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PROGRESS REPORT ON STUDIES IN APPLIED SOLID MECHANICS

ABSTRACT

The accomplishments made during the calendar year
1969 under Oak Ridge National Laboratory programs
for developing structural design technology for piping
components and for nozzle-to-pressure vessel attach
ment regions are described. These programs, being
conducted in cooperation with industry through the
Pressure Vessel Research Committee (PVRC) of the
Welding Research Council, have as their primary objec
tive the development of improved design methods for
assuring, on a practical level, the structural integrity of
the pressure vessels and primary coolant systems of
nuclear power plants. The piping and nozzle programs,
discussed in Parts I and II of the report, respectively,
are directed at obtaining experimental data on struc
tural behavior and establishing experimentally proven
methods of design and analysis. This information is
used in the development of design rules and analytical
procedures for incorporation into current industry-
developed standards and USAEC Division of Reactor
Development and Technology (RDT) supplemental
standards. The technology is also applicable to non-
nuclear systems.

INTRODUCTION AND SUMMARY

This report describes the progress during the calendar
year 1969 on programs for developing structural design
technology for piping components and for nozzle-to-
pressure vessel attachment regions; the combination is
termed studies in applied solid mechanics. These are on
going programs which are reported in the Oak Ridge
National Laboratory Nuclear Safety Program bimonthly
and annual reports. However, the results are also given
separately at this time because of the importance of the
work, the developments during the period, and the
desirability of emphasizing these portions of the overall
Nuclear Safety Program.

Both the nozzle and piping programs are being
conducted in cooperation with industry through the
Pressure Vessel Research Committee (PVRC) of the
Welding Research Council. The objectives of the pro
grams are to improve, on a practical level, the assur
ances of integrity of the pressure vessels and primary
coolant systems of nuclear power plants. Applications
of the technology developed are not limited, however,
to nuclear reactor systems. The nozzle and piping
programs are directed at producing experimental data

on structural behavior and at establishing experimen
tally proven methods of design and analysis that will be
incorporated into current industry-developed standards.

Design Criteria for Piping, Pumps, and Valves

The ORNL program on design criteria for piping,
pumps, and valves is the AEC-supported portion of a
cooperative effort with industry to develop background
information and design techniques for use in safety
codes and standards for present-generation nuclear
power plant piping systems. Close cooperation with
industry is maintained through the Pressure Vessel
Research Committee, and with the various code-writing
bodies such as the American National Standards Insti
tute (ANSI), formerly the United States of America
Standards Institute (USASI), and the American Society
of Mechanical Engineers (ASME). During the past year,
code rules and the associated stress indices for the
design of small branch connections were developed
under the ORNL program and were incorporated into
the USASI Standard Code for Pressure Piping, Nuclear
Power Piping - USA standard B31.7, published by the
ASME in 1969.

A brief summary of work under the ORNL portions
of the program is given below. A more detailed
description is given in Part I of this report.

The experimental analysis of a thin-walled cylindrical
shell with a branch connection was completed, and the
results were compared with a finite-element elastic
analysis. Comparisons between the experimental and
analytical results for the internal pressure loading case
are presented and show overall good agreement,
especially for the maximum values. Results from the
entire study, consisting of 13 different loadings - three
mutually perpendicular force and moment components
applied on the ends of the run and branch —as well as
internal pressure, will be reported separately. The
experimental data provide a much-needed basis for the
further development of finite-element techniques for
the stress analysis of shell structures.

Both the experimental and analytical studies of ASA
B16.9 tees are well under way. Experimental work is
being done at ORNL and, under subcontract, at
Southwest Research Institute, Combustion Engineering,
Inc., and Westinghouse Research Laboratories. Ana
lytical development work is being done at the Uni
versity of California. The interrelationship between



these tasks and the individual progress accomplished
during the year are discussed in detail. During the
coming year a great deal of data from these tasks will
become available, and the remaining tests can be
planned in detail.

Experimental and analytical studies for elbows and
miters were also initiated during 1969. The experi
mental work includes plastic collapse tests of standard
short- and long-radius elbows and elastic response tests
of machined elbows with perfect geometry and with
controlled distortions. Analytical studies include theo
retical development work for miters, studies of the
influence of straight pipe welded to the elbows, and
analysis of the experimental models.

Overall progress under the ORNL piping program has
been very good. Many different task efforts are fully
under way, and the influence of this program is already
being recognized in the new codes and standards.

Experimental and Analytical Investigations of Nozzles

The Oak Ridge National Laboratory has been assigned
the responsibility for managing and directing as well as
participating in experimental and analytical studies
related to the structural behavior of nozzle attachments

in spherical and cylindrical shells. These studies provide
basic engineering data for design of nuclear reactor
pressure vessels, as well as pressure vessels for other
applications, and are being carried out in close coopera
tion with industry through the Pressure Vessel Research
Committee. Nozzles attached singly and in clusters are
being studied. A summary statement of the work under
this program is given below, with a more detailed report
contained in Part II.

An analytical study using the method of finite
elements on the effects of reinforcement of a radial

nozzle in a spherical shell was initiated. In order to
provide background information regarding the particu
lar finite-element computer code used, two nozzle-to-
spherical-shell models which had been tested previously
were analyzed. The finite-element results were com
pared with the experimental results and with results
from a thin-shell analysis. Close agreement between the
finite-element results and the thin-shell theory results
was obtained except in the immediate vicinity of the
junction, where the finite-element method reflected
local stress concentrations.

In another study on closed-form solution type shell
analysis, analytical and experimental comparisons for a
large radial nozzle attached to a spherical shell were
made. The experimental model was loaded under

internal pressure and an axial force applied to the
nozzle. The experimental and theoretical results agree
satisfactorily in both distribution and magnitude,
except for the stresses at the inner surface of the
sphere. The highest stresses calculated for the model
agreed quite well with the experimental data.

A single nonradial nozzle attached to a spherical shell
at an oblique angle of 22.5° was tested to examine
elastic behavior under internal pressure and force and
moment loadings acting in the nozzle. In addition, a
large radial nozzle attached to a spherical shell was
tested. Results from the latter nozzle were used for the

above analytical comparison.
A theoretical solution for a radial nozzle attached to a

cylindrical shell loaded with either an internal pressure
or an out-of-plane bending moment applied to the
nozzle was completed, programmed for the computer,
and checked. The analysis of a photelastic model,
Westinghouse WC-2AY, for the case of internal pressure
gave reasonably good agreement with experimental
results for the maximum stresses. However, near the
nozzle-to-shell intersection the stress distributions pre
dicted by the analysis differed considerably from the
photoelastic results.

A finite-element study is being made to determine the
stress concentrations occurring in stepped cylindrical
shells with various fillet radii. Two cases have been

analyzed for internal pressure loading, both of which
had dimensionless parameter ratios of t/T= 1.5 and a/t
= 5.0, where t and T are the wall thicknesses of the two

cylinders and a is the radius of the smaller cylinder. In
one case there was no fillet at the transition, while in
the other case the fillet had a radius equal to 0.3 X t.
The effect of the fillet was to reduce the maximum

stress by 9%.

A machined 45° lateral was tested under internal
pressure. The maximum stresses occurred at the acute
inside corner in the circumferential direction. At the

fillet opposite the acute inside corner, the circum
ferential stresses were compressive and much smaller in
magnitude. The highest stress on the outside surface
was on the transverse plane of the run.

Series of photoelastic tests were made for lateral and
hillside nozzles in cylindrical shells, one hillside opening
in a cylindrical shell, oblique nozzles in spherical shells,
and one oblique opening in a spherical shell. In all, 15
nozzles and openings were studied. These nozzles and
openings were contained in three cylindrical pressure
vessel models with hemispherical end closures. The first
two models each contained five nozzles and one

opening, while the third model contained five nozzles



and two openings. However, only one nozzle and the
two openings contained in the third model were
analyzed.

Lower bound limit pressures have been calculated and
have been experimentally verified for radial nozzles
attached to cylindrical shells within the parameter range
d/D < 0.5. Upper bound limit pressures have been
determined analytically within the range 0 < d/D < 1.0,
and experimental data are being obtained for verification.
In a separate study a limit load and pressure burst test
was conducted on a thin-walled cylindrical shell with a

single radial nozzle. Both the load vs deflection curves
and the load vs strain curves were nonlinear over

practically the entire pressure range. It thus appears
that the limit load concept is invalid for thin shells of
this type.

Analytical solutions for the stresses in square flat
plates with clusters of holes have been calculated for
plates with one, two, three, four, and five holes.
Experimental results were obtained for plates with one
hole and with two holes for both uniaxial and biaxial

tension in the plates, and comparisons between the
analytical and experimental results for the one-hole
plate show excellent agreement. Comparisons for the
two-hole plate are currently being prepared.

A computer program is being developed to analyze
clusters of nozzles attached to square flat plates. At
present the program is being used to analyze one nozzle
attached to a circular plate for comparison with an
existing program based on shell theory. Comparisons
for the internal pressure load and for an axial force load
on the nozzle were excellent. Discrepancies, however,
exist for other loads, and further study is required to
resolve the differences.

A model consisting of two closely spaced large radial
nozzles attached to a spherical shell was tested for an
internal pressure load and for an axial thrust load and a
bending moment load on one of the nozzles. For the
internal pressure case, the meridional stresses between
the two nozzles were lower than those measured

elsewhere, and the circumferential stresses between the
two nozzles were higher than those measured elsewhere.
Experimental results from the axial thrust case are
being studied.

Finally, a set of alternate pressure vessel code rules
was developed, which pertain to reinforcement of radial
nozzles attached to spherical and cylindrical shells.
These rules have been submitted to the ASME Design
Committee's Subgroup on Openings and Attachments
for use in pressure vessel codes.
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Introduction

Basic structural information and design data are being
developed for assuring the continued adequate and safe
design of piping systems for nuclear service. The ORNL
work is primarily concerned with piping components
and is part of a larger AEC-industry cooperative
program for developing design criteria for piping com
ponents, pumps, and valves. Through this program,
factors urgently needed for use both in industry and in
AEC-RDT codes and standards are being developed
which delineate design practices commensurate with
meeting reliability and safety requirements.

Primary tasks to be carried out are accurate, thorough
experimental and analytical stress analyses of pipe
fittings. At present, the experimental work is confined
to tees, branch connections, and elbows, while ana
lytical studies are planned for all standard pipe fittings.
From the analyses and companion studies, data cor
relations and evaluations will be made; design charts,
graphs, and tables will be prepared; and code rules will
be drafted for use by the various code bodies. Data will
be presented in terms of stress indices and flexibility
factors for direct use. Overall interpretive reports will
also be written on work sponsored under this program
and on that done by others.

The ORNL program is based on a research proposal1
consisting of 12 tasks for the development of stress
indices and methods of analysis which was developed
by the Ad-Hoc Committee of the Pressure Vessel
Research Committee (PVRC) of the Welding Research
Council. The AEC agreed2 to sponsor a portion of the
work on piping components in a cooperative effort
between AEC and industry and asked that industry
sponsor the remaining tasks on pumps and valves and
the development of low-cycle fatigue criteria. Oak
Ridge National Laboratory was charged with the
responsibility for planning, managing, and directing the
AEC portion of the cooperative program, with specific
management functions to include the following:

1. detailed technical planning of the program and
development of work priorities;

2. procurement of consultant services, materials, and
placing of contracts for research and development;

1Program and Request for Proposals for Development of
Stress Indices and Methods of Analysis for Piping Components,
Pumps, and Valves, unnumbered PVRC report dated July 1,
1967.

2Letter from AEC Division of Reactor Development and
Technology (DRDT), Director, Milton Shaw, to C. F. Larson,
Executive Secretary, Pressure Vessel Research Committee, Jan.
9, 1968. Subject: PVRC Proposed Program for Development of
Stress Indices for Piping, Pumps, and Valves.

3. a coordination of work with cooperating organiza
tions;

4. periodic reporting of progress of work;

5. preparation of summary reports;

6. development of recommended requirements for
specifications, codes, and standards necessary to
provide for the assured continued safety of nuclear
plant piping, pumps, and valves.

A permanent subcommittee of the PVRC, the Sub
committee to Develop Stress Indices for Piping, Pumps,
and Valves, was formed to coordinate the non-AEC
portion of the work and to advise the code-writing
bodies. This subcommittee is composed of four working
task groups, one of which was asked to review, consult
with, and advise ORNL in its program. Periodically the
subcommittee and the working task groups meet to
discuss the various research efforts. Results from the

ORNL program as well as the industry-supported work
are used to form recommendations concerning the
methods of analysis and design rules for the various
code-writing bodies. Annual information meetings are
also held, usually in conjunction with a subcommittee
meeting. The 1969 information meeting was a two-day
conference, Studies in Applied Solid Mechanics, held
April 28 and 29 in conjunction with the Experimental
and Analytical Investigation of Nozzles (ORNL nozzles
program) information meeting. A tentative date for the
next annual meeting has been set for April 1—3,1970.

The scope of the ORNL piping program includes both
analytical and experimental studies for the basic com
ponents that may be used in class I nuclear piping
systems. The objectives of the work are to provide basic
information on the structural behavior of piping com
ponents and to organize this information in a con
venient manner for use in safety codes and standards
such as the USA Standard Code for Pressure Piping,
Nuclear Power Piping - Section B31.7 (ref. 3) and the
AEC Division of Reactor Development and Technology
(RDT) standards.4 's Both these codes require a detailed
stress analysis and stress report for class I piping
system components similar to the requirements of

USA Standard, Code for Pressure Piping, Nuclear Power
Piping, USAS B31. 7, American Society of Mechanical Engi
neers, New York, 1969.

4Nuclear Piping Analysis, RDT E7-1, USAEC Division of
Reactor Development and Technology (to be published).

5Design Specification forNuclear Piping, RDT E7-2, USAEC
Division of Reactor Development and Technology (to be
published).



Section III of the ASME Boiler and Pressure Vessel

Code6 for class A vessels.

Satisfactory analytical stress analysis methods, how
ever, have not been developed for many of the
components used in class I piping systems, thus making
individual design analyses both difficult and costly
relative to the cost of the hardware. On the other hand,

many types of components are, to a certain extent,
standardized, and once analytical methods or sufficient
experimental data are available to predict the behavior
of such standardized components, the future cost of the
analyses will become relatively small. This economy is
further enhanced by developing design graphs and
tables using analytical methods or empirical correlations
from experimental data and by introducing simplified
methods for using the results in structural evaluations.
The stress indices being developed under the ORNL
piping program are intended for use with the simplified
analytical procedures of USA standard B31.7.

Table 1 shows a listing of the various piping com
ponents and the specific studies planned for each of
the components, indicated by an "X" in the appro
priate column. The program is somewhat flexible in
that, as the work progresses, additional studies will be
added as the needs are identified. One important
function of the PVRC Subcommittee to Develop Stress
Indices for Piping, Pumps, and Valves is to provide a
continuing assessment of the needs and objectives of
the work and to assist ORNL in planning extensions or
revisions to the program. A summary of the work under
the ORNL piping program during the past year is given
below.

Survey Reports

Literature Survey

As implied in the first column of Table 1, a great
deal of applicable information that can be used in this
program already exists in the literature. The first major
objective was therefore to identify and evaluate existing
test data and analytical methods. The preliminary draft
of a comprehensive literature review7 has been com
piled at Battelle Memorial Institute with the help of
Southwest Research Institute, under subcontract to
ORNL. Over 700 references on various aspects of stress
analysis of piping system components were collected
and analyzed for application in the development of
stress indices and structural design methods suitable for
code use. Copies of the draft were distributed to the
AEC, to the RDT Standards Program Office at ORNL,
to the PVRC Subcommittee, and to various individuals
for comment and review and to elicit additional

information. The review process was completed August
15, 1969, and the final draft is in preparation. Plans
have been made to publish the report as a USAEC
Division of Technical Information document and to

prepare a condensed version for consideration as a
Welding Research Council Bulletin. It is intended that

ASME Boiler and Pressure Vessel Code. Section III. Nuclear
Vessels, American Society of Mechanical Engineers, New York,
1969.

E. C. Rodabaugh and A. G. Pickett, Survey Report on
Structural Design and Piping Components (to be published).

Table 1. Studies for Class I Piping System Components

Evaluation of

Existing Data
and Analytical

Methods

Analytical Experimental Limit Load Thermal Stress
Fatigue
Tests

Component Methods

Development
Stress

Analysis

Test and

Analysis

Analysis and/or
Tests

Straight pipe (out of roundness, X

flat spots, peaks)

Circumferential butt welds X X

Local attachments to straight X X

pipe (lugs, supports, anchors)
Socket welding and X X

threaded fittings
Transition joints X X

Concentric reducers X X

Elbows, miter bends, and curved pipe X X X X X"

Flanged joints X X

Branch connections X X X X X

ASA B16.9 tees X X X X X

"Oval and thinned elbows.



this report will be a major source of reference for
existing information and for planning future additions
to the ORNL program.

Class I Piping System Components

A survey report is being prepared on the number and
type of piping components being used in class I piping
systems in new water-cooled nuclear power plant
construction. This information is being developed in
order to assure that the scope of the ORNL piping
program properly reflects the needs of present-
generation nuclear power plant design. The types of
components most often used, the range of sizes, the
design conditions such as pressure and temperature, the
material used, and the fabrication procedures should all
be considered in order to obtain maximum benefit from

the research efforts. In this survey we plan to document
the piping systems of several typical plants of both the
boiling-water (BWR) and the pressurized-water (PWR)
type.

The piping system of Millstone Point I, a 549-MWe
BWR nuclear power plant located at Niantic, Con
necticut, has been audited. We also plan to examine
Millstone Point II, an 828-MWe PWR, and perhaps one
or two other plants that are under construction. Piping
systems in the Millstone I plant identified as class I are
the nuclear steam supply systems, all the reactor
emergency systems, and the piping in the condensate
feedwater system. The nuclear steam supply systems
include the recirculating piping system and all piping
connections from the reactor vessel up to and including
the first isolation valve external to the dry well.

In order to develop a documented "as-built" listing, it
was necessary to examine site construction drawings,
called spool piece drawings, and lists of purchased
materials at the plant location. This proved to be the
only way that a complete list of components could be
obtained, including those purchased to ASA standards
and those which are specialty items, because the
detailed design of the piping system is the responsibility
of the architectural engineer and is done after the plant
is actually under construction. It is interesting to note
that in the class I piping systems in this plant, there are
422 individual components, excluding straight pipe
sections, and many of these are one of a kind. If this
piping were constructed according to the rules of USAS
B31.7, a complete stress analysis of each component
would be required and a stress report covering the
entire class I piping written.

Dimensional Survey of Pipe Fittings

A survey and dimensional analysis of standard pipe
fittings was conducted8 in order to investigate the
dimensional variations that might be obtained in com
mercially available butt welding and screwed fittings.
The objectives of this study were to assemble, on a
limited basis, a detailed dimensional description of
commercial fittings in order to determine, if possible, a
"nominal shape," and to statistically evaluate the
dimensional variations from this nominal shape. Since
stress indices and simplified design methods are being
developed for standard fittings based on their nominal
shape, an indication of the dimensional variations to be
expected is needed to assure that proper consideration
is given in the development of conservative and realistic
design factors.

A small number of piping components were pur
chased "off the shelf' from four different manufac

turers, and the dimensions and shape of these com
ponents were studied in detail. Sixty-four carbon steel
(WPB) and stainless steel (type 304) fittings consisting
of elbows, tees, reducers, and caps were examined. Most
of these were 4-in. sched 40 fittings; however, a few
6-in. sched 80 fittings were included. We also obtained
complete dimensional data from 18 ASA standard
B16.9 tees, with nominal diameters ranging from 6 to
24 in. and wall thicknesses from sched 40 to sched 160.

Dimensional information on this small number of

fittings cannot be expected to represent, even in a
reasonable fashion, all the fittings which might be used
in a nuclear power plant. For example, there were fewer
fittings used, in this study than in the Millstone I plant
discussed above. The study does, however, give some
perspective to the kind of dimensional variations that
can be expected for the different components, and,
through the use of statistical methods in reducing the
data, it was possible to discuss the results in a
quantitative manner. In general, the results indicate that
rather large dimensional variations can be expected for
most piping components, especially when the product
of several different manufacturers is considered. It is

therefore prudent, in the development of generally
applicable design factors, to stress the use of conserva
tive numbers.

J. P. Callahan, J. N. Robinson, and S. E. Moore, Dimen
sional Study ofASA Standard Pipe Fittings (to be published).
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Theoretical and Experimental Analysis of Thin-Shell
Cylinder-to-Cylinder Models

The first in a series of four thin-shell cylinder-to-
cylinder models has been tested at ORNL, and the
experimentally determined stresses have been compared
with theoretical predictions obtained from a finite-
element analysis. The models in this series, listed in
Table 2, are idealized thin-shell structures consisting
of two circular cylindrical shells intersecting at right
angles. There are no transition regions, reinforcements,
or fillets at the junction. Model 1 has been analyzed,
and models 2 and 3 are being fabricated; they will be
analyzed during the coming year. These model studies
serve two basic purposes: (1) the experimental data will
directly provide design information applicable to
nozzles in cylindrical vessels and (2) the idealized
models serve a basic need for test results for use in

developing theoretical analyses applicable to piping tees
as well as nozzles in cylindrical pressure vessels.

The first model, together with the loadings and
boundary conditions to which it was subjected, is
depicted schematically in Fig. 1. The mean diameter
of the cylinder was 9.9 in., and its thickness was 0.10
in. The nozzle mean diameter was 4.95 in., and the

thickness was 0.05 in. The mean diameter-to-thickness

ratio for both cylinder and nozzle was thus 99. A total
of 13 separate loading cases were analyzed. In addition
to an internal pressure of 50 psi, these consisted of
three mutually perpendicular force components and
three mutually perpendicular moment components ap
plied at the free end of the cylinder and at the free end
of the nozzle. The left end of the cylinder, as seen in
Fig. 1, was rigidly fixed in the plane X = 0, while the
free end of the cylinder and the end of the nozzle were

Table 2. Thin-Shell Cylinder-to-Cylinder Tee Models

Model Major Dimensions"

Do do T

(in.)

t

Dimensionless Parameters

No. *J*>0 DjT V' s/Sb

1 10.0 5.0 0.1 0.05 0.5 100 100.0 1.00

2 10.0 10.0 0.1 0.1 1.0 100 100.0 1.00

3 10.0 1.29 0.2 0.168 0.129 50 7.7 0.154

4C 10.0 1.29 0.2 0.064 0.129 50 20.2 0.40

"D0 is theoutside diameter of the cylindrical shell, d0 is theoutside
diameter of the nozzle, T is the wall thickness of the cylindrical shell,

and / is the wall thickness of the nozzle.

'The dimensionless parameter s/S is the ratio of membrane stress in
the nozzle to the membrane stress in the cylindrical shell due to
internal pressure loading; in terms of other parameters,s/S =d/D X T/t.

'Model 4 will be made by boring out the nozzle of model 3.

ORNL-DWG 68-9409B

DIMENSIONS ARE IN INCHES

Fig. 1. Schematic Drawing of Thin-Shell Cylinder-to-Cylinder
Model.

closed off by thick plates. These plates restrained the
boundary circles in such a way that they remained
plane circles, and at the edges the shells were largely
restrained against rotation with respect to the planes of
the edge circles.

In the following sections, the construction and
experimental test of this first cylinder-to-cylinder
model are briefly described, the finite-element analysis
of the model is described, and comparisons of the
experimental results with the finite-element predictions
are presented for the internal pressure loading case. A
topical report covering the entire study is being
prepared.

Model Construction and Experimental Analysis

The material for the first cylinder-to-cylinder model
was a low-carbon steel. The model was made by welding
together two thick-walled cylinders and then carefully
machining the thin-walled model from the weldment.
After finishing the inner surface of the cylinder and
nozzle by boring, the outer surfaces were machined
down to the junction region. Finally, the junction
region was finished by hand. The resulting model was of
relatively high quality. Despite the care taken in
machining the model, however, there were inevitably
slight geometric imperfections. These imperfections
caused some discrepancies in experimental data from
regions that should have, theoretically, behaved exactly
the same.
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The strain-gage layout for the model is given in Fig. 2,
which shows developed views of the cylinder and
nozzle. A total of 322 three-gage strain rosettes were
used. These rosettes were arranged primarily in two
opposite quadrants of the model, as shown in the
figure. Each quadrant had four lines, or strings, of
gages. On the nozzle, the gage lines were spaced at 30°
intervals and were oriented in the axial direction along
the nozzle. On the cylinder, the gage lines were helical
curves perpendicular to the junction at the points where
the nozzle gage lines intersected the junction line.
Rosettes were placed on both the inside and outside
surfaces at the points indicated in Fig. 2. The rosettes
were Micro-Measurements type EA-06-30YB-120, which
is a very compact foil gage with an individual active
gage length of 0.030 in.

270°

The instrumented model is shown in Fig. 3. In this
photograph, an out-of-plane moment is being applied to
the nozzle.

Theoretical Analysis

The purpose of the theoretical analysis of the first
model was to evaluate the accuracy and general
capability of the finite-element method in the analysis
of thin-shell cylinder-to-cylinder configurations. This is
a difficult task because, unlike the well-developed and
accepted finite-element formulations for solid bodies,
there are no completely satisfactory formulations for
general curved shell structures. Both flat-plate and
curved-shell elements have been used. The representa
tion of curved surfaces by flat elements has obvious

ORNL-DWG 70-432

90°

144 3-GAGE

ROSETTES ON

NOZZLE

TOTAL NUMBER OF GAGES:

322 3-GAGE ROSETTES

966 INDIVIDUAL GAGES

150'

120°

330'

300'

NOZZLE MIDSURFACE

°^H

DIMENSIONS IN INCHES

CYLINDER

0 12 3 4 6
1V2

ROSETTE SPACING

TYPICAL OF ALL ANGULAR LOCATIONS

CYLINDER MIDSURFACE

Fig. 2. Strain Gage Layout for Thin-Shell Cylinder-to-Cylinder Model (Inside and Outside Surfaces).
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Fig. 3. Instrumented Thin-Shell Cylinder-to-Cylinder Model in Test Frame.
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CYLINDER

THIS IS ONE-HALF

OF DEVELOPED SHAPE

0RNL-DWG69-10664R

END PLATE

Fig. 4. Finite-Element Mesh Layout.

shortcomings; on the other hand, the formulation of
satisfactory curved elements faces many difficulties, so
that they are at a relatively early stage of develop
ment. 9

The finite-element shell program chosen for this
comparison is believed to be representative of the
present state of the art. It was originally developed by
C. P. Johnson as a Ph.D. dissertation1 under Professor
R. W. Clough at the University of California, Berkeley.
The program was subsequently modified to adapt it to
the analysis of intersecting shell surfaces, such as those
found in cylinder-to-cylinder configurations,11 and it
was this modified program, called JOINT, which was
used in the present study. The specific analysis that has
been compared with experimental results was per
formed at the University of California under the
direction of Professor R. W. Clough.

R. H. Gallagher, "Analysis of Plate and Shell Structures,"
pp. 155 -205 in Proceedings of the Symposium on Application
of Finite Element Methods in Civil Engineering, American
Society of Civil Engineers, November 1969.

I0C. P. Johnson, The Analysis of Thin Shells by a Finite
Element Procedure, Structures and Materials Research, Depart
ment of Civil Engineering, University of California, Berkeley,
Report No. 67-22 (September 1967).

The basic elements used in this program are flat-plate
elements of general quadrilateral shape and are built up
as an assemblage of four triangular elements. Each
triangular element has a membrane stiffness property
based on assumed quadratic displacement patterns in
the plane of the element and a bending stiffness based
on cubic displacements normal to the element. The
resulting quadrilateral element has five degrees of
freedom at each corner, the rotation about the normal
to the plate being neglected.

The finite-element representation that was used is
shown in Fig. 4. Because of symmetry considera
tions it was only necessary to consider one half of the
structure. The mesh had 649 nodes, resulting in about
3000 equations.

The principal boundary conditions used in the anal
ysis included full fixity at all nodes attached to the
left-hand support. The heavy plates that closed the free
ends of the cylinder and nozzle were included in the
finite-element idealization. The boundary conditions
used for the nodes along the symmetry plane provided

Ojars Greste and Ray W. Clough, Finite Analysis of Tubular
Joints: A Report on a Feasibility Study, Structures and
Materials Research, Department of Civil Engineering, University
of California, Berkeley, Report No. 67-7 (April 1967).
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for either symmetrical or antisymmetrical deforma
tions, depending on the loading.

Comparison of Theory and Experiment for Internal
Pressure Loading

The experimentally determined stresses are compared
with the finite-element predictions in Figs. 5—12 for
all of the gage lines. These figures are arranged in pairs
that should, theoretically, match. The results at 0 and
180° (refer to Fig. 2) are shown in Figs. 5 and 6,
respectively; the 330 and 150° results in Figs. 7 and 8;
the 300 and 120° results in Figs. 9 and 10; and the 270
and 90° results in Figs. 11 and 12. In each of these
figures, "longitudinal stress" refers to the normal stress
in the direction of the line of gages, and "transverse
stress" refers to the normal stress perpendicular to the
line of gages.

An examination of Figs. 5 and 6, which show
the results in the longitudinal plane of symmetry,
reveals very good agreement between theory and
experiment. Furthermore, the experimental points seem
consistent, and the agreement between the 0 and the
180° experimental results isgood.

An examination of the remaining figures reveals two
trends. First, as the transverse plane of symmetry (270
and 90°) is approached, the agreement between theory
and experiment becomes less satisfactory, although it is
still reasonably good except for the stresses in the
nozzle at 270 and 90°. This decrease in the agreement
between theory and experiment is not surprising,
because the shortcomings of the flat-plate-element
representation would be expected to have a greater
influence in the transverse plane than in the longi
tudinal plane. These shortcomings are described by
Gallagher.9

The second trend is that the experimental results
from lines which should exhibit identical results often

disagree. It is felt that this disagreement is a conse
quence of the cumulative effect of the very small
geometric imperfections in the model. The two halves
of the experimental model, defined by the longitudinal
plane of symmetry, were not identical.

The comparison of predictions with experimental
results thus shows reasonably good qualitative agree
ment in all cases except for the nozzle at the transverse
plane. In addition, the quantitative agreement is ex
cellent at many points. In particular, the maximum
stresses, which occur in the longitudinal plane for this
model, are closely predicted by the finite-element
analysis.

Structural Analysis of Branch Connections
and ASA Bl 6.9 Tees

In addition to the thin-shell models discussed in the

previous section, two types of tee-joint piping com
ponents are being studied. These are branch con
nections and ASA B16.9 tees, both of which consist of
a straight section or run pipe and a branch pipe which
intersects the run at a right angle. The term "branch
connection" is used to designate tee joints constructed
in accordance with the rules of USAS B31.7 for nuclear

piping. For application of these rules the maximum
diameter ratio of the branch pipe to the run pipe is
limited to a value of d/D < V2, whered is the diameter
of the branch pipe and D is the diameter of the run
pipe.

ASA B16.9 tees are commercially available butt-
welding tees fabricated in accordance with the USA
B16.9 or the MSS SP-48 standards.12'13 The diameter

ratio d/D is normally greater than V2 but may be as
small as V3. Other commercially available tee-joint
fittings sold under registered trade names are not being
studied in this program.

Branch Connections

Branch connections are a class of tee joints in which
the diameter of the branch pipe is normally much
smaller than the diameter of the run pipe, and they may
or may not have reinforcing material at the junction.
The nuclear piping code, USAS B31.7, requires re
inforcing which is equal to 100% of the cut-out area,
called the area replacement rule, unless the mean
diameter of the branch satisfies the inequality

d<0.2y/RZT,

nominal wall thickness of the run pipe.
A considerable amount of information has been

developed for branch connections, through the efforts
of the PVRC Subcommittee on Reinforced Openings,
because of their use in pressure vessels. In this case,
they are simply radial nozzles attached to cylindrical
shells. For pressure vessel application the primary
loading of interest is internal pressure, and conse
quently relatively little information hasbeen developed
for applied bending loads and direct thrust, especially
when applied on the run. Therefore, additional studies

B16.9 - 1964, Wrought Steel Butt Welding Fittings (ISO
R-285), American National Standards Institute, New York.

13 MSS SP^18 - 1969, Steel Butt-Welding Fittings (26-in. and
Larger), Manufacturers Standardization Society of the Valve
and Fittings Industry, Arlington, Va.
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are to be undertaken as a part of this program. Two
such studies, undertaken during the past year, are
described below.

Stress Indices for Branch Connections. — The USA

Standard Code for Pressure Piping, Section B31.7, was
first issued in draft form for review and comment in

February 1968. One of the comments14 pointed out
that the stress indices for branch connections as

presented in the draft could be unconservative for
configurations in which either part or all of the required
reinforcement is supplied by the run pipe. Conse
quently, a study of the available data for branch
connections with external loadings was conducted.
Empirical correlations were then established and used
to formulate stress indices for small branch connec

tions1 5 —d/D < 0.5 —which overcome these earlier
problems. Modified rules were also written and pro
posed to the code committee for using these stress
indices in connection with the simplified design pro
cedures of USAS B31.7. The new rules were adopted
and are included in the latest issue of the code.

Analytical Parameter Study. - An analytical solution
for the internal pressure loading case developed previ
ously by Eringen16 is available for relatively small
branch connections; but, at the present time, there are
no theoretical solutions available for externally applied
force and moment loadings. The solutions developed by
Bijlaard17_19 for distributed loads over a small rec
tangular area on a cylindrical shell give some guidance
for the design of branch connections, however. In
addition, analytical solutions being developed for ex
ternally applied loads on nozzles in cylindrical shells
under the ORNL nozzles program, discussed in another
part of this report, will be available in the near future.

R. N. Zogran to E. C. Rodabaugh, personal communi
cation, Dec. 27, 1968.

15E. C. Rodabaugh, Stress Indices for Small Branch Connec
tions with External Loadings, BMI Phase Report 115-1, Battelle
Memorial Institute (April 1969).

15A. C. Eringen et at, Analysis of Stress and Deformation in
Two Normally Intersecting Cylindrical Shells Subjected to
Internal Pressure, Technical Report No. 3-9, General Tech
nology Corp. (January 1967).

17P. P. Bijlaard, "Stresses from Local Loadings inCylindrical
Pressure Vessels," Trans. ASME (August 1955).

18P. P. Bijlaard, "Stresses from Radial Loads and External
Moments in Cylindrical Shells Under Local Loads," Welding
Research Supplement, December 1955.

1 P. P. Bijlaard, "Additional Data on Stresses inCylindrical
Shells Under Local Loadings," Welding Research Council
Bulletin No. 50, May 1959.

In order to develop more immediate analytical infor
mation which can be used to extend the coverage of
stress indices to include combined loadings, a series of
eight models, listed in Table 3, are being analyzed
using the finite-element computer program JOINT
discussed earlier. The last four models in this series are

reinforced at the branch pipe junction, as indicated in
the last column, and they have been experimentally
analyzed photoelastically for the case of internal

pressure loading using the frozen stress technique.
Thirteen different loading conditions will be studied for
each model. These include internal pressure and three
mutually perpendicular force and bending moment
components applied to the branch pipe and to the run
pipe.

The study will be conducted in three stages. First, the
unreinforced models will be analyzed using the com
puter program JOINT. Model 1 has also been photo
elastically analyzed2 2 for internal pressure loading, and
a comparison of the analytical results with these data
will provide further confidence in the computer pro
gram. The program will then be modified, as necessary,

20M. M. Leven, "Photoelastic Determination of the Stresses
in Reinforced Openings in Pressure Vessels," Welding Research
Council Bulletin No. 113, April 1966.

21M. M. Leven, Photoelastic Determination of Stresses at an
Opening in a Thin-Wall CylindricalPressure Vessel, Report No.
67-9D7-PHOTO-R1, Westinghouse Research Laboratories (Au
gust 1967).

22M. M. Leven, Photoelastic Determination of Stresses in a
Reinforced Steam Charging Connection with a ThermalSleeve,
Report No. 69-9D7-PHOTO-R1, Westinghouse Research Lab
oratories (Jan. 14, 1969).

Table 3. Branch Connection Models for Analytical
Parameter Study

Dimensionless Parameters"

No. d/t d/D t/T s/S r/T

1 59.4 0.115 0.235 0.49 0

2 20.0 0.02 0.02 1.00 0

3 20.0 0.08 0.473 0.169 0

4 20.0 0.32 1.00 0.322 0

IF 59.4 0.115 0.235 0.49 0.60

2F 20.0 0.02 0.02 1.00 1.00

3F 20.0 0.08 0.08 1.00 1.46

4F 20.0 0.32 0.32 1.00 3.34

aThe dimensionless parameters listed here are the same as
those discussed earlier in Table 2 with the exception of the
ratio r/T, which is the ratio of the reinforcement fillet radius to
the wall thickness of the run pipe.
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to properly account for the reinforcement in the
remaining models, IF through 4F, using the photo
elastic data for the pressure loading case as a reference.
The third stage of the study will be a complete analysis
of the reinforced models and the computation of stress
indices for combined loadings suitable for inclusion in
the codes and standards.

ASA B 16.9 Tees

ASA B16.9 tees are commercially available butt-
welding fittings fabricated in accordance with the USA
B16.9 or MSS SP-48 standards.1 The diameter ratio

of the branch pipe to the run pipe is normally greater
than \ but may be as small as V3. These fittings are
characterized by a smooth transition region between
the branch and run connections and are normally
forged as a single unit. The wall thickness is large in
comparison with the diameter, as shown in Fig. 13, so
that thin-shell theory is not expected to apply.

Essentially no information is available in the literature
which can be applied directly in the development of
stress indices and flexibility factors for these fittings.
Consequently, an extensive program consisting of both

analytical and experimental investigations has been
undertaken.

Various experimental analyses will be conducted on
the series of 15 tees listed in Table 4 ranging in
nominal size from 6 to 24 in. These tees represent the
"standard" product of three different manufacturers
and include both full outlet and reducing tees; nominal
wall thickness ratings of sched 40, 80, and 160; and two
different materials, A106 grade B carbon steel and type
304L stainless steel.

Planned experimental work includes elastic response
tests for internal pressure and applied bending moment
and thrust loads on the branch and run, low-cycle
fatigue-to-failure tests, thermal stress tests, and photo
elastic model studies. The test assemblies for all the

experimental work will be fabricated by welding pipe
extensions of the same nominal size and material to all

three of the tee outlets according to the welding
requirements of USAS B31.7. The indicated photo
elastic studies will be made using models which are
scaled models of the respective tee assemblies, including
the pipe extensions and weld design.

m

H^

PHOTO 75776

•

w
H

ma

Fig. 13. A 3-in. Sched 160 Stainless Steel Tee with One Quarter Removed.
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Table 4. Experimental and Analytical Studies for ASA B16.9 Tees

ee No. Manufacturer
Nominal Size

(in.)

Nominal

Wall

(sched)

Material

Type of
Strain Gage
and Fatigue

Test0

T-l I 6X6X6 40 SSe 1B-M

T-2 1 6X6X6 160 ('/ 1B-P

T-3 I 6X6X6 40 SS 1B-M

T^l I 12 X 12 X 12 80 C 1A-M

T-5 II 12X 12X 12 SO c 1B-P

T-6 111 12 X 12 X 12 80 c 1A-M

T-7 11 12 X 12 X 12 160 SS 1B-M

T-8 II 12 X 12X6 40 SS 1A-M

T-9 II 12X 12X6 160 SS 1B-P

T-10 III 24 X 24 X 24 40 c 1B-M

T-11 III 24 X 24 X 24 160 c 1B-P

T-l 2 III 24 X 24 X 10 40 c 1B-M

T-13 III 24 X 24 X 10 160 c 1B-P

T-14 III 12 X 12X6 40 SS 1B-U

T-15 1 12 X 12X6 40 SS 1A-M

Type of
Photoelastic

Test6

8B-M

8B-P

8B-M

8B-P

Thermal

Stress

Testc

8A-T

8A-T

Detailed

Finite-Element

Analyses

4A-F

4A-F

4A-F

"Test 1A is a detailed elastic response test using approximately 225 three-gage strain rosettes; test IB will use fewer gages to measure
the maximum stress intensity; the loading for the fatigue test is designated as M for moment loading, P for internal pressure, and U as
yet undecided.

^Photoelasticanalysis as outlined under PVRC Task 8 - Phase B, with either internal pressure (P)or moment loading (M);see
Program andRequestfor Proposals for DevelopmentofStressIndices andMethodsofAnalysisfor PipingComponents, Pumps, and
Valves, unnumbered PVRC report dated July 1, 1967.

cThese tests will be run in place of PVRC Task 8 - Phase A.

dPVRC Task4 - Phase A,Analytical Development.
"Type 304 or 304L stainless steel.
/A-106 grade B.

Elastic Response Tests. — The elastic response tests
have been divided into two groups, phase A and phase
B, with the amount of instrumentation required being
the major difference. The objective of the phase A tests
is to determine both the general stress distributions over
the body of the tee and the location and magnitude of
the maximum stresses caused by the different loadings.
The detailed stress distribution data will be used to

compare with analytical results obtained from using
different finite-element formulations. The tees will be

strain gaged on both the inside and outside surfaces
with three-gage strain rosettes at approximately 225
locations. Brittle lacquer tests will be used to determine
whether additional gages will be needed to measure the
maximum stresses on the outside surface. Mechanical

dial indicators will also be used to measure angular
rotations and deflections of the pipe extensions for
calculating flexibility factors.

The objective of the phase B tests is primarily to
obtain maximum stress data, once the expected loca
tions have been identified from the phase A tests. Data
from these tests, together with the data from the phase

A tests, will be used to develop empirical correlations
which can be used for piping system design purposes.
Since the majority of the tests are designated as phase
B, as indicated in Table 4, and since the phase A test
results are needed to identify the number and location
of strain gages required to measure the maximum
stresses, it follows that the phase A test series should be
completed before the phase B tests are started. How
ever, in order to complete the entire test series in a
reasonable amount of time, specifications were written
for two of the four 24-in. tees (T-10 and T-l 1) and for
the 12-in. sched 160 tee (T-7) for the same number of
strain-gage locations as for the phase A tests, that is,
about 225 three-gage strain rosettes on the body of the
tee. Tests have now been scheduled for the four phase
A tees (T-4, T-6, T-8, and T-15), the 12-in. sched 160
tee (T-7), and the four 24-in. tees (T-10, T-11, T-12,
and T-13).

The 12-in. tees are being tested at Southwest Re
search Institute (SwRI) in San Antonio, Texas, under
subcontract to ORNL. Elastic strain-gage data from the
first of the 12-in. tees to be tested (T-4) should be
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available for analysis by the end of January. Figure 14
shows this tee mounted in the test frame during recent
brittle lacquer tests. Although not shown in this figure,
all the interna] gages have been installed. Elastic
strain-gage tests for the other four 12-in. tees also being
tested at SwRI are scheduled for completion by the end
of the fiscal year, June 30, 1970. After the data from
these tests have been studied, detailed plans can be
made for the experimental analysis of the remaining
tees listed in Table 4.

In the meantime, the four 24-in. tees will be

experimentally stress analyzed using the three-gage
strain rosettes and fatigue tested at Combustion Engi
neering, Inc. (C.E.) in Chattanooga, Tennessee. The
present plan calls for these tests to be completed during
fiscal year 1971, that is, by the end of June 1971. The
work at C.E. was started in July 1969, and fabrication
of the first test assembly, for tee T-10, will be

completed in February. Fabrication of the remaining
test assemblies will follow at two-month intervals.

The first two tees to be tested at C.E. (T-10 and T-l 1)
will be instrumented in the same manner as the phase A
tests on the 12-in. tees, with approximately 225
three-gage strain rosettes on the body of the tee and
additional gages along the pipe extensions. Detailed
strain-gage layouts have been made for T-10 and are
being prepared for T-11. The elastic response tests for
T-10 should be completed by the end of June, and
instrumentation of T-11 will be in progress. Instrumen
tation drawings for tees T-l2 and T-13 will be made
after studying the results from T-10, in order to
establish the optimum number and locations for the
strain gages.

Low-Cycle Fatigue Tests. — Low-cycle fatigue-to-
failure tests are also scheduled for the 15 tees listed in

Table 4. The fatigue tests will be run with either an

Fig. 14. A 12 X 12 X 12 in. Sched 80 ASA B16.9 Tee, No. T-4, Mounted in the Loading Frame During Brittle Lacquer Tests at
Southwest Research Institute.
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internal pressure or an applied moment, as indicated.
The particular moment loading, and whether it is
applied on the branch pipe or the run pipe, will depend
on the results obtained from the elastic response
strain-gage tests and will be selected to give the
maximum stresses in the tee. The magnitude of the load
will be based on an expected fatigue failure within the
range of 500 to 100,000 cycles and will be fully
reversed displacement controlled. That is, the pipe will
be deflected a given amount in one direction, unloaded
to zero displacement, and then deflected in the oppo
site direction the same amount during each cycle. The
necessary loading fixtures and controls for these tests
have been specified, and orders for their purchase have
been issued. Fatigue tests for the five 12-in. tees being
tested at SwRI should be completed during the coming
year, and fatigue tests for the 24-in. tees being tested at
C.E. will be conducted following the strain-gage tests.

Photoelastic Tests. - Photoelastic stress analysis
investigations are being conducted at Westinghouse
Research Laboratories on the four 12-in. tees indicated

by 8B in Table 4 (column 7); 8B indicates that these
tests were specified under task 8, phase B, of the PVRC
research proposal.23 Frozen stress techniques are being
used, and the letter M or P in the table indicates the

type of loading.Two of the tees (T-7 and T-9) are to be
analyzed for internal pressure loading, and the other
two (T-6 and T-8) will be analyzed for an applied
moment loading. The particular moment loading to be
used will depend on which one of the possible six
loadings, three on the branch and three on the run, will
produce the maximum stresses in the tee. The elastic
response strain-gage tests discussed above will provide
this information.

The objective of these investigations is to provide
stress distribution data through the wall thickness at
locations of high surface stress. These data are needed
in order to identify nonlinearities in the stress distribu
tion and thus separate secondary and peak stress
components as required by the B31.7 piping code.
Surface stresses will also be measured along lines which
correspond to a line of strain-gage positions on the
prototype steel tees.

The photoelastic tests will be conducted on V2-scale
epoxy models of the prototype tees using three-
dimensional frozen stress techniques. Photoelastic
models have been fabricated for two of the tees (T-6

23Program and Request for Proposals for Development of
Stress Indices and Methods of Analysis for Piping Components,
Pumps, and Valves, unnumbered PVRC report dated July 1,
1967.

and T-9). Each model was made by first constructing an
accurate \ -scale wooden pattern and using this wooden
pattern as a template for machining the model from a
solid epoxy casting. The upper half of the wooden
pattern for the 12 X 12 X 12 in. sched 80 tee (T-6) is
shown in Fig. 15. An exploded view of the model for
T-9 (the 12 X 12X6 in. sched 160 tee) is shown in Fig.
16. Both the pipe extensions and the weld details are
accurate scale replicas of the prototype test assemblies.
All presently scheduled photoelastic test work will be
completed by the end of June 1970.

Thermal Stress Tests. - Thermal stress tests have been

scheduled for two of the tees (T-6 and T-8) listed in
Table 4. Tests on these tees were substituted for the

plastic model tests originally proposed by the PVRC as
task 8, phase A, after careful consideration of the
difficulties expected in conducting those tests. Approxi
mately 80 locations on the body of each tee will be
instrumented with thermocouples and three-gage strain
rosettes. Both inside and outside surfaces will be

instrumented. Short pipe extensions, about 2 ft long,
welded to each of the three tee outlets will be wrapped
with electrical heaters and cooling coils, and the entire
assembly will be insulated on both the inside and
outside surfaces. The objective of the tests is to produce
thermal gradients in the tee by holding two of the pipe
extensions at one temperature and raising the tempera
ture of the third extension; A7"s of 400°F are planned.
For example, the branch pipe extension will be heated
to 500°F while holding the temperature of both
run-pipe extensions at 100°F. Alternately, one of the
run-pipe extensions will be held at 100°F while heating
the branch pipe and the other run-pipe extension to
500°F. Temperatures and strains will then be measured
and used to compute the thermal stresses. Procurement
of materials and fabrication of the test assemblies will

begin in January. The tests will be conducted at Oak
Ridge.

Finite-Element Elastic Analyses. - Concurrently with
the experimental analyses of the tees, analytical de
velopment is under way at the University of California
under Professor R. W. Clough. The objective of this
work is, in broad terms, to develop suitable analytical
techniques which may be used for generating parameter
studies over a wide range of sizes and wall thicknesses
and, with these results, to provide stress indices which
may be used in piping system design. Three 12-in. tees,
listed in Table 4 as T-6, T-7, and T-8, which have

nominal wall thicknesses of sched 80, 160, and 40,
respectively, will be analyzed in detail. Four different
types of finite-element formulations are being con
sidered in order to develop the most accurate and
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Fig. 15. One-Half-Scale Wooden Pattern of Tee No. T-6, 12 X 12 X 12 in. Sched 80 ASA B16.9 Tee, Used as a Template for
Machining the Photoelastic Model.

Fig. 16. An Exploded View of the Photoelastic Test Assembly for the 12 X 12 X 6 in. Sched 160 ASA B16.9 Tee, No. T-9, to
Be Analyzed for an Internal Pressure Loading at Westinghouse Research Laboratory.
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efficient computer code: (1) a flat-plate quadrilateral
element, (2) a flat-plate quadrilateral with added
transverse shear, (3) an 8-node rhombohedral element,
and (4) a 20-node curved rhombohedral. The analysis of
the thin-shell tee discussed earlier was accomplished
using the first type of element. The three-dimensional
elements, types 3 and 4, are being considered because
of the relatively thick walls of the ASA B16.9 tees.

During the past year computer code development
work was accomplished in two areas. First, a general
thin-shell analysis program which originally was based
on using the first type of element was modified to
include the second type of element; that is, transverse
shearing distortion of the element was added. Second,
large-capacity programs for the analysis of three-
dimensional solids using either the type 3 eight-node
element or the type 4 twenty-node element were
developed. The capacity of existing programs was found
to be insufficient for analyzing the tees. Therefore new
programs, with greater capacity and improved effi
ciency, were developed. Each of the three tees will
eventually be analyzed for all 13 loading conditions
using the "best" methods. This year the 12 X 12 X 6 in.
sched 40 tee (T-8) was analyzed for two loading
conditions, internal pressure and an in-plane bending
moment on the branch, using each of the four different
types of elements. It was noted that the different
elements gave similar results; however, there were
significant differences at certain locations, particularly
between the thin-shell-element results and the three-

dimensional-element results. Further analysis will be
done when the experimental results are available for
comparison.

The 12 X 12 X 12 in. sched 160 tee (T-7) was
analyzed for internal pressure and an in-plane bending
moment on the branch using the three-dimensional
elements, types 3 and 4; however, the results have not
been studied in detail. Thin-shell analyses were not
made because the tee is so thick that it did not appear
feasible to use the thin-shell idealization. Data prepara
tion has been completed for analyzing T-6, the 12 X 12
X 12 in. sched 80 tee, for the same two loading
conditions. Work was also started on the thermal stress

problem, that is, the addition of thermal strain terms in
the finite-element description.

During the coming year we plan to compare the
preliminary analytical results with the experimental
results, select the most promising element or elements
for use in a "production" computer program, and
complete the analyses of the three tees for all 13
loading conditions. Automatic mesh generation capa
bility, particularly designed for ASA B16.9 tees, will be

developed, and thermal stress analyses of the experi
ments described above will be in progress.

Structural Analysis of Elbows, Curved Pipe, and Miters

Currently four task efforts are in progress on the
stress analysis of elbows, curved pipe, and miters: (1)
analytical determinations of stress indices and flexi
bility factors for elbows and curved pipe, (2) experi
mental stress analyses of machined elbows, (3) experi
mental limit load studies for elbows, and (4) theoretical
stress analyses of miters. Each of these areas is discussed
below.

Stress Indices and Flexibility Factors for Elbows

Stress indices and flexibility factors for combined
moment loading which can be used directly with the
simplified design procedures of the B31.7 piping code
have been developed and a report written.24 An
extensive review of the published literature, including
both experimental and analytical work, was conducted
in order to assure the use of the most complete and
up-to-date theory. Although more recent work has been
published, the analytical solution based on minimum
potential energy by Rodabaugh and George25 was
selected as being the most appropriate, after modifying
the circumferential membrane force terms as suggested
by Gross.26 The resulting solution for the longitudinal
and circumferential stresses is expressed in terms of
three independent nondimensional parameters: a bend
parameter, a radius-ratio parameter, and an internal
pressure parameter. Stresses resulting from an arbitrary
bending moment — expressed in terms of three mu
tually perpendicular components, in-plant, out-of-plane,
and torsional components — can be calculated as a
function of angular position on the elbow.

A computer program written for the ORNL IBM 360
computer was used to conduct a parameter study and
to compute stress indices and flexibility factors. The
stress index for moment loading is defined as twice the
maximum shear stress at any point on the elbow
resulting from a unit bending moment applied in an

24W. G.Dodge and S.E.Moore, Stress Indices and Flexibility
Factors for Elbows and CurvedPipe (to be published).

2SE. C. Rodabaugh and H. H. George, "Effect of Internal
Pressure on Flexibility and Stress-Intensification Factors of
Curved Pipe or Welding Elbows," Pressure Vessel and Piping
Design, Trans. ASME, 467-76 (1957).

N. Gross, "Experiments on Short-Radius Pipe-Bends," Inst.
Mech. Engrs. Proc. IB, 465-79 (1952-1953).
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arbitrary direction, divided by the bending stress which
would be produced in straight pipe with the same
section modulus. The flexibility factor is defined as the
relative rotation of two transverse planes in the elbow
divided by the relative rotation of corresponding planes
in a similar straight pipe. Both stress indices and
flexibility factors are given in graphical and tabular
form in the report.

Unfortunately, the solution used to obtain stress
indices and flexibility factors does not consider the
influence of straight pipe or other components welded
to the elbows as would occur in a real piping system.
Experimental evidence by Vissat and del Buono2 7 and
others suggests that these components would influence
the deformation of an elbow and thereby affect both
the maximum stresses and the flexibility. It is expected
that both of these could be reduced, depending on the
relative stiffness and arc length of the elbow or bend.
The maximum stresses calculated using the above stress
indices would still be conservative. However, if the

flexibility of an elbow in a real piping system were less
than calculated using the above factors, higher forces
and moments would result, and the piping system
analysis could be unconservative.

This problem has been under intensive investigation
during the past year, following the work of
Kalnins.28'29 A computer program based on numerical
integration of the system of eight linear partial differ
ential equations was modified for the ORNL IBM 360
computer, and a number of cases have been studied. To
date, however, the analytical results have not been
entirely satisfactory. A number of possible sources for
the errors have been suggested and are being system
atically investigated.

Experimental Analysis of Elbows

Both of the analytical studies discussed above are
based on the assumption of idealized geometry, whereas
in practice the shape of an elbow or pipe bend may
deviate from a true torus because of fabrication

practices. Rather than dictate allowable fabrication
tolerances, as done by other codes and standards (e.g.,
the 8% maximum ovality permitted by the nonnuclear
piping code USAS B31.1.0, 1967), the nuclear piping

2 7

P. L. Vissat and A. J. del Buono, "In-Plane Bending
Properties of Welding Elbows," Trans. ASME 77, 161-75
(1955).

28A. Kalnins, "Analysis of Curved Thin-Walled Shells of
Revolution,'MZ/L4 J. 6, 584-88 (1968).

29 A. Kalnins, "Stress Analysis ofCurved Tubes," pp. 223-36
in First International Conference on Pressure Vessel Tech
nology. Parti. Design and Analysis, ASME, 1969.

code, USAS B31.7, requires that geometric deviations
be accounted for in the stress analysis. The ORNL
piping program, therefore, includes a task directed
toward the analytical and experimental study of elbows
with carefully controlled geometric deviations.

The experimental portion of this study will be an
extensive strain-gage analysis of three or possibly four
10-in. standard long-radius elbows with a nominal sched
40 wall thickness. A long-radius elbow is one for which
the bend radius is three times the radius of the tube.

The bend radius for a short-radius elbow is twice the

tube radius. Two types of geometric deviations will be
studied: nonuniform wall thickness and ovality. For
these studies, machined elbows welded to short pipe
extensions will be used. The first elbow will be

machined as a true torus with a uniform wall 0.365 in.

thick in order to obtain base-line data for comparison
with the results from the other models and for

comparison with the idealized theoretical solutions
discussed above. The second model will be machined as

a true torus but will be eccentrically bored so that the
minimum wall thickness, along the back of the elbow,
will be 0.272 in. The third model will be machined like

the first, that is, as a true torus with a uniform wall
thickness; then it will be flattened out of round to form
an elhptical cross section with a 5 to 8% ovality. The
fourth model will be both thinned and ovaled; that is,
an elbow similar to the second will be machined and

then flattened out of round like the third model. All

four elbows have been ordered and are being machined;
delivery of the first model is expected in January, and
the remaining three are expected shortly afterward.

Each of the models will be strain gaged on both the
inside and outside surfaces and will be tested with

internal pressure and externally applied moments on
the pipe. Moment loadings will first be run with zero
internal pressure. Subsequent moment loadings will
then be run combined with internal pressures corre
sponding to one-third, two-thirds, and full rated design
pressure. The first three models will be tested during
the coming year, and, if funds permit, the fourth will
also be tested.

Plans have also been made to analyze all the experi
mental models using a modified version of the finite-
element computer program JOINT, which was used to
analyze the thin-shell tees. The computer code modifi
cations are presently being programmed.

Limit Load Studies for Elbows

Although not contained in the original PVRC research
proposal, plastic limit load studies were added to the
program at the request of the AEC after consideration
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of the simplified analytical procedures of USAS B31.7
for primary stresses. This design procedure is based on
satisfaction of the inequality

Bt^+B^M^ISS,
whereSm is the allowable stress intensity,P andMiare
internal pressure and applied moment loading, respec
tively, D0/2t and D0/2I are normalizing factors based
on stresses in straight pipe, and Bx and B2 are stress
indices based on plastic limit loads.

Values for#i andfi2 are included in USAS B31.7 for
piping components manufactured according to the
appropriate ASA standard, and the Bx stress index
values are supported by the pressure burst test require
ment of the ASA standard. However, the code values
for B-i were based on engineering judgment because of
the lack of direct experimental evidence. Although the
present code values are believed to be conservative,
experimental confirmation is required. A series of limit
load tests on elbows has therefore been initiated.

Plastic limit load tests on elbows will be conducted on

the 6-in. A-106 grade B carbon steel elbows listed in
Table 5. Both short- and long-radius elbows and two

wall thicknesses, sched 40 and 80, are included. Pipe
extensions will be welded to the elbows, and the
assemblies will be loaded as indicated in Table 5. For

those cases where an internal pressure is indicated, for
example, No. PE-4, the assembly will be pressurized to
the rated design pressure, and then the moment loading
will be superposed until the plastic collapse load is
reached. Additional tests may be added for different
internal pressure levels after evaluation of the results
from the present series.

The elbow assembly for the first test is shown
mounted in the load frame in Fig. 17. Since the
object of the test is simply to determine the load at
which plastic collapse occurs, a minimum amount of
instrumentation was used. This consisted of four strain

gages mounted on the outside surface of the elbow,
mechanical dial indicators to measure deflections, and a

load cell to measure the applied thrust. The plastic
collapse load was determined from the force-deflection
curve. The present series of tests will be completed by
midyear.

Theoretical Stress Analysis of Miters

Typically, miter bends, which consist of segments of
straight pipe cut at an angle and welded together, are
used in a piping system to provide a change in direction
when, for some reason or another, standard elbows or
field-bent pipe cannot be used. Even though their use is
expected to be a minimum in nuclear power piping, the
class of problems is important in the overall scope of a

Table 5. Plastic Limit Load Tests on 6-in. Elbows

Elbow
Loading Conditions

Wall Bend
Moment

Number" Thickness

(sched)

Radius

(in.)

In Plane* Out of Plane

My

Pressure,
P

+MZ ~Mz

PE-1 40 9 X

PE-2 40 9 X

PE-3 40 9 X

PE-4 40 9 X X

PE-5 40 9 X X

PE-6 40 9 X X

PE-7 80 9 X

PE-8 80 9 X

PE-9 80 9 X

PE-10 40 6 X

PE-11 40 6 X

PE-12 40 6 X

PE-13 40 6 X X

PE-14 40 6 X X

"The letters PE stand for plastic collapse, elbow.
fcA positive in-plane moment (+M ) causes tl

negative in-plane moment (-M ) causes the elbow to open
bA positive in-plane moment (+M ) causes the elbow to close, whereas a
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Fig. 17. A 6-in. Sched 40 Standard Long-Radius Elbow Plastic Collapse Test Assembly Mounted in the Loading Frame for an
In-Plane Bending Test.
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basic research program designed to provide fundamental
information for the stress analysis of piping system
components.

The long-range objective in the ORNL program is to
develop stress indices for combined loadings and flexi
bility factors similar to those developed for elbows and
pipe bends. In the case of miters, however, theoretical
development has not progressed to the point where
directly applicable solutions are available. With this in
mind, an intensive review30 of theoretical work pub
lished to date3! was conducted during the summer.

A number of papers have been published on the stress
analysis of miters or on cylindrical shells with an
oblique edge. Most of the work has been done for the
symmetrical loading cases, such as internal pressure and
in-plane bending. Very little has been published for the
out-of-plane bending case. The best work has been done
using the general thin-shell theory, as presented by
Goldenveiser32 in 1953. Because of the complex nature
of the general equations and the approximations used in
obtaining a solution to a particular problem, it appears
unlikely that a general solution will be forthcoming in
the near future. The work that has been done, however,
suggests a number of promising approaches which may
be used in the development of stress indices for design
use. We plan to resume theoretical work later, when
personnel and funding become available.

Structural Analysis of Other Piping Components

Studies on a number of other piping components
besides tees and elbows are being actively pursued.
During the past year analytical parameter studies have
been initiated on concentric reducers; girth-welded
joints, including the effects of piping mismatch;
tapered-wall transitions, lug supports, bolted flanges,
and out-of-round pipe. These studies are based on the
use of analytical solutions in the literature or on
"strength of materials" type stress analyses for various
loadings on the piping component. The principal
objective is to compute stresses, stress intensities (which
are defined as twice the maximum shear stress at a

point), and normalized stress indices over a sufficiently
wide range of dimensional variables and to present these
results in graphical and tabular form for direct use in
piping system design. In some cases the results from the

JUE. D. Gurley (North Carolina State University), "On the
Mitered Bend," unpublished, 1969.

31E. C. Rodabaugh and A. G. Pickett, Survey Report on
Structural Design and Piping Components (to be published).

parameter studies will be used to draft design rules
which can be incorporated directly into the codes and
standards.

Parameter studies have been completed for concentric
reducers with internal pressure loading and moment
loadings. The results were used to prepare design rule
modifications which will be presented to the code-
writing bodies for consideration. A report on these
studies is being prepared.33 Parameter studies have also
been partially completed for transition joints, including
(1) a balanced taper where the wall thickness increases
uniformly on either side of the midsurface, (2) an
outside taper where the inside diameter is constant, and
(3) an inside taper where the outside diameter is
constant. The maximum stress index was calculated as a

function of nondimensional length and thickness ratio
parameters. The report on this work will be prepared
early in 1970.34

Conclusions

Extensive effort has been expended under the ORNL
piping program during the past year. Several studies
were completed, and work on a number of important
tasks was initiated. The literature review study and
report started at the beginning of the program were
completed after a thorough review by experts from
AEC, industry, and members of the PVRC. While still in
draft form, the report has been a valuable reference
document, providing source material for several ana
lytical studies. One such study, an empirical correlation
of experimental data for small branch connections, was
used to develop a new set of design rules and stress
indices, which were incorporated into the 1969 edition
of USAS B31.7, the nuclear piping code. Parameter
studies were completed for concentric reducers using
published analytical solutions; and parameter studies
were initiated for girth-welded transition joints,

tapered-wall transitions, lug supports, bolted flanges,
and out-of-round pipe.

The experimental stress analysis of a thin-shell tee
(cylinder-to-cylinder model) was completed, and the
experimental results were compared with numerical

32 A. L. Goldenveiser, Theory of Elastic Thin Shells,
Pergamon, New York, 1961.

33E. C. Rodabaugh, Stress Indices and Flexibility Factors for
Reducers, BMI Phase Report 115-4, Battelle Memorial Institute,
to be published.

34E. C. Rodabaugh and W. G. Dodge, Stress Indices and
Flexibility Factors at Girth-Welded Joints, IncludingMis-Match
and Tapered-Wall Transitions, to be published.
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results obtained from the finite-element analyses re
ported last year. The comparisons show good overall
agreement, especially for the maximum stresses. Even
better agreement should be possible with further
development of finite-element techniques.

The experimental stress analysis and fatigue tests of
ASA B16.9 tees being conducted at Southwest Re
search Institute and at Combustion Engineering, Inc.,
are well under way, with the first results to be
forthcoming early in 1970. Results from the photo
elastic studies at Westinghouse Research Laboratories
will be available before midyear 1970, and thermal
stress tests being conducted in Oak Ridge should be

completed during the coming year. Corresponding
finite-element analyses will be completed for several of
these tests.

Other experimental studies initiated during the past
year include elastic response tests on machined elbows
and plastic collapse tests on standard long- and short-
radius elbows. The machined models are being fabri
cated, and results from the experiments are expected in
1970.

The overall progress during 1969 has been excellent.
Next year should be even more fruitful, with completed
results from many of the tasks becoming available.
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Introduction

The Oak Ridge National Laboratory is conducting a
combined experimental and analytical investigation of
stresses and strains in the region of nozzle attachments
in both spherical and cylindrical shells. The basic
objective of this investigation is to establish analytical
design procedures for nuclear pressure vessel penetra
tions and nozzle connections that have been thoroughly
substantiated by experimental data.

The investigations cover single nozzles radially and
nonradially attached to spherical and cylindrical shells
and clusters of nozzles attached to spherical shells and
flat plates. The loadings of principal interest are internal
pressure, axial thrust forces acting on the nozzles, and
bending and torsional moments applied to the nozzles.
Parameters being studied are diameter-to-thickness
ratios for the nozzle (d/t), the ratio of the diameter of
the nozzle to the diameter of the shell (d/D), the
diameter-to-thickness ratio of the shell (D/T), and the
ratio of the nominal membrane stress in the nozzle to

the nominal membrane stress in the shell (s/S). Other
parameters of interest are the effects of the length
internal to the vessel for internally protruding outside
nozzles and the angle of attachment in the spherical-
shell—nozzle configurations. In the clustered nozzle
configurations, the number and pattern of nozzle
attachments and the spacing between nozzles are being
studied.

The program is divided into two portions: (1) an AEC
(ORNL) sponsored program and (2) an AEC-PVRC
(Pressure Vessel Research Committee of the Welding
Research Council) cooperative program. The latter
program is coordinated through the PVRC Subcom
mittee on Reinforced Openings and External Loadings.
The AEC (ORNL) effort is directed primarily toward
multiple nozzle connection studies, whereas the AEC-

PVRC cooperative effort is concerned with single
nozzle connections. Much of the research is being done
under subcontract, either to ORNL or to the PVRC,
depending upon the source of funds. The current
research projects for the two portions of the program
are listed in Table 6.

ORNL has the task of coordination, review, and
evaluation of the research program under the PVRC

Subcommittee on Reinforced Openings and External
leadings. This management function includes (1) par
ticipating in and directing AEC-sponsored work, (2)
generating various analytical parameter studies in sup
port of correlation and evaluation studies being done at
Battelle Memorial Institute, (3) making reports and
recommendations to the Subcommittee on non-AEC-

sponsored projects, and (4) soliciting recommendations
from the Subcommittee on AEC-sponsored projects.

As a part of this coordination task, ORNL staff
members attend the PVRC Design Division meetings
and meetings of the Subcommittee. Visits are also made
to the facilities of all subcontractors who are working
on the program in order to evaluate the work and to
obtain additional information for use in reports to the
Subcommittee. Summary descriptions of each task and
status reports on the work being done by the partici
pating organizations are contained in a project re
port.35 The project report will be updated on a yearly
basis and will contain, in addition to the status reports,
detailed descriptions of any changes in the program. In
addition, an annual information meeting — Studies in
Applied Solid Mechanics —is sponsored by ORNL. The
1969 symposium was held April 28—29, and the next
meeting will be held April 1-3, 1970, in Oak Ridge.
Summaries of the current status of the work at ORNL

are given below. These are followed by summaries on
the work being done by other organizations partici
pating in the program. For a more complete description
of each project, the reader should refer to the project
report.35

Oak Ridge National Laboratory Projects

In addition to carrying out the program management
responsibilities, ORNL is directly engaged in some
phases of the work on the structural behavior of shells
and of nozzle-to-shell attachments. Descriptions of
current studies, along with indications of the status in
each case, are given below.

W. L. Greenstreet and R. C. Gwaltney, Experimental and
Analytical Investigations of the Structural Behavior of Nozzle-
to-ShellAttachments, ORNL-TM-2526 (April 1969).
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Table 6. Current Experimental and Analytical Investigations of Nozzle Attachments

Program

Joint AEC (ORNL)-PVRC;

single nozzle studies

Subcontractor

University of

Tennessee (I)

Westinghouse Research
Laboratories

University of
Waterloo (I)

University of

Waterloo (II)

University of
Sherbrooke

Auburn University (II)

Oak Ridge National
Laboratory

Funding
Agency

AEC

AEC

PVRC

PVRC

PVRC

AEC

AEC

Oak Ridge National
Laboratory

AEC

AEC (ORNL);multiple
nozzle studies

University of

Tennessee (II)

AEC

Battelle Memorial

Institute (II)

AEC

Auburn University (I) AEC

Joint AEC (ORNL)-PVRC;
general

Battelle Memorial

Institute (I)
AEC

Problem

Experimental stress analysis of single radial and non
radial nozzles in spherical shells; determination of the
internal pressure required for plastic collapse of a thin
cylindrical shell with a single radially attached nozzle

Photoelastic studies of radial and nonradial nozzles

attached to spherical and cylindrical shells; photoelastic

studies of holes without nozzles

Experimental stress analysis of a 45 lateral connection
subjected to external loadings on the nozzle and the
vessel; development of simplified analytical methods for
predicting elastic stress concentrations at nozzle-to-sheil
junctions due to internal pressure; experimental determi
nation of plastic limit pressures for commercial tees;
analytical and experimental investigations in connection
with plastic limit design for the general problem of a
spherical shell with a radial nozzle in which the com
posite structure is subjected to combinations of internal
pressure and force and moment loadings on the nozzle

Derivations of upper- and lower-bound limit analysis
equations for cylindrical shells with radially and non
radially attached nozzles where the composite structure
is subjected to internal pressure and external loadings
on the nozzle; experimental verification of selected
limit loads

Theoretical and experimental investigations of flat plates
with single skewed holes; experimental determination of
plastic limit pressures for conical-spherical profile shells
with single nozzles; theoretical and experimental limit
analysis studies for spherical shells with single radial
nozzles subjected to internal pressure; derivations of
upper- and lower-bound limit analysis equations for
cylindrical shells with radially attached nozzles where
the composite structure is subjected to internal pressure
or combinations of internal pressure and external force
and moment loadings on the nozzle

Theoretical solutions for a single nonradial nozzle attached
to a spherical shell

Computer programming and completion of solutions for
the radial-nozzle-to-cylindrical-shell attachment problems
developed by General Technology Corporation; finite-
element analysis studies of shell attachment regions;
comparisons between analytical and experimental results;
miscellaneous testing; parametric studies for program
guidance and code use

Construction of thin-shell hard models for experimental
stress analysis

Experimental stress analysis of flat plates with clusters of
holes and with clusters of nozzles (applicable to small
nozzles on large vessels)

Theoretical solutions for flat plates with clusters of holes
and for clusters of nozzles attached to flat plates

Experimental stress analysis of spherical shells with
clusters of nozzles and holes

Engineering evaluation and correlation of results for
nozzle-to-shell attachments and preparation of material
based on these results for use in support of ASME Code
Committee work

aThe Roman numeral after a subcontractor isused to indicate studies where a subcontractor hasmorethan one subcontracted study.
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Development of Analytical Methods for Nozzle-
to-Cylindrical-Shell Attachments

The stress analysis equations for a radial nozzle
attached to a cylindrical shell have been derived,
checked, and programmed for the ORNL IBM 360
computer. The equations are for an out-of-plane bend
ing moment applied to the nozzle and for an internal
pressure loading. The analysis is applicable to thin-
walled shells and is limited to those cases for which the

nozzle-to-shell diameter ratio is less than V3 (d/D < V3).
In addition, equations for calculating thermal stresses
have been derived; the computer program will be
extended to calculate the stresses associated with

specific temperature distributions.
Comparisons have been made between analytical and

experimental photoelastic results36 obtained for
Westinghouse Research Laboratories' model WC-2AY.
These experimental results are discussed in a later
section of this report. In general, reasonable agreement
was obtained for the maximum stress values; however,
significant differences exist for the stress distributions
near the nozzle-to-shell intersection. Agreement be
tween the analytical and experimental results was good
for the membrane regions, away from the nozzle; and,
although close agreement is to be expected, this is a
significant step insofar as theory development is con
cerned. Future efforts will be directed toward resolving
the discrepancies for this particular case study and
toward further validation of the analyses for both
internal pressure and out-of-plane bending loads.

Finite-Element Studies of Reinforcing for Nozzle-
to-Spherical-Shell Configurations

A limited parametric study, using the finite-element
method, is being made to investigate area reinforcement
on the inside shell surface of nozzle-to-spherical-shell
configurations. The purpose of the study is to deter
mine whether or not special code rules or limitations
are required for inside reinforcement. The study will
cover both thin shells and relatively thick shells with
various reinforcing arrangements. Outside reinforcing,
in the form of circular fillets at the nozzle-to-shell

junction, will also be examined for comparison pur
poses.

The first series of calculations will be performed for
the nozzle-to-shell structures shown in Fig. 18. The

36,
M. M. Leven, Photoelastic Determination of Stresses in a

Reinforced Steam Charging Connection with a Thermal Sleeve,
69-9D7-PHOTO-R1, Westinghouse Research Laboratories (Jan.
14, 1969).

model parameters are D;/T = 24, di/Di = 0.2, andd{/t =
11.43, where Di and dt are the inside diameters of the
shell and nozzle and T and t are the corresponding wall
thicknesses. In addition to the unreinforced case, two
configurations of outside reinforcement and two con
figurations of inside reinforcement are being con
sidered. Input data for these five cases have been
prepared for internal pressure loading, and the calcula
tions are being performed.

The finite-element analysis being used in the study is
based on a two-dimensional, axisymmetric solid body
formulation. Triangular ring elements are used, with
linearly varying displacement fields within each ele
ment. It should be emphasized that this type of analysis
has no connection with shell theory, and hence it has
none of the inherent limitations of thin-shell theory or
of finite-element analyses using thin-shell elements.

The specific computer program being used is
SAFE-2D,37 which was developed at Gulf General
Atomic, Inc., as a part of the ORNL Prestressed
Concrete Reactor Vessel Program. The computer pro
gram was modified at Oak Ridge to double precision
and expanded to handle a maximum of 3600 nodal
points and 7200 elements.

In order to verify the applicability of this computer
code and the finite-element formulation for the analysis
of relatively thin shell-type structures, two experi
mental nozzle-to-shell models were analyzed for com
parison with the experimental results. The models were
steel hemispherical shells with a single radial nozzle
which were strain gaged and tested at the University of
Tennessee38 under subcontract to ORNL. The models
identified as 1 and 5 in ref. 39 were chosen for the

present study, partly because analyses using thin-shell
theory had failed to adequately predict the stress
distributions in the spherical shell for the internal
pressure loading case. The radius-to-thickness ratio for
the spherical shell was 40.7 for both models, while the
nozzle radius-to-thickness ratio was 4.75 for model 1

37D. C. Cornell, SAFE-2D, a Computer Program for the
Stress Analysis of Plane and Axisymmetric Composite Struc
tures, a User's Manual, GA-9076, Gulf General Atomic

(February 1969).

38R. L. Maxwell, R. W. Holland, and J. A. Cofer, Experi
mental Stress Analysis of the Attachment Region of Hemi
spherical Shells with Radially Attached Nozzles, ME7-65-1,
University of Tennessee (June 1965).

39F. J. Witt, R. C. Gwaltney, and B. L. Greenstreet,
Comparison of Theoretical and Experimental Stresses on a
Spherical Shell with a Single Radially Attached Nozzle,
ORNL-TM-1634 (November 1966).
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Fig. 18. Details of the Five Initial Configurations Being Examined in the Finite-Element Studies of Area Reinforcing.

and 10.0 for model 5. Model 1 had a protruding nozzle,
while model 5 did not.

The finite-element idealization of the nozzle region is
shown in Fig. 19 for model 1 and in Fig. 20 for
model 5. In both cases the full hemispherical shell was
considered in the analysis. A total of 1200 nodes and
1967 elements was used to represent model 1, while
1199 nodes and 1968 elements were used for model 5.

The results of the analyses for the two models are
shown in Figs. 21—24. The predicted deflections are
shown, to an exaggerated scale, superimposed on the
original cross sections in Figs. 21 and 22 for models
1 and 5 respectively. The meridional and circumferen
tial surface stress distributions are compared with the
experimental stresses in Figs. 23 and 24 for models
1 and 5 respectively. Predictions based on thin-shell
theory, taken from ref. 39, are also shown in Figs. 23
and 24.

In general, the finite-element predictions agree closely
with shell theory predictions, except in the immediate
vicinity of the junction, where the axial and meridional
stresses predicted by the finite-element method reflect
local stress concentrations. Since the theoretical basis

for thin-shell theory is different from the solid body of
revolution finite-element formulation, the agreement
between the two sets of predictions seems to give
credence to the more approximate shell theory predic
tions. The results also indicate that the finite-element

method is capable of examining local stresses in the
reinforced regions of the nozzle-to-shell configurations
being examined in the parametric study. Left un
answered, however, is why the theoretical predictions
do not agree witn the experimental stresses in the
spherical shell portions of models 1 and 5 for the
internal pressure loading case.
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Fig. 19. Finite-Element Idealization of the Junction Region of ModelNo. 1.
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ORNL-DWG 70-823

Fig. 20. Finite-Element Idealization of the Junction Region of Model No. 5.
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ORNL-DWG 70-824

Fig. 21. Displaced Configuration of Model No. 1. Note that the displacements are shown to an exaggerated scale.
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ORNL-DWG 70-825

Fig. 22. Displaced Configuration of Model No. 5. Note that the displacements are shown to an exaggerated scale.
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Fig. 23. Comparison of Finite-Element Predictions with Shell Theory Predictions and Experimental Results for Model No. 1
Subjected to an Internal Pressure of 400 psi.
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Comparison of Analytical and Experimental Results for
a Large Radial Nozzle Attached to a Spherical Shell

As a part of a continued assessment of analytical
methods, theoretical analyses for one of the radial-
nozzle-to-spherical-shell models being tested at the
University of Tennessee40 were made using the
CERL-II computer code.4 • This model has the follow
ing dimensions and dimensional ratios: Di= 30.132 in.,
T = 0.375 in.,dt= 7.50 in., t = 0.188 in.,Dt/T= 80.35,
di/Di = 0.249, and t/T = 0.5. Here D is the shell
diameter, T is the shell thickness, d is the nozzle
diameter, t is the nozzle thickness, and the subscript i
denotes inside dimension. The theoretical analysis was
based on thin-shell theory, and the nozzle and spherical
shell were assumed to be joined at the intersection of
the midsurfaces. The loadings considered were internal
pressure and an axial force applied to the nozzle.

Comparisons of the theoretical and experimental
results are given in Figs. 25 and 26. The two sets of
results give satisfactory agreement in both distribution
and magnitude, except for the stresses at the inner
surface of the sphere. The spherical portion of this
model has a flat spot that measures about 1%in. along
the meridian located at about 26° from the center line
of the nozzle. Hence, there is probably some influence
from this geometrical imperfection. However, the over
all agreement is very good, particularly in the regions of
highest stress.

Internal Pressure Test of a 45° Lateral

A machined 45° lateral, which is to be subjected to an
internal pressure collapse test at the University of
Waterloo, was instrumented with strain gages at ORNL
so that strain measurements could be taken in critical

regions during the collapse and a subsequent burst test.
The regions of interest are at the branch (nozzle) to run
(shell) intersection along the longitudinal and transverse
axes. Of particular interest is the behavior at the acute
inside corner along the longitudinal axis.

The lateral was machined from solid carbon steel

stock, and the branch and run have the same dimen-

40R. L. Maxwell, R. W. Holland, and G. R. Stengl, Experi
mental Stress Analysis of the Attachment Region of Hemi
spherical Shells with Attached Nozzles, Part 2b, Radial Nozzle
7.875 O.D.-7.500 I.D., 10.00 in. Penetration, ME 7-69-4,
University of Tennessee, to be published.

4' S. E. Moore and F. J. Witt,CERL-II - a Computer Program
for Analyzing Hemisphere-Nozzle Shells of Revolution with
Axisymmetric and Unsymmetric Loadings, ORNL-3817
(October 1965).

sions. This specimen has been designated as Y2 by the
University of Waterloo (see writeup on University of
Waterloo (II), which follows later). The dimensions, as
measured from the lateral, are shown in Fig. 27,
which also shows the strain-gage locations. The dimen
sional parameters are DJT = 26.2,di/Di = 1.0,ands/S =
1.0. The specimen was instrumented as shown with 16
three-gage rosettes mounted on the inside and outside
surfaces. The specifications for the gages used are given
on the figure in the tabulations entitled "Strain Gage
Schedule."

Prior to returning the lateral to the University of
Waterloo, an internal pressure test was conducted to
determine the elastic response. Strains were recorded at
pressures of 0, 100, 200, and 0 psi using a Dextir
data-logging system. The principal stresses and the
maximum shear stresses recorded in Table 7 were

computed from the strains measured at 200 psi. The
direction of the maximum principal stress at each
location is given with respect to the major axis of the
rosette, which is defined as the center line of the
horizontal gage shown in view DD of Fig. 27.

The maximum stresses occurred at the acute inside

corner in the circumferential direction. The maximum

stresses obtained were essentially identical for the two
rosette locations, that is, 30,226 and 30,831 psi. At the
fillet opposite the acute inside corner, the circumferen
tial stress was compressive and much smaller in magni
tude (-2909 psi). The highest stress on the outside
surface (17,214 psi) was on the run on the acute corner
side of the transverse plane through the nozzle. It can
be concluded from these data that failure can occur at

the acute inside corner before yielding is experienced
on the outer surface on the longitudinal plane.

Finite-Element Studies of Cylindrical Shells
with Step Changes in Wall Thickness

A finite-element parameter study is being made to
determine the stress concentrations occurring in

stepped cylindrical shells with various fillet radii (see
Fig. 28). The change in thickness occurs at the
outside surface only. This work is being performed at
the request of the PVRC Subcommittee on Stresses in
Ligaments.

A total of 72 cases have been identified as covering

the range of interest, although it will probably not be
necessary to analyze every one of these. The combina
tions of parameters of interest are:

T/t= 1.05,1.1,1.2,1.5,2.0,4.0,

r/t = 0,0.15,0.3,0.45,

a/t = 5.0,10.0,20.0,
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STRAIN GAGE SCHEDULE

DEXTIR BLOCK NO. 1

COLOR CODE
GAGE
NO.

GAGE TYPE FACTOR

WHITE-BLUE m MM-EA-06-I25RA-I20 2.085

WHITE-ORANGE m
WHITE-GREEN a
WHITE-BROWN s
WHITE-GRAY m
RED-BLUE m
RED-ORANGE m
RED-GREEN OS
RED-BROWN @
RED-GRAY m
BLACK-BLUE M
BLACK-ORANGE m
BLACK-GREEN m
BLACK-BROWN m
BLACK-GRAY m
YELLOW-BLUE m MM-EA-O6-062AK-12O 2.045

YELLOW-ORANGE 03
YELLOW-GREEN m
YELLOW-BROWN M
YELLOW-GRAY m
PURPLE-BLUE m
PURPLE-ORANGE m
PURPLE-GREEN nn
PURPLE-BROWN m

DEXTIR BLOCK NO. 2

PURPLE-GRAY *© MM-EA-06-O62AK-I20 2.045

WHITE-BLUE *©
WHITE-ORANGE *(D
WHITE-GREEN © MM-EA-06-125RA-I20 2.085

WHITE-BROWN ©
WHITE-GRAY ©
RED-BLUE ©
RED-ORANGE ©
RED-GREEN ©
RED-BROWN ©
RED-GRAY ©
BLACK-BLUE ©
BLACK-ORANGE ©
BLACK-GREEN ©
BLACK-BROWN ©
BLACK-GRAY ©
YELLOW-BLUE ©
YELLOW-ORANGE ®
YELLOW-GREEN ®
YELLOW-BROWN ©
YELLOW-GRAY ®
PURPLE-BLUE @ MM-EA-06-062AK-I20 2.045

PURPLE-ORANGE ©
PURPLE-GREEN ©

LEGEND:

Q STRAIN GAGES LOCATED INSIOE LATERAL
Q STRAIN GAGES LOCATED OUTSIOE LATERAL

*Q STRAIN GAGES IN DEXTIR BLOCK NO. 2
^ LOCATED INSIDE LATERAL

Fig. 27. Strain-Gage Locations on, and Dimensions of, the 45 Lateral.

ORNL DWG 70-630

CH

NOTE:

1. PLACE SINGLE STRAIN GAGES (120 ohm), SHOWN IN VIEWS A-A AND B-B, AS CLOSE
TOGETHER AS POSSIBLE AND AS CLOSE TO KNIFE EDGE AT HOLE INTERSECTION AS
POSSIBLE.

2. PLACE SINGLE STRAIN GAGES (120 ohm), SHOWN IN VIEW C-C, AS CLOSE TOGETHER
AS POSSIBLE AND CENTER ON CENTERLINE AS SHOWN.

DIMENSIONS ARE IN INCHES.



Location

Inside gages 1, 2, 3
Inside gages 4, 5, 6
Inside gages 7, 8, 9
Inside gages 10, 11, 12
Inside gages 13, 14, 15
Inside gages (view BB) 16, 17, 18
Inside gages (view BB) 19, 20, 21
Inside gages (view AA) 22, 23, 24
Inside gages (view AA) 1, 2, 3
Outside gages 4, 5, 6
Outside gages 7, 8, 9
Outside gages 10, 11, 12
Outside gages 13, 14, 15
Outside gages 16, 17, 18
Outside gages (view DD) 19, 20
Outside gages (view CC) 22, 23,

21

24

47

Table 7. Stresses for 200 psi Internal Pressure, Lateral Y2

Maximum

Principal
Stress

(psi)

-354

-897

401

-2,768

1,731

30,226

30,831

8,407

8,687

9,997

17,214

10,831

12,084

10,152

3,376

-2,909

ORNL-DWG 70-831

Minimum

Principal

Stress

(psi)

-7060

-5746

-5415

-4347

-5631

-440

196

1964

1126

1789

6400

6655

3430

5834

3053

-7334

Maximum

Shearing

Stress

(psi)

3,352

2,424

2,908

789

3,681

15,333

15,317

3,221

3,780

4,104

5,407

2,088

4,327

2,159

162

2,213

Angle from
Major Axis

to Maximum

Principal
Stress

(deg)

20

25

-21

26

-6

-2

-9

-2

4

15

29

-34

16

-6

0

2

where T is the thickness of the thick cylinder, t is the
thickness of the thin cylinder, r is the fillet radius, and a
is the inside radius. The stepped cylinder is loaded by
an internal pressure, and both ends are considered to be
capped at sufficient distances from the step region for
end effects to have no influence on the region of
interest. At present, only extreme combinations of the
parameters are being examined to establish bounds on
the stress concentration effect.

Two separate finite-element computer programs have
been used. Both are based on a two-dimensional,
axisymmetric solid body formulation. All the analyses
are being performed using a version of Wilson's
program.42 However, the SAFE-2D program, pre
viously described,43 was used to obtain duplicate
analyses for two of the cases. This was done for two
reasons. First, agreement between the two sets of
results served to give confidence in the validity of the
Wilson program results, and second, more extensive
computer plotting capabilities were available at ORNL

Fig. 28. Typical Stepped Cylinder Configuration.

42
Edward L. Wilson, "Structural Analysis of Axisymmetric

Solids,'M/A4 /. 3(12), 2269-74 (1965).

41D. C. Cornell, SAFE-2D, a Computer Program for the
Stress Analysis of Plane and Axisymmetric Composite Struc
tures, a User's Manual, GA-9076, Gulf General Atomic
(February 1969).
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for the SAFE-2D program than for Wilson's program.
Detailed computer plots of the two cases analyzed by
SAFE-2D provided an insight into the basic behavior of
stepped cylinders.

The results presented here are for the two cases that
were analyzed by both programs. Some of the com
puter plots of the SAFE-2D results are presented, and
comparisons of the Wilson program results with
SAFE-2D results are shown.

The two cases chosen for the duplicate analyses both
had a T/t ratio of 1.5 and an a/t ratio of 5.0. In one
case, however, the r/t ratio was zero, while in the other,
the r/t ratio was 0.3. The finite-element mesh layouts

<L

il

BLOWN-UP

SECTION

for the SAFE-2D analyses are shown in Fig. 29. The
entire mesh for the case with the fillet radius is shown

on the left, and the stepped region is shown enlarged on
the right. For the case of the zero fillet radius, the mesh
was modified as shown in the cutout. A total of 1198

nodes and 2173 triangular elements were used for the
case with the fillet radius.

In comparison, the mesh layouts for the Wilson
program analyses used 723 nodes and 618 elements for
the case with the fillet radius and 681 nodes and 568

elements for the case without the fillet radius. Most of

the elements were quadrilaterals, which are internally
divided by the program into four triangular elements

ORNL-DWG 70-832

Fig. 29. Finite-Element Mesh Layouts Used for SAFE-2D Analyses of Stepped Cylinder.
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with linearly varying displacement fields. The analyses
using both Wilson's program and the SAFE-2D program
thus used roughly the same number of triangular
elements. The element layouts for use with the two
programs were, however, prepared independently by
different individuals and were quite different.

The deflections predicted by SAFE-2D for the two
cases are shown, to an exaggerated scale, superimposed
on the original cross sections in Fig. 30. As would be
expected, the presence of the small fillet radius had no
observable effect on the overall deflection behavior.

The principal stress trajectories, which are lines
everywhere tangent to the directions of principal stress,

UNDEFLECTED

SHAPE

are shown in Fig. 31 for the step region of both
configurations. These are again results from the
SAFE-2D program. Principal stress trajectory curves
have several useful properties, one of which is particu
larly important here. In the two configurations ex
amined, the maximum stress in the plane of the cross
sections shown in Fig. 31 is the tangential stress on
the free boundary of the thin cylinder at a point just
below the step. One property of stress trajectories is
that the distances from a free boundary to a nearby
stress trajectory curve are inversely proportional to the
tangential stresses on the boundary. This allows one to
estimate the peak stress from the stress trajectory plots.

ORNL-DWG 70-833

UNDEFLECTED

SHAPE -

Fig. 30. Displaced Configurations, Determined by SAFE-2D, for Stepped Cylinder With and Without Fillet Radius.
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Fig. 31. Stress Trajectories, Determined by SAFE-2D, for Stepped Cylinder With and Without Fillet Radius.

Using the axial membrane stress in the lower part of the
thin cylinder as a reference tangential stress, it can be
seen that the peak tangential stress just below the step
is about twice the reference value. The factor is

somewhat less for the configuration with the fillet
radius.

These observations are verified in Fig. 32, which
shows the maximum stress contour levels in the plane
of the figure for both cases. The third principal stress is
always the circumferential stress, which is perpendicular

to the plane of the figure; these contours are shown in
Fig. 33. Contours determined by both SAFE-2D and
Wilson's program agreed very well, as shown in these
figures.

The pressure level for the analyses was chosen to
produce a nominal hoop stress of 1000 psi and a
nominal axial stress of 500 psi in the thin cylinder. For
reference purposes the calculated Lame stresses at the
surfaces of the cylindrical portions away from the
discontinuity region are listed in Table 8. Figures 32

Table 8. Pressure Stresses in a Thick-Walled Stepped Cylinder

Portion

Inside-Radius-

to-Thickness

Ratio

Inside Surface Stresses

(psi)
Outside Surface Stresses

(psi)

Circumferential Radial Axial Circumferential Radial Axial

Thin

Thick

5.00

3.33

1109

780

-200

-200

455

290

909

580

0

0

455

290
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Fig. 32. Maximum StressContoursin Plane of Cross Sectionfor SteppedCylinder With and WithoutFilletRadius.

and 33 indicate that the largest stress in the configura
tion without the fillet radius occurs in the plane of the
figure at a point just below the step with a value slightly
above 1100 psi. Thus, if the nominal hoop stress is
taken as a reference, the stress concentration factor is
about 1.1. For the case with the fillet radius the

nominal hoop stress is the largest stress. Thus the stress
concentration factor is about 1.0. In summary then, the
fillet radius reduces the maximum stress by only about
9% for this particular case.

Joint AEC (ORNL)-PVRC Cooperative
Program - Single-Nozzle Studies

University of Tennessee (I) —Experimental
Stress Analysis of Single Nozzles in
Sphericaland CylindricalShells

Experimental studies on two spherical shells with
attached nozzles are being continued. In both cases the

dimensions for the shell are Dt = 30.132 in. and T =
0.375 in., giving aDJTratio of 80.35. One model has a
7.875-in. outside diameter (d0) nozzle radiallyattached
at the apex, and the other has two 2.625-in.-OD oblique
nozzles attached at angles of 22.5 and 45° respectively.

Tests on the 22.5° oblique nozzle of the second
model were completed for a nozzle wall thickness t of
0.25 in., and the results have been partially reported.
The summary portion of the report, part 3d, is in
preparation. It will contain plots of the data for all
loading cases; a typical data plot is shown in Fig. 34.

44R. L. Maxwell, R. W. Holland, and G. R. Stengl, Experi
mental Stress Analysis of the Attachment Region of Hemi
spherical Shells with Attached Nozzles, Part 3a, Part 3b, Part
3c, Nonradial Nozzle at 22% Degrees, 2.625 O.D.-2.125 I.D.,
4.00-in. Penetration, ME 7-69-1, The University of Tennessee
(April 1969).
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Fig. 33. Circumferential Stress Contour for Stepped Cylinder With and Without Fillet Radius.

The results in the figure correspond to an internal
pressure loading and are from the downhill side of the
nozzle along the plane which passes through the apex
and contains the center line of the nozzle. Subsequent
to completion of the tests, the nozzle was bored out to
a wall thickness of 0.125 in. in preparation for the next
series of tests.

The plots shown in Fig. 34 were done entirely by
computer. The development of the associated computer
program represents a significant advancement in pro
viding means for handling the large amounts of data
obtained from each test series and in the preparation of
figures for use in final topical reports.

Tests were also completed on the second configura
tion for the shell with the 7.875-in.-OD nozzle. This

configuration differs from the first in that the nozzle
thickness was 0.375 in. for the first case, while it was
0.1875 in. for the second. A topical report on the
results is being prepared.

The 7.875-in.-OD nozzle has an internal protrusion
that is 10 in. long. For the next series of tests the length
will be reduced to 2 in., but the inside diameter of the

nozzle will not be changed.
In addition to the experimental investigations of

spherical shells with attached nozzles, a cylindrical shell
with a single radially attached nozzle was pressurized
internally to determine first the plastic collapse load
and finally the burst pressure. The plastic collapse load
is that which corresponds to the onset of large
deformation through plastic action. The model was
originally tested at the IIT Research Institute under
elastic conditions. The dimensional parameters are
DJT = 230, d/D = 0.5, and s/S = 0.51, wheres/S is the

W. F. Riley, "Experimental Determination of Stress Dis
tributions in Thin-Walled Cylindrical and Spherical Pressure
Vessels with Circular Nozzles," Welding Research Council
Bulletin 108, September 1965.
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Fig. 34. Plot of the Total Stress vs the Shell Profile at the 0 Plane on the 22.5 Nozzle Model.

ratio of the membrane stress in the nozzle to that in the

shell.

Plots of strains and deflections as functions of

pressure did not give distinguishable indications of
transitions from elastic to elastic-plastic material be
havior. These indications were obscured, in part, by the
geometrical changes in the shell as the pressure in
creased, and the responses measured gave almost en
tirely nonlinear curves. Some of the curves have linear
portions between 0 and 30 psi (a crack developed at
170 psi), while the remainder are nonlinear even in this
range. The shell was subjected to pressures up to 30 psi
in the elastic tests performed by IIT Research Institute,
and, although in retrospect it would have been advis
able, cyclic loadings - that is, loadings and unloadings
—were not imposed above this pressure level during the
collapse and burst test. Since the limit load concept is
based on a marked change in load response due to

changes from elastic to elastic-plastic behavior of the
material, it appears there is little meaning to be
associated with the concept in this case.

The maximum pressure reached during the test was
230 psi, but a leak due to a crack in the vessel actually
occurred at 170 psi, as noted above. This crack was in
the off-the-axis portion of the shell near the junction.
An examination of the specimen after the test revealed
that cracking occurred essentially at random around the
junction. The cracks were in the circumferential direc
tion along the nozzle-to-shell attachment weld.

Westinghouse Research Laboratories -
Photoelastic Studies

A series of internal pressure tests was made on lateral
and hillside nozzles in cylindrical shells, two hillside and
one lateral opening in cylindrical shells,oblique nozzles
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in spherical shells, and one oblique opening in a
spherical shell. All conventional nozzles were nonpro-
truding. Table 9 lists the 15 nozzles and openings
studied, along with the principal stress ratios. Nozzle
UW-2 is included for comparison purposes. These
nozzles and openings were contained in three cylindri
cal pressure vessel models with hemispherical end
closures. The first and second models each contained

five nozzles and one opening without a nozzle, and the
third model contained one of the nozzles and two

openings listed in Table 9.
Nozzle WC-2AY1 was one with a thermal sleeve

attachment and balanced reinforcing, while nozzle
WC-2AY was a conventional unreinforced nozzle

attached to a cylindrical shell. A comparison of the
maximum principal stress ratios given in Table 9 for
these two models reveals that the unreinforced con

ventional nozzle experiences higher stresses than its
thermal-sleeved counterpart. Additional information
may be obtained from the topical report.46

The end caps of model 1 contained a small hole
(WS-63B), which was gasketed at the midsurface, and
nozzles WS-63-B1 and WS-63-B2. Nozzle WS-63-B1 was

thin walled (unreinforced), while WS-63-B2 was thick
walled (reinforced). The maximum stresses in these
nozzles were in the longitudinal direction on the inside
surface, with the unreinforced nozzle (WS-63-B1)being
the most highly stressed. The last nozzle in the

model, designated as WC-59-B1, was a lateral connec
tion very similar to WC-2AY. The maximum stress at
the acute inside corner of nozzle WC-59-B1 was 1.7

times the maximum stress measured in WC-2AY.49
Model 2 contained four nozzles and one opening in

the cylindrical portion of the shell. Nozzles WC-12B1,
WC-12B2, and WC-12B3 are a set of lateral-nozzle-to-
cylindrical-shell attachments. The first was unrein
forced, while the remaining two were reinforced by

M. M. Leven, Photoelastic Determination of Stresses in a
Reinforced Steam Charging Connection with a Thermal Sleeve,
69-9D7-PHOTO-R1, Westinghouse Research Laboratories (Jan.

14, 1969).
4 7 M. M. Leven, Summary of Oblique Openings in Spherical

Shells, 69-9D7-PHOTO-R2, Westinghouse Research Labora
tories (Mar. 20, 1969).

M. M. Leven, Photoelastic Determination ofthe Stresses at
Oblique Openings in Spherical Pressure Vessels,
69-9E7-PHOTO-R2, Westinghouse Research Laboratories (Oct.

29, 1969).
49

M. M. Leven, Photoelastic Determination of the Stresses at
Oblique Openings in Cylindrical Pressure Vessels, 69-9E7-
PHOTO-R1, Westinghouse Research Laboratories (Sept. 10,
1969).

thickening the walls. These reinforced nozzles were
identical, except that the acute inside corner was
removed in the case of WC-12B3. The stress was

somewhat higher in the unreinforced nozzle as com
pared with the reinforced nozzle. The reinforced nozzle
that had the acute inside corner removed had the lowest

maximum stress value.50 The results for the opening
WC-12C and the unreinforced hillside nozzle WC-12C1

are reported in ref. 50.
One hemispherical end cap of model 2 contained the

nozzle WUW-2, which corresponds to UW-2, a nozzle
that was tested at the University of Waterloo.50 The
essential difference is that WUW-2 had sharp inner
corners, while those for UW-2 are generously rounded.
The nozzle having the sharp inner corners developed a
peak stress at the acute inside corner which was
approximately 12% greater than that of the nozzle
having the rounded corners.4 7>4 8-5 °

A third model has been fabricated which is a

relatively thick-walled cylindrical vessel with five nozzle
attachments and two nonradial openings without
nozzles [see Table 10 (WC-12C3, WC-12C2 were
listed in Table 9)]. There are two closely spaced
reinforced nozzles (WD-12DD) mounted along the
longitudinal axis. There is also a single reinforced nozzle
(WC-12D) with dimensions identical to those for the
two closely spaced nozzles. This nozzle will be used for
comparison with the other two to study the effect of
closely spaced nozzles. The fourth nozzle (WC-12E) has
the same dimensions as the above three, but it is
reinforced internally. This is the only inwardly pro
truding nozzle. The fifth (WC-12C3) is an unreinforced
hillside nozzle in the cylindrical portion of the model.
One of the openings is a lateral hole (WC-12B), while
the second (WC-12C2) is a hillside opening. The bore of
the latter is tangential to the inside surface of the shell.

The data from this model are now being analyzed. As
indicated by Table 9, the data analyses for nozzle
WC-12C3 and the two openings, WC-12Band WC-12C2,
have been completed.

A fourth model is to be fabricated which will be a

thin-walled cylindrical shell (D/T = 100) with two
closely spaced radial nozzle attachments and two single
nozzle attachments for comparison purposes. These
nozzles will be analogous to the first four nozzles of
model 3.

All of the data for oblique openings (with and
without nozzles) in cylindrical and spherical vessels

C. E. Taylor and N. C. Lind, "Photoelastic Determination
of the Stresses near Openings in Pressure Vessels," Welding
Research Council Bulletin 113, April 1966, p. 14.
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Table 9. Nozzle and Opening Tests Completed This Year at Westinghouse Research Laboratories

Model Opening ^ /r ^ ^
No. Designation i r i

a, 7,

Hillside Lateral

WC-2AY1 Radial nozzle

Thermal sleeve

WC-59B1 Lateral nozzle

Cylinder 59.4 0.098 0.467 0
Cylinder 59.4 0.115 0.187

WC-2AY Conventional nozzle Cylinder 59.4 0.115 0.488 0°
for comparison with
WC-2AY1

Cylinder 59.5 0.115 0.50

WS-63B Small opening with Sphere 63.4 0.008 0
thin plate seal at
midsurface

WS-63B1 Flush nozzle

45"

WS-63B2 Flush nozzle

WC-12B Lateral opening

WC-12B1 Lateral nozzle

WC-12B2 Lateral nozzle

Sphere 63.4 0.04 0.92 45

Sphere 63.4 0.04 0.10 45°

Cylinder 12.2 0.021 0

Cylinder 12.2 0.129 1.02

Cylinder 12.2 0.129 0.21

WC-12B3 Lateral nozzle with Cylinder 12.2 0.129 0.21
the acute inside

corner removed

WC-12C Hillside opening with Cylinder 12.2 0.02 0
thin plate seal at
midsurface

45"

WC-12C1 Hillside nozzle CyUnder 12.2 0.129 1.01 60 35

WC-12C2 HiUsideopening with CyUnder 12.2 0.021 0
thin plate seal at
midsurface

78°18'

WC-12C3 HiUside nozzle Cylinder 12.2 0.067 0.99 60

WUW-2

UW-2d

Flush nozzle Sphere 18.3 0.130 0.63 60°35'

Flush nozzle - inner Sphere 18.3 0.129 0.63 60 38
acute corner gener

ously rounded

0

0°

45'-

45"

45°

45°

45°

Section

Maximum Principal
Stress Ratio"

Inner Outer

Surface Surface

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

Acute

Obtuse

1.60

2.96

5.13

3.71

2.72

1.25

3.70

4.18

3.50

2.40

3.12

2.52

4.65

3.96

4.50

2.78

3.34

3.36

1.17

1.01c

longitudinal 2.33

Acute 1.25

Obtuse 2.23

Longitudinal 1.87 1.77

Acute 2.20 0.87c

Obtuse 1.43 1.23

Longitudinal 1.67 1.67

Acute 1.50 1.29c
Obtuse 2.21 2.31c
Longitudinal 1.87 1.70

Acute 4.95 1.40c

Obtuse 4.40 1.43

Acute

Obtuse

4.0

4.4

1.02

2.65

2.316
3.906

1.35

2.68

1.67

3.50

1.55c

1.80c

1.06

2.52

1.466
2.36ft

1.066
1.046

1.006
1.10*

0.94

1.04

1.86

1.456-c
2.35ft'c

1.30c

1.60

"oJSunless otherwise specified, where S =anom =p(Df + T)j2T and p=pressure (psi).
^Extrapolated values for cement fiUet.
"oft.
dData from "Photoelastic Study of the Stresses nearOpenings in Pressure Vessels," by C. E. Taylorand N.C. Lind, Welding

Research Council Bulletin 113, April 1966.
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Table 10. Nozzle and Openings Planned for Model 3

a y

Designation SheU DjT di/Di s/S HiUside

(deg)
Lateral

(deg)
<t>/T Remarks

WC-12DD CyUnder 12.0 0.129 1.0 0 0 0.50 Two closely spaced
reinforced nozzles

WC-12D CyUnder 12.0 0.129 1.0 0 0 0.50

WC-12E Cylinder 12.0 0.129 1.0 0 0 0.50 Inside reinforcing
WC-12C3 CyUnder 12.0 0.0667 1.0 60.0

WC-12B CyUnder 12.0 0.0207 0 45 Lateral opening
WC-12C2 CyUnder 12.0 0.0207 0 78.3 HiUside opening

subjected to internal pressure are contained in refs. 48
and 49. The material in these reports is to be included
in a Welding Research Council Bulletin that is in
preparation.

University of Waterloo (I) —Elastic and Plastic
Analyses of Nozzle-to-Shell Attachments

Investigations are being made to provide theoretical
and experimental data of elastic stresses at nozzle-to-
vessel intersections. In addition, methods are being
developed and experimental data obtained for plastic
limit analysis and design of nozzle-to-vessel attachment
configurations.

Upper and lower bound limit analysis methods and
associated computer programs were developed to pre
dict plastic limit loads for spherical shells with single
rigid radial nozzle attachments. The loadings considered
were internal pressure and external forces and moments
applied to the nozzles. These loads may act singly or in
combination. In support of the theoretical develop
ments, six steel model tests were conducted using
various combinations of internal pressure and external
loadings. The results from both the theoretical and
experimental studies are contained in a recent report.5'

An experimental stress analysis of a 45° steel lateral
(Dt/T= 12,dj/Dt = 0.50, s/S = 1.0)whichwassubjected
to external force and moment loadings was completed.
One end of the intersected cylinder (run) was fixed, and
force loads were applied to the specimen to give the
equivalent of three forces and three moments acting
separately on the end of the branch and on the free end
of the run. Two parts52 of a three-part report on this
test have been written, and the third part is being
prepared. Part I describes the model, the loadings, and
the methods used. It also gives the results in graphical
form. The test data and computed results are given in
tables in Part II. Part III presents a theory and the

results for calculation of the structural stiffness mat

rices for the lateral, and the principal modifications in
classical piping stress analysis necessary for the analysis
of systems which assume flexible joints are outlined.

University of Waterloo (II) —Plastic Limit
Analysis Studies for Tees and Laterals

The research at the University of Waterloo is directed
toward deriving upper bound limit loads for tees and
laterals. The loadings to be considered are internal
pressure and external forces and moments applied to
the nozzles.

Analytical methods for determining upper bound
plastic collapse loads (upper bound limit loads) for tees
subjected to internal pressure were developed, and a
computer program was written. A paper describing the
analysis was published.53 In this paper, configurations
for which 0.4 <dJDm <l.0,Dm/T>20,djt > 20,
and 0.7 < s/S < 1.3, where the subscript m is used to
denote mean diameter, were considered.

Methods for calculating upper bound limit pressures
for laterals with nozzle-to-shell (run) angles ranging
from 30 to 90° (a 90° lateral is a tee) were derived, and
analytical techniques for determining upper bound
limits for in-plane bending moments applied to nozzles
of tees were developed. In addition, the upper bound

N. C. Lind and S. Palusamy, "Limit Analysis of Rigid
Radial Nozzles in Spherical Pressure Vessels Under Combined
Loading," draft report, University of Waterloo, December 1969.

5 2
P. K. Fung and N. C. Lind, Experimental Stress Analysis of

a 45 Lateral Branch Pipe Connection Subjected to External
Loadings, Parts I and II, University of Waterloo (September
1969).

5 3 J. Schroeder and P. Rangarajan, "Upper Bounds to Limit
Pressures of Branch-Pipe Tee Connections," Pressure Vessel
Technology, Part I, Design and Analysis, First International
Conference on Pressure Vessel Technology, Delft, Netherlands,
September 1969, pp. 277-91.
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limit pressure analysis for tees was extended to include
s/S ratios ranging from 0.25 to 3.0 and dm/Dm ratios
from 0 to 1.0.

Twelve models are to be tested to provide data for
examining the theory. These models are listed in Table
11, where the status — that is, ordered, acquired, or
tested —and type of loading to be used in each case are
also given. Two of the laterals, Ys and Y6, were made
by welding the nozzle to the shell, while the remainder
were machined from one piece of material. To date,
three tees (Ti, T2, and T3) and four laterals (Yi, Y4,
Y5, and Y6) have been tested under internal pressure
loading. Good comparisons were obtained between ana
lytical and experimental results.

The welded laterals (Ys and Y6) were added to in
vestigate the possibility of cracks developing in the
welds during internal pressure limit load tests. From the
results obtained, cracks did not develop in the welds
until about twice the limit pressure was reached in each
case.

University of Sherbrooke —Elastic Analysis of Skewed
Holes in Flat Plates and Plastic Collapse Loads of
Single Nozzles in Spherical and Cylindrical Shells

The investigations at the University of Sherbrooke
serve two purposes. Elastic stresses around single
skewed holes in flat plates are being examined in order
to increase the understanding of skewed holes in
pressure vessels, and information is being developed
that is applicable to determining the plastic collapse
loads of cylindrical and spherical shells with single
cylindrical nozzles attached.

At present a three-dimensional theory is being de
veloped for estimating the stress concentration factors
for skewed holes in flat plates. A summary paper on
skewed holes is being prepared for publication in a
Welding Research Council Bulletin. This paper will
contain some of the three-dimensional work as well as

earlier work on comparisons between two-dimensional
theory and experimental work.

Table 11. Models for Limit L oad Tests

Model djDmm' m DJT s/S
Nozzle

Angle
(deg)

Status Type Loading, etc.

Y, 1.0 34.5 1.0 45 Tested Machined from

one piece
Internal pressure

T, 1.0 34.5 1.0 90 Tested Machined from

one piece

Internal pressure

Y2 1.0 26.0 1.0 45 Acquired Machined from

one piece
Internal pressure with special

strain gages on crotch

Tj 0.6 34.5 0.9 90 Tested Machined from

one piece
Internal pressure

T3 0.85 25.0 1.0 90 Tested Machined from

one piece

Internal pressure

T4 0.5 25.0 1.0 90 Acquired Machined from

one piece
External in-plane couple on

branch

Tj 0.75 25.0 1.0 90 Ordered Machined from

one piece
External in-plane couple on

branch

T6 1.0 25.0 1.0 90 Ordered Machined from

one piece
External in-plane couple on

branch

Y3 0.75 25.0 1.0 45 Ordered Machined from

one piece
External in-plane couple on

branch

Y4 0.6 26.0 1.0 45 Tested Machined from

one piece
Internal pressure

Y5 1.0 16.0 1.0 45 Tested Welding lateral
from Tube Turns

Internal pressure to fracture

Y6 1.0 20.0 1.0 45 Tested Welding lateral
from Tube Turns

Internal pressure to fracture
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Limit analysis methods for determining plastic
collapse pressures for spherical shells with single radial
nozzle attachments have been developed, and reports
on this work were written.54-57

Equations were derived for calculating lower bound
limit pressures for cylindrical shells with single radial
nozzles.S8'59 Although this analysis ispresently limited
to diameter ratios less than V2 (d/D < 0.5), it can be
extended to cover the full diameter ratio range. A
preliminary formulation for upper bound limit pres
sures was obtained; however, since it appears that an
exact formulation for the limit pressure can be obtained
from the lower bound analysis, no further work is being
done on the upper bound formulation at present.

Auburn University (II) — Theoretical Solution

of a Single Nonradial Nozzle in a Spherical Shell

The investigations at Auburn University are to pro
vide analytical methods for obtaining the stresses in the
junction region of spherical shells with single nonradial
nozzle attachments. These methods are to be based first

on shallow-shell theory and later extended to use
nonshallow-shell, or complete, theory.

The first analysis to be developed is based on an
extension of an existing analytical method, which, in
turn, is based on shallow-shell theory.60 The existing
method was modified by using an exact description for
the nozzle-to-shell intersection instead of an approx
imate description such as was used in ref. 60. On this
basis, the modified analytical method can be used to

54F. EUyin, "Flush Nozzles in Conical-Spherical Pressure
Vessels," Pressure Vessel Technology, Part I, Design and
Analysis, First International Conference on Pressure Vessel
Technology, Delft, Netherlands, September 1969.

F. Ellyin, "The Effect of Yield Surfaces on the Limit
Pressure of Intersecting SheUs," Intern. J. Solids Structures
5(7), 713-25 (July 1969).

F. EUyin, "Elastic-Plastic Behavior of Intersecting SheUs,"
J. Eng. Mech. Div. ASCE 95(EM1), 69-94 (February 1969).

57F. Ellyin, Experimental Investigation of Flush Nozzles in
Conical-Spherical Pressure Vessels (the Tangent Generator),
FE-7-69, University of Sherbrooke (March 1969).

F. EUyin and S. Mouadeb, Limite Inferieure De La Pression
D'Effondrement A LTntersection Perpendiculaire De Deux
Cylindres Pressurises, FE-8-69, University of Sherbrooke (June
1969).

5 F. Ellyin and S. Mouadeb, Limit Pressure of Nozzles in
Cylindrical Pressure Vessels, University of Sherbrooke (August
1969).

D. E. Johnson, "Stresses Due to Forces on a Nonradial

Nozzle in a Spherical SheU," Ph.D. dissertation, Cornell
University, June 1963.

analyze nozzles with larger angles of obliqueness than
the previous method.

Formulations were developed for stress analysis of
nonprotruding nozzles and for inwardly protruding
nozzles, where the shell and nozzle are loaded by
internal pressure. A report on the analysis for nonpro
truding nozzleswaswritten.6'

Computer programs for the analysis of nonprotruding
and protruding nozzles have been written. At present
the analysis for the nonprotruding nozzle is being
evaluated by comparing calculated and experimental
results. University of Tennessee data for radial nozzles
as well as the results for the 22.5° oblique nozzle are
being used. Since the latter has an internal protrusion, a
good assessment of the analytical results is not to be
expected in this case.

As the angle of obliquity increases, the number of
terms to be used in the equations and the number of
boundary points to be matched increase. Studies have
shown that the present computer program must be
extended to meet the increased requirements before
45° nozzles, such as those tested by Westinghouse
Research Laboratories, can be examined.

AEC (ORNL) Program - Multiple-Nozzle Studies

University of Tennessee (II) - Experimental
Stress Analysis of Clusters of Holes and
Clusters of Nozzles in Flat Plates

For relatively small nozzles attached to cylindrical or
spherical vessels, stresses from local nozzle loadings
such as axial thrust, moment, torsion, and shear are
virtually independent of vessel curvature. In this study,
nozzles attached to flat plates are used for experimental
stress analysis of this configuration. Combinations of
biaxial tension on the plates and pressure in the nozzles
are used to simulate stresses resulting from vessel
internal pressure loadings. A series of ten models
consisting of the holes and nozzles listed in Table 12
are being tested. The hole and nozzle location patterns
are to be the same. The 36 X 36 X 0.375 in. plate,
along with the nozzle attachment configurations to be
used in the tests, is shown in Fig. 35.

Initially, two unpierced flat plates were extensively
strain gaged and tested in uniaxial tension and biaxial
tension. One of these plates is shown in Fig. 36
positioned in the biaxial testing machine. The plate was

J. C. Yu and C. H. Chen, Stresses in the Vicinity of a
Nozzle Nonradially Attached to a Spherical Pressure Vessel,
ME-UC2889-2, Auburn University (April 1969).
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Table 12. Models for Flat-Plate Studies

Test Specimens
Model

No.

Hole

Diameter

(in.)

Nozzle Dimensions

(in.) Hole or Nozzle

Pattern

do t

Two unperforated plates
Plate for initial test of loading fixture 1

Plate of material to be used in remaining studies 2

Two plates with holes"
One hole 3 2.625

Two holes 3 2.625

Three holes 4 2.625 Triangular

Four holes 3 2.625 Square
Five holes 5 2.625 Modified square; outer holes

on 6.0-in. circle

Five plates with nozzles
One nozzle 6 2.625 0.250, 0.125

Two nozzles 7 2.625 0.250, 0.125

Three nozzles X 2.625 0.250,0.125 Triangular

Four nozzles 9 2.625 0.250, 0.125 Square
Five nozzles 10 2.625 0.250, 0.125 Modified square; outer holes

on 6.0-in. circle

'S.O-in. hole spacing.

PLATE NO. 2

NOZZLE ARRANGEMENT

1.500-
— 3O00-

PLATE NO. 4

NOZZLE ARRANGEMENT

PLATE NO. 3

NOZZLE ARRANGEMENT

Jt>'
PLATE NO. 5

NOZZLE ARRANGEMENT

DIMENSIONS ARE IN INCHES
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Fig. 36. Biaxial Tensile Testing Machine.

loaded through 32 hydraulic rams positioned eight to a
side along the edges of the specimen. The results of
these tests indicated that the desired state of true

biaxial stress was developed within the central
14-in.-diam region of the plate.

Plates with clusters of one, two, three, four, and five
holes without nozzles are being tested in uniaxial and
biaxial tension. Tests on the one- and two-hole con

figurations have been completed, and tests on the plate
containing three holes are in progress.

A report containing the results of the uniaxial and
biaxial tension testing of the plate containing a single
hole has been completed.62 This plate was instru
mented on one side with electrical resistance strain

gages in the locations shown in Fig. 37. All tests were

conducted with the gaged side up in the loading
machine and then repeated with the gaged side down.
The averaging of the two readings for each gage
compensated for possible bending or eccentricities in
the loading system. Materials properties were deter
mined from test coupons taken from the edges of the
plate.

Figures 38 and 39 are examples of radial and
tangential stress data along the 0 and 90° planes shown
in Fig. 37 for the uniaxial tension test. Two experi-

A. Mathews, Experimental Stress Analysis of Clusters of
Holes of Equal Diameters in Flat Plates - Part 1, a Single Hole,
EM 69-2, Department of Engineering Mechanics, The University

of Tennessee (April 1969).
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side along the edges of the specimen. The results of
these tests indicated that the desired state of true

biaxial stress was developed within the central
14-in.-diam region of the plate.

Plates with clusters of one, two, three, four, and five
holes without nozzles are being tested in uniaxial and
biaxial tension. Tests on the one- and two-hole con

figurations have been completed, and tests on the plate
containing three holes are in progress.

A report containing the results of the uniaxial and
biaxial tension testing of the plate containing a single
hole has been completed.62 This plate was instru
mented on one side with electrical resistance strain

gages in the locations shown in Fig. 37. All tests were

conducted with the gaged side up in the loading
machine and then repeated with the gaged side down.
The averaging of the two readings for each gage
compensated for possible bending or eccentricities in
the loading system. Materials properties were deter
mined from test coupons taken from the edges of the
plate.

Figures 38 and 39 are examples of radial and
tangential stress data along the 0 and 90° planes shown
in Fig. 37 for the uniaxial tension test. Two experi-

A. Mathews, Experimental Stress Analysis of Clusters of
Holes of Equal Diameters in Flat Plates - Part 1, a Single Hole,
EM 69-2, Department of Engineering Mechanics, The University
of Tennessee (April 1969).
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Fig. 37. Location of Strain Gages.

mental data points were shown for each gage location.
One set of points was obtained by pulling the plate in
one direction, and another set was obtained by subse
quently pulling the plate in the transverse direction.
The curves indicate theoretical results. The most scatter

in experimental data occurred for the 45° plane. Stress
values greater than theoretical values were measured at
the edge of the hole, as shown in Fig. 39. In general,
agreement between theoretical and experimental values
was favorable.

Typical results of the biaxial tension test employing a
2:1 ratio of applied stresses are shown in Figs. 40 and
41. Experimental data are shown by triangles in Fig. 40
and by dots in Fig. 41. The solid curves indicate the
theoretical solution obtained by superposition of two
orthogonal uniaxial stress fields. The dashed curves in
Fig. 40 were obtained by superposition of uniaxial test
data. The biaxial test data fitted close to the dashed

curves. This confirmed the validity of using super
position of test results. Good agreement between
theory and experiment was observed.
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Fig. 38. Radial and Tangential Stresses for the Uniaxial
TensionTest. 0° plane.

A report is being written for the two-hole test. Once
the testing of the five plates with holes is completed,
plates to which the five clusters of nozzles shown in
Fig. 35 and listed in Table 12 have been attached will
be tested. A device for pressure loading a nozzle has
been developed, and a loading frame for applying
external force and moment loads to the nozzles is being
fabricated.

Battelle Memorial Institute (II) - The Stress
Analysis of Perforated Plates and Plates with
Single and Clustered Nozzle Attachments

The basic purpose of this project is to provide stress
analysis methods and associated computer programs
applicable to the perforated flat plates and flat plates
with attached nozzles being examined experimentally at
the University of Tennessee (II). The loadings are
in-plane forces applied at the edges of the plates
containing perforations, and, in the case of plates with
attached nozzles, the loadings will be simulated internal
pressure loadings for cylindrical and spherical shells and
external loads applied to the nozzles. The nozzle loads



62

Fig. 39.
Tension Test.
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Radial and Tangential Stresses for the Uniaxial
90° plane.
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Fig. 40. Radial and Tangential Stresses for the Biaxial
Tension TestEmploying a 2:1 Ratio. 0° plane.
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Fig. 41. Radial and Tangential Stresses for the Biaxial
tension Test Employinga 2:1 Ratio. 90° plane.

will include an axial force, a shear force, and moment
loadings. When the programs are developed and verified
through comparisons between calculated and experi
mental studies, these programs will be used by ORNL
for general studies of the stresses and displacements in
the vicinities of nozzle clusters. The results will corre

spond to and be applicable for clusters of small nozzles
attached to large-radius thin cylindrical and spherical
shells.

The work is divided into five categories:

1. Membrane stress analyses of square plates with
clusters of one, two, three, four, and five holes
under uniaxial and biaxial (1:1 and 2:1) in-plane
forces applied along the outside edges of the plates.

2. Modification of the computer program to analyze
perforated plates under in-plane (membrane) loads
for calculating bending stresses associated with edge
loadings around the holes in perforated square
plates.
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3. Modification of an existing computer program for
shell analyses to calculate sets of influence coeffi
cients for nozzles.

4. Development of a matrix manipulation program to
combine the matrix equations generated by the plate
membrane, plate bending, and shell analysis pro
grams and to calculate stresses, strains, and displace
ments for nozzle-plate assemblies.

5. Stress analyses of clusters of one, two, three, four,
and five closely spaced nozzles attached to flat
plates for simulated internal pressure loadings and
external force and moment loadings on the nozzles.
Combinations of these loadings are to be considered.

The analyses for plates having nozzle attachments are
divided into two classes, a and b. For class a analyses,
the loads are such that only one nozzle or a part of a
nozzle is included in a symmetry element. In class b
analyses, portions of more than one nozzle will be
included in a symmetry element. Examples of problems
belonging to class a are those for all nozzle clusters,
except the five-nozzle cluster, when subjected to
in-plane plate-edge forces which are the same in both
directions, and those for the one-, two-, and four-nozzle
clusters under uniaxial plate-edge loadings. Examples of
problems belonging to class b are those of the five-
nozzle cluster under all loading conditions and of the
three-nozzle cluster with uniaxial plate-edge loads.

The approach to be used in solving problems of classa
is to satisfy exactly the free-end conditions for the
nozzles and the continuity conditions at the inter
sections of the nozzles and plate. The boundary
conditions for the edges of the plate and the symmetry
conditions along one line of symmetry are to be
satisfied in the least-squares sense. Problems of class b
probably will be solved by satisfying exactly the
symmetry conditions in the plate and the free-end
conditions for the nozzles, while the plate-edge bound
ary conditions and the continuity conditions between
the plate and the nozzles are satisfied in the least-
squares sense.

Stress analyses were completed for the square flat
plates with the hole patterns, as shown in Fig. 35.
Both uniaxial and biaxial (1:1 and 2:1) in-plane edge
loadings on the plates were considered. A computer
program previously developed by BMI was used for this
purpose. This program is for generalized plane-stress
conditions; the Airy stress function approach is
adopted, and the solution to the governing differential
equation is taken in series form. The boundary condi
tions are satisfied in a least-squares sense.

The stresses were calculated for locations consistent

with strain-gage positions in the paralleling experi
mental tests at the University of Tennessee. The results
of the analyses have been presented63 as plots of
tangential stress ratios around the edges of the holes.
Figure 42 shows a plot of the stress distribution
around one hole of the four-hole cluster for biaxial

loadings. In this figure, ax is the stress in the x
direction, a is the stress in the y direction, a is the
nominal stress at the edge of the plate, and ot(=oe) is
the tangential stress. The maximum tangential stress
calculated for all loadings occurred at the edge of an
outer hole of the five-hole cluster, as shown in Fig. 43.

To expand the in-plane (or membrane) boundary-
point least-squares computer program to include plate
bending, the primary modification was the addition of a
subroutine to calculate the Kirchhoff shear terms. A

method of shell analysis which was developed by
Kalnins64 and utilizes a multisegment approach for
improved accuracy was adopted for relating the funda
mental variables at one end of a cylindrical nozzle to
those at the other end. A single computer program was
then developed by combining the plate membrane, the
plate bending, and the nozzle analyses to solve nozzle-
plate problems.

Thus far, the following class a analyses have been
made:

6JL. E. Hulbert, E. F. Rybicki, and A.T. Hopper, The Stress
Analysis of Clusters of Cylindrical Nozzles Attached to Large
Spherical Shells, BMI-X-576 (Sept. 29, 1969).

64
A. Kalnins, 'Analysis of Shells of Revolution Subjected to

Symmetrical and Nonsymmetrical Loads," /. Appl. Mech.
467-76 (September 1964).
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3. two nozzles attached to a square plate with axial
forces applied to the nozzles and with internal
pressure in the nozzle.

The analysis of a single nozzle attached to a circular
plate was undertaken so that the results obtained using
the newly developed nozzle-plate program could be
compared with results obtained using an existing shell
analysis program. The latter program is based on a well
established and verified computer analysis procedure.
The mean radius of the nozzle was 1.1875 in., and the
wall thickness was 0.25 in. The outside radius of the

plate was 8 in., and its thickness was 0.375 in. The
assumed elastic modulus and Poisson's ratio were 30 X

106 psiand 0.285 respectively.
Tables 13 and 14 give comparative values for the

membrane stresses and the radial and circumferential

moments in the plate as functions of the radius for the
axial force and internal pressure cases. In these tables, h
is the thickness of the plate, ar is the radial stress, ag is
the circumferential stress, Mr is the radial moment, and
Me is the circumferential moment. The distributionsare
axisymmetrical. These tables show that there is excel
lent agreement between the two sets of calculated
results. Discrepancies were found between the results

1. a single nozzle attached to a circular plate with an
axial force, a shear force, and a moment load on the
nozzle and with internal pressure in the nozzle,

2. a single nozzle attached to a square plate with an
axial force applied to the nozzle and with internal
pressure in the nozzle,

Table 13. Comparative Values of Radial and Circumferential
Membrane and Bending Resultants

Axial thrust on top of nozzle: N = 1

Shell Analysis Nozzle-Plate Analysis
Radius

nar hae M, Mg haf had Mr Me

1.1875 -3.60 3.77 -1.74 -1.58 -3.53 3.70 -1.70 -1.55

1.50 -2.23 2.39 -1.45 -1.51 -2.18 2.34 -1.42 -1.48

2.00 -1.22 1.38 -1.15 -1.37 -1.19 1.35 -1.12 -1.34

3.00 -0.50 0.66 -0.79 -1.12 -0.49 0.64 -0.75 -1.09

5.00 -0.13 0.29 -0.37 -0.76 -0.12 0.28 -0.34 -0.73

8.00 -0.00 0.16 0.00 -0.41 0.00 0.16 0.00 -0.39

Table 14. Comparative Values of the Radial and Circumferential
Membrane and Bending Resultants

Unit pressure in the nozzle

Radius
Shell Analysis Nozzle-Plate Analysis

hor hae Mr Me haf hae Mr Mg

1.1875 -0.227 0.237 -0.0217 0.0228 -0.211 0.220 -0.023 0.0210

1.5 -0.140 0.151 -0.0135 0.0144 -0.130 0.140 -0.0126 0.0133

2.0 -0.077 0.087 -0.0074 0.0083 -0.071 0.081 -0.069 0.0077

3.0 -0.031 0.041 -0.0030 0.0040 -0.029 0.038 -0.0029 0.0036

5.0 -0.008 0.018 -0.0008 0.0017 -0.007 0.017 -0.0008 0.0016

8.0 -0.000 0.010 0.0000 0.0010 0.000 0.009 0.0000 0.0009
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for the remaining two loading cases, however, and
further study of the equations used is required to
resolve the differences.

Reference 63 describes the results obtained thus far

under this project. Future work will include completing
the analyses of the remaining class a problems and
making major modifications to the computer programs
to permit the analysis of class b problems.

Auburn University (I) - Experimental Stress Analysis
of Spherical Shells with Clusters of Nozzles

Two spherical shell models were fabricated, one with
five separate clusters of small holes and the second with
two large radial nozzles.65 The first, model 1, was
strain gaged and is being prepared for testing under
internal pressure. Following the pressure test, model 1
will be fitted with nozzles and tested under separate
loading conditions of internal pressure, axial nozzle
load, and nozzle bending load. After the initial tests,
the nozzles will be bored out to a larger diameter and
retested. The nozzles will then be replaced by a second
set, and the model will be tested again. These nozzles
will also be bored out, and the model will be subjected
to a final series of tests. A summary of the dimensions
of model 1 and the nozzles is shown in Table 15.

The model containing the two large radial nozzles will
eventually be modified to include four- and five-nozzle
clusters, as described in Table 15. The present two-
nozzle cluster model is shown in Fig. 44, and the
strain-gage locations for this model are shown in Figs.
45 and 46. Figure 45 also includes an explanation of
the numbering system employed for the gages, and the
gage orientation at each location is indicated in Fig. 47.

Model 2 was tested under internal pressure and with
an axial load and a bending moment applied to a
nozzle. Some results for the pressure case are given in
Figs. 48-51. From these figures it may be seen that
the meridional stresses ox in the shell are generally
lower and the circumferential stresses ay in the shell
are generally higher in the region between the nozzles
than elsewhere. To emphasize the differences in distri
butions as functions of angle around the nozzle,
calculated results, obtained through the use of
CERL-II,66 for the shell region in the vicinity of a

6SW. L. Greenstreet and R. C. Gwaltney, Experimental and
Analytical Investigations of the Structural Behavior of Nozzle-
to-ShellAttachments, ORNL-TM-2526 (April 1969).

66S. E. Moore and F. J. Witt, CERL-II - a Computer Program
for Analyzing Hemisphere-Nozzle Shells of Revolution with
Axisymmetric and Unsymmetric Loadings, ORNL-3817
(October 1965).

NOZZLE:

0D, 7.002 in
THICKNESS,

0.333 in.

FULL PENETRAT

WELD

- 49 % in.

SECTION A-A

Fig. 44. Details of Vessel with Attached Nozzles.

single nozzle attachment are plotted on the figures.
Although the interaction between nozzles is apparent,
the influence is not large in this case.

Joint AEC (ORNL)-PVRC Cooperative
Program —General

Battelle Memorial Institute (I) — Evaluation and
Correlation of Experimental and Analytical Results

The evaluation and correlation of experimental and
analytical data on radial nozzles attached to pressure
vessels by BMI has led to the development of proposed
alternate pressure vessel code rules for reinforcement of
radial nozzles attached to spherical and cylindrical
shells. A report6 7 describing these rules was submitted
to the ASME Design Committee's Subgroup on
Openings and Attachments.

ORNL-DWG 70-845

E. C. Rodabaugh, Phase Report 117-3 on Proposed
Alternate Rules for Use in ASME Codes, Battelle Memorial
Institute (August 1969).



Table 15. Dimensions of Models with Closely Spaced Nozzles in Spherical Shells

Do
(in.)

T

(in.)
DjT

(in.) (in.)

a

(in.)

h ort

(in.)
do

(in.)
a/h

T/h
or

Tit
t/T di/Di s/S

(Pressure)

Number of Minimum Maximum Hole or

Holes Spacing/ Spacing/ Nozzle
or Nozzles (in.) (in.) Pattern

Model 1"

Quadrant 1 (2 holes)

Holes

First nozzle

Bored first nozzle

Second nozzle

Bored second nozzle

Quadrant 2b (3 holes)
Holes

First nozzle

Bored first nozzle

Second nozzle

Bored second nozzle

Quadrant 3b (4 holes)
Holes

First nozzle

Bored first nozzle

Second nozzle

Bored second nozzle

Quadrant4ft (5 holes)
Holes

First nozzle

Bored first nozzle

Second nozzle

Bored second nozzle

Model 2C

Test 1

Test 2

Test 3

Test 4e

40.90 0.503 81.40

41.19 0.500 82.38

4

4

6

6

10

10

10

10

0.786 0.166

1.572

1.738 4.75 3.02 0.331 0.035 0.214

0.828 0.083 1.738 10.00 6.04 0.166 0.040 0.478

1.573 0.331 3.476 4.75 1.51 0.662 0.071 0.212

1.655 0.166 3.476 10.00 3.02 0.331 0.079 0.478

3.335 0.333 7.002 10.00 1.50

3.335 0.333 7.002 10.00 1.50

10d 3.335 0.333 7.002 10.00 1.50

0 3.418 0.167 7.002 20.53 3.00

0.158 0.238 2

0.158 0.238 4

0.158 0.238 5

0.166 0.498 5

"Nozzle dimensions based on 2.625-in.-OD, 0.25-in.-wall University of Tennessee nozzle.

^Dimensions, dimensional ratios, and membranestresses same as for quadrant 1.
cNozzle dimensions based on 5.25-in.-OD, 0.25-in.-wall University of Tennessee nozzle (not used).

^Center nozzle only.
eAH five nozzles bored to reduced thickness.

/Measurements taken on outside surfaces.

0.570

0.500

0.500

0.500

0.500

0.825 Triangular

0.588

0.588

0.500

0.500

1.125 2.250 Square

0.889 2.147

0.889 2.147

0.500 2.147

0.500 2.147

1.540 2.820 Modified square

1.360 2.645

1.360 2.645

0.500 2.144

0.500 2.144

3.600 3.600

3.600 8.120 Square

0.500 3.600 Modified square

0.500 3.600 Modified square

0\
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Fig. 45. Gage Location, Inside and Outside Nozzle, with Numbering System.

Other work which supplements the development of
code rules was described in two phase reports. The first
of these68 gives data on the effect of fillet radii on
maximum calculated stresses for triangular pad rein
forcements. The second69 gives a comparison between
finite-element analysis results and photoelastic data for
a radial nozzle attached to a spherical shell, where the
model considered has the following dimensional

parameters: Dt/T =25.1, di/Di = 0.201, and s/S = 1.13.
The results of the analysis were found to be in good
agreement with the photoelastic data.

Conclusions

The carefully coordinated analytical and experimental
investigations being carried out under this program

68E. C. Rodabaugh, Phase Report 117-2 on Additional Data
on Elastic Stresses in Nozzles in Pressure Vessels with Internal

Pressure Loading, Battelle Memorial Institute (August 1969).

69E. C. Rodabaugh, Phase Report 117-4 on Comparison of
Finite Element and Experimental Stresses for a Nozzle in a
Spherical Shell, Model N-1A, Battelle Memorial Institute (August
1969).

effectively combine the task of theory development and
verification as well as data acquisition to provide
reliable means for determining and assessing the
structural adequacy of a nozzle-to-shell attachment
configuration. During the period covered by this report,
test series on a radial nozzle attached to a spherical shell
(Dt/T =80.35, di/Di = 0.249, and s/S = 1.007)70 and a
22.5° oblique nozzle attached to a spherical shell
(Dt/T = 80.35, dj/Dj = 0.071, and s/S = 0.233) were
completed. An internal pressure test was conducted on
a 45° lateral (Dt/T = 26.2, dt/Dt = 1.0, and s/S = 1.0).
Photoelastic internal pressure tests were completed on
three oblique-nozzle-to-spherical-shell attachments, six
oblique-nozzle-to-cylindrical-shell attachments, a radial
nozzle and a radial nozzle with a thermal sleeve

attached to a cylindrical shell, and four oblique
openings in cylindrical and spherical shells. Tests on
perforated square plates with one and two holes were
conducted by applying in-plane forces (membrane

The parameter s/S is defined only for internal pressure
loading.



68

MIDPOINT LINE

STRINGER NO."

ORNL-DWG 70-647

\ \

• STRAIN GAGE ROSETTE LOCATION

D V2 NOZZLE TO NOZZLE C_ DISTANCE

DETAIL SHOWING ROSETTE LOCATION -DISTANCES

SHOWN MEASURED FROM NOZZLE

\*\ K/z\ lH| MIDPOINT OR ON RECTANGLE GRID

\% USE ONLY ON 0-90-180° STRINGER

Fig. 46. Gage Location, Inside and Outside Hemispherical
Vessel.

forces) on the outer edges of the plate. Also, a spherical
shell with two closely spaced radial nozzle attachments
(Df/T = 80.38, di/Di = 0.158, and s/S = 0.158) was
tested under internal pressure and axial force and
moment loadings on one nozzle.

In support of limit analysis development studies, an
internal pressure collapse and burst test was done on a
cylindrical vessel with a single radial nozzle (D0/T =
230, d/D = 0.5, and s/S = 0.51). Internal pressure
collapse tests were also done on three tees and four
laterals; finally, six spherical shells with single rigid
radial nozzles were tested using various combinations of
internal pressure and external loads.

In the case of analytical methods development and
verification, finite-element analysis techniques were
applied successfully for the analysis of single-nozzle-to-
spherical-shell and single-nozzle-to-cylindrical-shell
attachments. Although the latter studies were reported
under the program to develop design criteria for piping,
pumps, and valves, they also apply to analyses of
pressure vessels. The finite-element technique was also
used in the analysis of cylindrical pressure vessels with

ORNL-DWG 70-848

ORIENTATION OF X-Y AXES ON NOZZLE

Fig. 47. Vessel 2, Coordinate Axes Alignment.

step changes in wall thickness loaded with internal
pressure.

Additional verifications of the validity of analytical
methods based on closed-form-type solutions for the
governing differential equations for single radial-nozzle-
to-spherical-shell attachments were obtained, and sig
nificant progress was made in the development of
similar analytical methods which are applicable to
cylindrical shells. Methods were developed and com
puter programs written for analyzing nonradial-nozzle-
to-spherical-shell attachments. Analyses for square flat
plates with one to five perforations and subjected to
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membrane loads were completed, and flat plates with
one and two nozzles were analyzed to determine the
stresses and displacements corresponding to internal
pressure and axial force loads on the nozzles.

Analytical methods for determining plastic limit loads
for single nozzle-to-shell attachments have been estab
lished. These methods include those for limit pressures
associated with spherical shells with single radial
nozzles, and those for determining upper and lower
bounds for plastic limit loads for spherical shells with
single rigid radial nozzles under internal pressure,
external loads on the nozzle, or combinations of these
loadings. Equations were derived to calculate lower
bound limit pressures for tees with nozzle-diameter-to-

shell-diameter ratios less than V2 (d/D < 0.5). Upper
bound analyses were also derived to calculate limit
pressures for tees and laterals for the full range of
diameter ratios. Finally, analytical techniques for de
termining upper bound limits for in-plane bending
moments applied to nozzles of tees were developed.

Rules for use in design codes for pressure vessels were
written and submitted to the ASME code writing group.
In addition, 24 topical reports, drafts of topical reports,
and papers were prepared.

Many difficult problems remain. However, solutions
are to be expected through continued developments
under this program.
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