discussion it is assumed that the material in the
fillet is not sufficient to alter the discontinuity forces and moments.
The assumption is supported by the fact that the stress at the inner cor-
ner is independent of the fillet radius. Thus, for the models used in
Figures 1 and 2, the discontinuity forces and moments may be considered
to be constant and the variation in stress to be due largely to the stress
concentration effect of the fillet.

The results given in Table 1 are for models with the same fillet
radius. For Models N-lA, N-lE, and N-3D, having a constant value of
r/ts = 0.555, the cylinder thickness was varied so that the variation
in calculated stresses between the models was due to changing discon-
tinuity forces and changing stress concentration factor. In these models,
even though r/ts was constant, the change in the cylinder wall thickness
resulted in a change in the stress concentration values, since these were
based on r/tc values.

On the basis of the correlations with the test models, the following
conclusions were reached:

1. Both the measurements and the calculations show that the
size of the outside fillet radius has an important effect
on the axial stress. The assumptions in the calculations
used to obtain the discontinuity forces can have less ef-
fect on the final stress values than the stress concentra-
tion resulting from the size of the outer fillet radius.
That is, the fillet can add more or less material where
the axial force and moment are maximum without affecting
their magnitude. At the same time, the fillet can change
the geometrical contour which changes the stress concen-
tration effect. Consequently, the axial stress can be
made to vary widely with the choice of fillet radius with-
out any change in the discontinuity forces and moments.

2. At small values of r/ts the measured axial stresses may
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be too low; hence the calculated values may not be as
conservative as indicated by Figures 1 and 2.

3. Agreement between the calculated and the measured stresses
indicates that reasonably good results can be expected
from the calculations for a range of variables for

2.5 < R/a < 7.5,

0.268 < tc/t < 1.0, and

r/ts >0.5.

4. Test data in Figures 1 and 2 indicate that the inside
corner radius has negligible effect on the stresses for
0.1 < r/ts > 0.7, where r is the inside corner radius.
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APPENDIX I

DERIVATION OF DISCONTINUITY STRESSES AT THE JUNCTURE OF A CYLINDER AND
SPHERE WITH A UNIFORM INTERNAL PRESSURE LOAD

H 1
HMj

RI

IC
e H

M
T H --- PCos

to

FIGURE A-1. ANALYTICAL MODEL WITH INTERNAL
PRESSURE

Expressions for the rotation
and deflection of the cylinder and
the sphere are used to derive dimen-
sionless formulas for the discon-
tinuity bending and hoop stress on
the outer surface (see Figure A.1),
of the cylinder, at its juncture with
the sphere, and in a latitude plane
on the inside surface of the sphere.
The slope and deflection of the cylin-
der must match that of the sphere at
their junction. Then, we may set

We = We ,

for the cylinder

and

wC = W5 ;

W = HWec 2 pCDc E cD

e = -_ +pat

and for the sphere

H Mx pR .
=sin + M - pRsin 0 cos 0

and

H M2 pR .2 pR2
wS= - sin2 0- sin 0+ 3 sin 0 cos0 + (l1- v)sin0,

(6)
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4

where Pc _ /3(1

4

3(R- v2 )(8)

Dc = Et (9)

= Et~(10)
Ds 12(1 - vz) 10

sin s = (11)

coss= 1 -(a). (12)

The bending stress on the outer surface of the cylinder is given by

6Mx
abc =-tX (13)

The hoop stress on the outer surface of the cylinder due to the dis-
continuity effect only is given by

Wei

ayc =- E + v c

= { 22 Fc- Mx + vbc (14)

Equations (3) through (12) are used to solve for M and H from Equa-
tions (1) and (2). The nondimensional bending stress in the cylinder is

given by
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/2i+21t+L -.. [i..063 22 41t  
- }.4

]T+ \s( 1 .l+ -L t/ J

2.33 { ()/2 1+j t)/2 + )1 2

s/ (S/2] [ te=) 2

211+ altI 1+ 1-(c-

where Onom =pa is the hoop-membrane stress in the cylinder. (16)

The nondimensional hoop stress due to discontinuity effects on the outer
surface of the cylinder is given by:

- 1.104[1+j( / - O.252[1 -

+nom 2 +j1+4 )/2] [ ) 2] 2

3/2 1 C /2 t

+ 2.33ZR( )
r R t 5/2,1t\3/212

4]+ a [J.552//(t 1) 1

0/4- .2a -0.552 t

- (T-s -(t

The bending stress on the inside surface of the sphere due to the
discontinuity effects is given by

EMx
a = t ( .18)
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or

Qb= ( 2 0bC (19)

In the latitude plane of the opening the hoop stress on the inside
surface of the sphere which is caused by the discontinuity effects is
given by:

y = aE -vab

or

= 0050- co Msin 0-H sn
320D0 213a{4D5sin 2RsD5 -Rsin

The nondimensional hoop stress in the sphere is given by:

1044tc

(R 3/2

1.

{0.634 -

1364

FR
+1-

. a

1.54

-I

- 2 L+ t / 2 +/21

5/2 " 1 5/2z
(t )2 [1Ta(t)1[-()32

12334 i[ 11

J
le 14. tc R L fc2Rt

R31.21043 s 1- +1 +arCad+19[-1 -V 4

~R c\32f 1 tt F /tc\21

2l (t) /23 ["R f(]+ r 1 - t J]21 a s e

JP2 J 
+5/2S 2

anam = 2 is the membrane stress in the sphere.

ay

- Vab 5 * (20)

(21)

where

fr2

(22)
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APPENDIX II

DERIVATION OF DISCONTINUITY STRESSES AT THE JUNCTURE OF A CYLINDER AND
SPHERE WITH A DIFFERENCE IN AVERAGE WALL TEMPERATURE

BETWEEN THE CYLINDER AND SPHERE

H

H

Nis

FIGURE A-2. ANALYTICAL MODEL WITH
"STEP" TEMPERATURE CHARGE

w = - H sin2 0 - _ -D
2Ps~s20lD,

When the differential tempera-
ture loading is considered, the
equations for the slope and dis-
placement of the cylinder and sphere
at their juncture are (see Figure A.2):

H Mx
c 2p2Dc #cDc

H Mx
Wc 3 2+XTc

2PsD5  2pDc

H
Ws = -zsin 0+

2psDsPS DS

sin 0 + ac~r 5 -

(23)

(2.4)

(25)

(26)

We may solve for H and Mx with Equations (1) and (2). Knowing H and
Mx, the bending stress in the cylinder, we may obtain the hoop stress in
the cylinder and the hoop stress in the sphere from Equations (13), (14),
and (20).

The nondimensional stresses caused by the difference in temperature be-
tween the cylinder and sphere are as follows. The bending stress in the
cylinder is

(27)EbCL

where

lo.82 1 -
,

E 02 + 1t - 1 -

AT =(Ts -To,) (28)

KAPL-2109

W +--w

Tc

H

H

Ts \



A.6

The hoop stress on the outer surface of the cylinder is given by

2 + ()5/2J - 0.4561 -()2

EcAT

of

2 +1 1(t)/ 2 1
Ta (g

(29)

The hoop stress in the latitude plane of the opening on the inside
the sphere is given by

t3/2 2 1+ 8 5/2 + 1.545 TL

EaL _

NJa 2 1 +)/21l/2 ()2]2I

(30)

The influence coefficients relating the edge forces and moments to
the edge rotations and deflections for the cylinder and sphere are derived
in the "Theory of Plates and Shells" by S. Timoshenko. 1 The influence co-
efficients for the sphere are based on an approximate analysis in which
the portion of the sphere near the edge is replaced by a tangent conical
shell; the equation developed for the circular cylinder is used to obtain
a solution for this conical shell.

The influence coefficients used for the edge moment and shear force
are obtained from Timoshenko's2 equations by substituting X = 5Pa.

3T imoshenko ,S., Theory of Plates and Shells, 1st ed. (New York:
McGraw Hill Book Co., 1940).

2 ibid pages 470-471.
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2 FIGURE A.3. BENDING STRESS IN -THE CYI
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EXAMPLE

tc/ts =0.278
0 bc / no m

SOLUTION.

R/o =4.77, R/ts

tc/ts

LINDER

=8.28GI
Fl

(I) LOCATE POINT ON "B" FOR tc/i ts =0.278
AND R /o =5

(2) CONNECT POINT ON"B" WITH R/ts= 8.28
TO LOCATE A POINT ONT"

(3) LOCATE POINT ONW"A" FOR tc/ts = 0.278
AND R/o =4.77

(4) CONNECT POINT ON "A" WITH POINT ON"T"
AND READ

0~b/%0~og2.I Thnm=

.0
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FOR THE SAME GIVEN
PARAMETERS THE HOOP
STRESS IN THE CYLINDER
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FIGURE A.4. HOOP STRESS IN THE CYLINDER
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