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ABSTRACT

An essential aspect of the design of pressure vessels and shell

structures is the availability of analytical methods capable of provid-

ing realistic predictions of stresses and displacements for a proposed

structure. In this paper, analyses of nonradial nozzles are considered

and comparisons are made between stress distributions for a radial and

a nonradial nozzle geometry. The calculated results are compared with

experimental results obtained from extensively strain-gaged machined

steel models which were tested to provide data for direct use in ana-

lytical method development and assessment. The nonradial nozzle was

attached at an angle of 22-1/2 deg, and both nozzles protruded into the

vessels. Loading results compared are those for axial forces and pure

bending moments applied to the nozzles and internal pressure loadings.

Agreement between calculated and measured results is good, except

in a few instances, and the maximum stress in each case is predicted with

reasonable accuracy. Stress distributions for the nonradial and the radial

nozzle attachments are quite similar. However, the higher stresses, both

theoretical and experimental, occurred in the nonradial nozzle for all

loading cases.
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INTRODUCTION

Since nonradial nozzle-Co-spherical shell attachments are commonly

used, means for calculating stresses and strains for such attachments

are important in pressure vessel and shell structure design. This paper

describes results from a combined analytical and experimental study to

provide basic experimental data and to develop a method of analysis for

nonradial nozzles attached to spherical shells. Calculated and experi-

mental results are compared to demonstrate the accuracy of the analytical

method developed.

The analytical method is based on closed-form type analyses for

cylindrical and for spherical shells. The boundary conditions at the

junction for a given configuration are treated at discrete points along

the intersection curve through the use of a least squares boundary point

matching technique. The equations for the shells and the boundary con-

ditions were computerized; the computer program calculates stress distri-

butions for nonradial nozzle-spherical shell configurations subjected to

Internal pressure and axial force and bending moment loadings applied to

the nozzle. Nozzles with and without internal protrusions can be considered.

The experimental investigations were conducted primarily to provide

• data for use in analytical method development and assessment. Therefore,

machined steel models that were extensively strain-gaged in the high stress

regions were used. The models had essentially zero fillet radii in the

junction regions. Results for a nonradial nozzle attached at an angle of

22-1/2 deg and for a radial nozzle are discussed In this paper. The latter
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is used for comparison purposes in determining the influence of attachment

angle and to further assess the analytical method.

The information reported here was obtained under an Oak Ridge National

Laboratory program on Experimental and Analytical Investigations of the

Structural Behaviors of Nozzle-to-Shell Attachments. This program is a

part of the overall U.S. Atomic Energy Commission Nuclear Safety Effort

and is coordinated with the Pressure Vessel Research Committee of the

Welding Research Council.
* • »

J.- ..- '/•'. .'In the 'next' "section*- we give *a .brief .summary of .the "analysis method. V '•'/'*': .-

A discussion of the experimental program is given in the second section,

and the calculated and experimental results are described and compared in

the third section.

SUMMARY OF ANALYSIS METHOD

The method of analysis used was initially developed at Auburn University

and modified at Oak Ridge National Laboratory. This method is described in

Ref. 1; fuller descriptions are given in Refs. 2, 3 and 4. Both the radial

and the nonradial nozzle model discussed here were analyzed using this

method. A brief summary of the equations for the cylindrical shell, or

nozzle, and for the spherical shell are given in this section along with

a description of the boundary conditions-.

In the cylindrical shell case, the displacements in the axial, circum-

ferential, and normal directions, denoted by u, v, and w, respectively, are

given by



- v

(2 + v) *,aagj (1)

w « w. +

where # • * (a,6) is a displacement function. The displacement function

is given by the following differential equation:5

V* V* « + [(1 - v2)/k2] *,aaa - o (2)

The. first, term, u , in the. first of Eqs. (1) is an undetermined, rigid .body

displacement, and the terms u, and w. are displacements due to the applied

load. The remaining terms are associated with self-equilibrating edge

loadings.

The expressions for the displacements due to applied loads are as

follows.
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aud for a bending moment:

M a cos9
u l ' trER *tc c

m
W l " "

COS8
1 irER t »c c •

where 6 is'measured from the plane of the mrment.

In using Eqs. (1), the rigid body displacements associated with the

displacement function, *(a,3)> were repl ced by *

' i i * • - d 2 c o s 6 •'•""."'

v* - - (dj + d2o) sine (3) ,

w*» (dx + d2a) cose

where the d*s are constants. Thus, the total displacements are given by

linear combinations of Eqs. (3) and (1) with the appropriate terms asso-

ciated with the displacement function, $(a,8)» deleted. The forces,

moments, and rotations are calculated from the displacement equations.6

The equations for a spherical shell subjected to edge loadings can

be written in terms of a stress function, F(r,8), and the normal displace-

ment, w(r,6), by:7

Et
• ( ) V w • o

s
(4)

* \55T* # V IT O
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The membrane forces and the circumferential and meridional displacements,

u and v, respectively, are given in terms of F(r,6), while the moments

and shear forces are given in terms of w(r,6).

. The following oscillatory functions satisfy Eqs. (4):

n
w " £ [A ker (q) + B kei (q)] cosn6n n n n

(5)
Et I2 n

p . — _ — v [̂  jj-gj (q) _ g ker (q) j cosn9
K *^ Q Tl Q II

8

In the case of the method used, the total displacements were taken as the

respective sums of those given by Eqs. (5), inextensional displacement

expressions [corresponding to non-oscillatory solutions for Eqs. (4)],

given by Flttgge8, with terms corresponding to rigid body motions dis-

carded, and the displacements due to the applied load. These are there-

fore the total displacements due to combinations of self-equilibrating

loadings along a latitude circle and external loads, and they are used,

in turn, to derive expressions for rotations, forces, and moments.

The boundary conditions imposed on each shell are those required

for equilibrium and continuity of the composite shell. In the case of

. Ref. 1, only an outwardly protruding nozzle attached to a spherical shell

was considered. Three displacements, one rotation, three force components,

and one moment for each of the two members were matched along the inter-

section curve of the midsurfaces at the junction. Because the junction

curve does not coincide with coordinate curves for the shells, the boundary

conditions were satisfied approximately at discrete points by employing an

averaging technique.
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The configurations considered in this paper are single nozzle-to-

spherical shell attachments in which the nozzles protrude into the vessels.

Thus* the boundary conditions listed above were applied to each of the

three components (considering the outward and inward protruding portions

of the nozzle separately) along the curve of intersection of the mldsur-

faces. A least squares boundary point matching technique was employed.

Because of symmetry, one half of the intersection curve was considered,

and 91 points, spaced at 2 deg intervals, were selected for matching

purposes.' Twelve equations were written for each point, giving a total

of 1092 boundaryequations. The series used*in describing the shells

were composed of ten terms each, giving a combined total of 120 unknown

constants; these plus the three unknown constants associated with rigid

body notion of each of the two nozzle components made a final total of

126 unknowns and resulted in a ratio of equations to unknown constants

of 8.67. . . .

The nozzles of the composite shells were assumed to extend for large

enough distances, both outside and inside the spherical shells, that they

could be considered infinite in extent for analysis purposes. In addition,

it was assumed that there were no interactions of discontinuity effects

associated with the nozzle attachment regions and with the support regions

of the hemispherical shells. These suppositions were corroborated by the

experimental results. The computations were performed through the use of

a computer program with the acronym NONRAD-II. This program is a revised

version of a code that was developed at Auburn University.
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EXPERIMENTAL INVESTIGATIONS

The experimental results were obtained as a part of a test program^»10»H

being conducted by the Department of Mechanical and Aerospace Engineering

of the University of Tennessee. The composite shells were machined steel

models consisting of identical hemispherical shells with radial and non-

radial nozzles. Drawings of the two models considered are shown in Figs.

1 and 2; the first shows the spherical shell with a nonradial nozzle

(angle of inclination of 22-1/2 deg), while the second shows the shell

.,: ......-vith, a radial nozzle. The nozzles have the same dimensions; ..the midsur- . _. ..

face radius is 1.188 in. and the wall thickness is 0.25 in. The hemi-

spherical shells have a midsurface radius of 15.25 in. and a 0.378-in.

average wall thickness.

The nozzles were welded to the hemispherical shells with full pene-

tration welds. Each weld was hand ground and filed so that the fillet

between the shell and nozzle was of essentially zero radius. Thus,

idealized configurations were obtained so that maximum benefit could

be derived from use of the results in analytical method development

and assessment applications.

The models were instrumented with foil resistance strain gage
o

rosettes in which the three strain gages were arranged in an equi-

angular pattern. These rosettes were bonded to the inner and outer

surfaces of the shells with epoxy cement. All rosettes were Budd

Type C6F-lxl-M31-RC3, which were designed especially for use in this

test program; the gage length was 0.031 in. for the individual gages.
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The gages were mounted along lines corresponding to intersections

with five axial planes passing through the nozzle In the case of the

nonradlal nozzle. The corresponding lines on the spherical shells were

great circles. In the case of the radial nozzle-to-spherical shell attach-

ment* there were effectively two gage lines, 180-deg apart. Gage lines for

the nonradial nozzle-to-spherical shell attachment are shown in Fig. 3.

Wherever possible, the gages were radially matched on the inner and outer

surfaces to facilitate separation.of total stresses into pure bending and

., .membrane., components. _ On-all surfaces, except.the inside surfaces of the

nozzles, the nearest rosettes were located 1/16-in. from the nozzle-shell

junction. The next two rosettes were spaced at 1/8-in. intervals, the

fourth at a 3/16-in. interval, and the fifth and sixth at 1/4-in. intervals.

The spacing increased more rapidly with distance beyond the 1.0 in. distance.

For the radial nozzle, the intervals within the first 1.0 in* were 1/16,

1/16, 3/16, 3/16, 1/4, and 1/4 in.

The models were subjected to internal pressure aad axial force, bending

moment, and torsional loadings applied to the nozzle. Unabridged presenta-

tions of the results are given in Refs. 10 and 11. Of interest here are

the first three of the loadings.- The results were normalized as shown in

Table 1.

- 10 -



COMPARISONS BETWEEN CALCULATED AND EXPERIMENTAL RESULTS

The calculated and experimental results are shown in Figs. 4 through

12. The nine figures are arranged in sets of three, corresponding to each

of the three loadings. These loadings are internal pressure and axial

force and bending moment loadings applied to the nozzle, respectively.

The first two figures in each set are for the nonradial nozzle attachment,

while the third is for the radial nozzle attachment. The calculated re-

sults were obtained using the NONRAD-II computer code in all cases.

--..;•.-;. -. -'iThe portion'of the nozzles'extending outside and inside, the .shell .are

treated as separate units, with the latter being designated as the inner

nozzle. The distances in the figures are referenced to the intersection

curves for the midsurfaces of the individual shells at the junctions for

the nozzles, while the distances for the spherical shell are referenced

to the intersection of the longitudinal centerline of the nozzle with the

extended mLdsurface of the spherical shell. Experimental data were ob-

tained at the origins of the distance coordinates on the inside surfaces

of the nozzles. The stresses (denoted by S) were normalized for each

loading condition, using the normalizing factors listed in the footnotes

of Table 1. For pressure loading, the normalizing factor is the membrane

stress in the spherical shell, while the membrane stresses in the nozzle

are used for the axial force and bending moment cases.

An examination of Figs. 4 and 5 for the zero- and 180 deg. planes

(see Fig. 3) of the nonradial nozzle configuration reveals that the agree-

ment'between results is good in the case of the nozzle stresses. It should

be noted that the mean radius to thickness ratio for the nozzles ir. ,,iis
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study is 4.75, which is outside the range of thin-shell theory.12 Discrep-

ancies may be seen along the inside surfaces of the nozzles near the junction.

The axial stress predictions at the junction are larger than the experimental

values in these cases. Differences between calculated and measured results

for the sphere may also be seen, with the largest differences being asso-

ciated with the axial stresses. However, the stresses for the sphere are

. generally small in comparison with those for the nozzles.

The zero- and 180 deg planes were selected for illustration because

-the highest stresses occur in these planes for all of the .load, cases con-

sidered here. Corresponding data for the radial nozzle attachment are

shown in Fig. 6. The agreement between calculated and measured results

is very similar to that for the nonradial nozzle. Results for the spherical

shell give the most pronounced differences in this case. Overall the com-

parisons for the radial nozzle configuration agree closely with those ob-

tained previously13*1^ using a different analysis method. Both the cal-

culated and the experimentally determined maximum pressure stresses are

higher for the nonradial than the radial nozzle^attachment; £ne maximum

normalized stresses for the two configurations are listed in Table 2.

Results along the zero- and.180 deg planes of the nonradial nozzle-

to-shell attachment for axial force loading are shown in Figs. 7 and 8.

The agreement between the two sets of data for the nozzles is generally

very good for both planes, and the data for the spherical shell are in

close agreement. The largest differences occur on the inner surfaces of

the pozzies at the junction.
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The correspondence between theoretical and experimental results is

also very good for the axial force loading on the radial nozzle, as shown

in Fig. 9. Comparisons of each set of curves shows that agreement is

essentially the same as for the nonradial nozzle case. The maximum

normalized stresses for the two models are listed in Table 2, where it

may be seen that the maximum values are again associated with the non-

radial configuration.

Figures 10 and 11 depict the theoretical and experimental results

for a bending moment applied'to the nonradial nozzle in the zero-deg

plane. • Good agreement is found for this loading case, except on the

inner surfaces of the nozzle sections at the junction. Significant

differences exist between the calculated axial stress values and the

experimental values because of incorrect trends of the former in the

immediate vicinity of the junction.

For the radial nozzle configuration, the agreement is also generally

good. See Fig. 12. In this case, the largest discrepancies are again

for the axial stresses on the inner surfaces of the nozzles.

The maximum normalized stresses for all cases are listed in Table 2.

The location of the maximum stress in each case was on the outer surface

of the outer nozzle at the junction between nozzle and shell. The table

shows that the highest stresses, both calculated and experimental, were

associated with the nonradial nozzle. In the bending moment case, the

theoretical value for the radial nozzle falls between the values for the

tvb< tildes of the nonradial nozzle, but the experimental value for the
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radial nozzle was lower than those for the nonradlal configuration. For

the other two loading cases, the maximum stresses were not significantly

different for the two cases, except for the maximum experimental values

for axial force loading. The experimental value for the radial nozzle

in this case lies between the two values for the nonradial nozzle.

CONCLUSIONS

The stress distributions, although similar for the two planes con-

. side red for the nonradial nozzle, are, not the same. There are also close

similarities between the distributions for the nonradial and the radial

nozzle configurations. These observations hold for the spherical shells

as well as the nozzles and are borne out by the calculated and the measured

data.

Agreement between calculated and experimental results was generally

good, and the maximum stresses were predicted with reasonable accuracy.

Differences between theoretical and measured results were typical of those

usually obtained when discontinuity analyses based on two-piece (three-

piece in this case) shell theory are used. The major areas of lack of

agreement were for the spherical shell under internal pressure loading

• and, generally, on the inner surfaces of the nozzles in the immediate

vicinity of the intersection curve for the midsurfaces of the shell ele-

ments. However, the maximum stresses did not occur in these regions. The

nonradial nozzle configuration gave the maximum normalized stress, .both

theoretical and experimental, for internal pressure and for axial loads

on the nozzle as well as for a. pure bending moment loading in the plane

of obliquity.
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Overall the analysis method satisfactorily predicts stress and

8train distributions for nonradial nozzle attachments. Thus, it should

find important use in pressure vessel and shell-structure design.

* • • < : ; '
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NOMENCLATURE

d - mean diameter of cylindrical shell (nozzle)

D • mean diameter of spherical shell

E •• Young's Modulus •• • -

F • axial force

k - t2/12Rc
2

K - ET3/l2(l-v2)

M • bend ing moment ' " " **• * "r" '•'' •• • '.

P - Internal pressure

q - r/£

r " radius of latitude circle

R - mean radius of cylindrical shell

R * mean radius of spherical shell

e/S " ratio of membrane stress due to pressure for nozzle to that for sphere

t - t • thickness of cylindrical shell *c

t • T - thickness of spherical shell

a • axial coordinate of cylindrical shell •

t distance along shell »

c
0 m angular coordinate of cylindrical shell

v - Poisson'a ratio
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*able 1. Loads and Normalizing Factors for Nonradial and
Radial Nozzle Models with a D/T - 81.32, d/D - 0.078, and s/S - 0.234

Loading Cases

Pressure

' bAxial Thrust
on nozzle

Pure Moment0.
applied to
the nozzle

Nonradial Model

Load

400 psr "

5000 1b.

6000 In.-lb

Normalizing
Factor

8130 psi,. -1

2680 psi

5420 psi

Load

'•••\. 4 0 0 i

6000

8000

Radial

>si •::

lb

In.-lb

Model

Normalizing
Factor

: 8130 psi

3216 psi

7220 psi

^Normalizing Stress

b F
Normalizing Stress * —rr-

0Nozmalizing Stress » ffd2t



Table 2. Summary of Maximum Normalized Stresses

Loading Case

Internal
Pressure

Axial Force
applied to
the nozzle

Pure Moment
applied to
the nozzle

Theoretical

3.10

-11.15

5.70

Nonradial

0* Plane

Experimental

3.20

-11.30

5.80

Model

180*

Theoretical

2.90

-11.60

-7.50

Plane. /"•

Experimental*2

2.40 '-•;?.

-6.50 :;
\ •

- 6 . 9 5 . |

Radial

Theoretical

2.75

-11.20

6.40

Model

Experimental**

2.95

-9.50

5.50

experimental stresses were extrapolated to the nozzle-shell Intersection.
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