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ABSTRACT 

Accomplishments during calendar year 1971 under OKNL nuclear-safety-
related solid mechanics programs for developing structural design tech
nology for piping components and pressure vessel nozzle attachments are 
summarized. Carefully coordinated experimental and theoretical studies 
are "being conducted to develop improved design methods for assuring the 
structural integrity of nuclear reactor pressure vessels and piping sys
tems. This technology, however, is not limited to nuclear systems, hut 
may be applied to nonnuclear systems as well. These programs provide ex
perimental data on structural behavior, from which experimentally proven 
methods of design analysis may be established. In this manner design 
rules and analytical procedures are developed for incorporation into cur
rent industry-developed codes and standards and USAEC Division of Reactor 
Development and Technology (DRDT) standards. The ORNL piping and nozzle 
programs are discussed in Parts I and II respectively. 

Keywords: stress analysis, nuclear piping, pressure vessel nozzles, 
piping code, pressure vessel code, ASME III Boiler and Pressure Vessel 
Code, shell structures, limit loads, fatigue, piping design, stress 
indices. 

INTRODUCTION AND SUMMA2Y 

This third annual progress report describes work completed during 
calendar year 1971 under two ORNL programs on the development of struc
tural design technology for nuclear power plant applications, one for 
the study of piping components and the other for studies of nozzles in 
pressure vessels. These programs are part of the general AEC-industry 
efforts to develop effective and econcmical means for assuring the con
tinued adequate and safe design of nuclear plants and are thus an essen
tial part of the growing technology on nuclear safety. Both programs are 
being conducted in close cooperation with industry through the Pressure 
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Vessel Research Committee (PVRC) of the Welding Research Council. For 
the piping program, the PVRC Subcommittee to Develop Stress Indices for 
Piping, Pomps, and Valves acts both as a consulting panel of experts and 
as an effective liaison between the research program and committees that 
write design rules for industrial codes and standards. For the nozzles 
program, these functions are carried out by the PVRC Subcommittee on Re
inforced Openings and External Loadings. 

The piping program is supported entirely by the USAEC Division of 
Reactor Development and Technology (DRDT) under the Nuclear Research and 
Development Program. Projects of the nozzle program, however, are spon
sored by the IVRC as well as by the USAEC. These are also discussed since 
ORNL acts in a management capacity for the PVRC Subcommittee on Reinforced 
Openings and External Loadings. Periodic progress reports for both pro
grams are included in the minutes of the IVRC meetings, which are issued 
three times a year, and in the bimonthly progress reports of the ORNL 
nuclear safety program. 

The ORNL piping program, consisting of a number of interrelated 
studies on the structural behavior of piping system components, is dis
cussed in Part I. With the work completed during 1971* the total program 
effort is about 50$ complete. Much of the work was reported in the open 
literature, and many of the proposed recommendations for changes in the 
design rules of the codes and standards have been adopted. 

Significant progress was made on the analytical stress analysis 
studies for straight pipe, in-line piping components, and attachments. 
These studies are now about 65$ complete. Proposed design rules and stress 
indices developed for straight pipe with initial out of roundness were 
incorporated into Section III of the ASME Boiler and Pressure Vessel Code. 
An in-depth review of current code rules and stress indices for girth-
welded joints and tapered transitions was completed, and a number of the 
recommendations were adopted by the code. Stress indices were developed 
for socket-welding and threaded fittings, a report on stress indices for 
concentric reducers was drafted, and work was initiated on developing 
stress indices for flanged joints. 

Experimental and analytical studies originally outlined for thin-
walled idealized tees and small branch connections are now about 50# 
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complete. Two of the four thin-walled tee models (cylinder-to-cylinder 
connections) have "been tested and significant results reported. The re
maining two models are being instrumented for testing during the coming 
year. Flexibility factors for small branch connections were developed, 
and a special code case is being prepared for consideration by the code 
committee. Our study showed that the present code flexibility formula is 
restrictive for certain branch connection configurations permitted by the 
code; hence the new formula will tend to ease these restrictions. 

Good progress was made toward completing the analytical and experi
mental studies for elbows, curved pipe, and miter bends. An analytical 
study on stress indices and flexibility factors for elbows and curved pipe 
was completed which showed that the present code formulas are essentially 
correct if the discontinuity effects (end effects) of pipe or other com
ponents welded to the pipe can be ignored. Progress was made toward in
cluding these effects into the stress analysis methods. Experimental 
stress analysis tests were completed on one of four machined-elbow models 
to be tested under this program, and the second model was partially in
strumented. 

Planned studies for BI6.9 standard tees are about 50$ complete. These 
studies include elastic response tests and fatigue-to-failure tests of 17 
tees, photoelastic stress analyses of four l/2-scale models, thermal stress 
tests of two tees, and the development of a finite-element computer code 
for the elastic stress analysis of tees. Elastic response and fatigue 
tests have been completed on seven of the tees, and test model prepara
tions are well under way for four more. The photoelastic model studies 
were completed and the final report was published. Test work was resumed 
on the thermal stress tests, and excellent progress was made on developing 
the finite-element computer code. 

Two important limit-load studies were completed during 1970, the ex
perimental limit-load studies for elbows subjected to bending loads and 
analytical elastic buckling studies for straight pipe restrained against 
thermal expansion. Publications describing both of these studies were 
prepared. 

The nozzles program, discussed in Part II, consists of a series of 
closely coordinated theoretical and experimental investigations of nczzl*-
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to-vessel attachments. Included are studies of individual and closely 
spaced nozzle configurations that may he either radially or nonradially 
attached to pressure vessels or flat plates used to simulate a portion of 
a large-radius vessel. Considerable progress was made on these studies. 

A satisfactory analysis of elastic behavior of nonradial nozzles 
attached to spherical shells has been developed, and theoretical results 
have compared favorably with data from recently completed experimental 
studies. 

Two of the more extensive experimental investigations, a photoelas-
tic study of single and closely spaced nozzles and a strain-gage study of 
closely spaced holes in steel plates, were completed. Good comparisons 
were obtained for theoretical and experimental results from the flat-plate 
study. 

The analytical and experimental work has been extended to include 
clusters of nozzles attached to flat plates. This is a necessary second 
step toward the projected goal of developing an analysis for clusters of 
nozzles attached to pressure vessels. 

Results of parameter studies of possible reinforcement configurations 
for nozzle/spherical shell junctions have been compared with code design 
rules, and modifications of these rules have been recommended. This work 
is part of a continuing program of code rule development which utilizes 
information developed under this and other relevant programs. 

IVRC-sponsored upper- and lower-bound limit-load studies of nozzle/ 
cylindrical shell attachments are continuing, a*id a significant portion 
of the experimental and theoretical studies has been completed. 



PART I. OBNL PIPING PROGRAM- DESIGN CRITERIA FOR PIPING, 
PUMPS, AND VALVES 

W. L. Greenstreet S. E. Moore 
S. E. Bolt J. M. Corum 
W. G. Dodge R. C. Gwaltney 

PROGRAM DESCRIPTION 

The ORNL piping program is supported by the U.S. Atomic Energy Com
mission under the Nuclear Safety Research and Development Program. The 
program, consisting of about 30 interrelated analytical and experimental 
studies on the structural behavior of piping system components, is orga
nized into tasks and subtasks according to subject matter. These tasks 
and the present status of the work under each are given in the conclusions 
The primary objective of these studies is to develop basic structural re
sponse information for use in writing and improving design and construc
tion codes and standards for nuclear power piping systems. The studies 
currently being pursued provide information primarily for light-water 
commercial power reactor systems; however, because of the fundamental 
nature of the investigations, a substantial portion of the information 
is directly applicable to other critical piping systems as well. 

Work under the program was initiated late in FY 1567 as an outgrowth 
of a research proporal1 developed by an ad hoc committee of the Pressure 
Vessel Research Committee (PVRC) of the Welding Research Council in re
sponse to requests from several code-writing committees. Subsequently 
the AEC agreed to sponsor the piping components portion of the PVRC pro
posal as a cooperative effort with industry and charged ORNL with the 
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responsibility for planning, managing, and directing the AEC portion of 
the program. One of the specific directives given ORNL was to develop 
recommended requirements for specifications, codes, and standards needed 
to assure the continued safety of nuclear plant piping systems. 

To facilitate management of the AEC-sponsored portion of the pro
gram, a comprehensive program plan2 was developed which presently forms 
the basis for the work being carried out under the program. This plan 
includes all the work on piping components requested by the PVRC plus ad
ditional work requested by the AEC. During che past year several experi
mental stress analyses of thin-walled components (tees and elbows) were 
added to the plan to provide information of more direct use to liquid-
metal- and gas-cooled reactor systems. 

Close cooperation between the program and the code-writing bodies has 
been maintained continuously through the auspices of the PVRC Subcommittee 
to Develop Stress Indices for Piping, Pumps, and Valves. Stress indices 
and flexibility factors for code use were developed early in the program 
under a subcontract with Battelle Memorial Institute (BMI) and were based 
largely on information published in the open literature.3 These indices 
were incorporated into th* ANSI* tentative standards4'5 for nuclear power 
piping issued in i960 and 1969 respectively. The indices, with revisions 
based on information developed under this program, were also included in 
the first official code for nuclear power piping3 issued late in 1969. 
During 1970 and 1971 the ASME incorporated design rules for nuclear piping, 
pumps, and valves into the ASME Boiler and Pressure Vessel Code. The 1971 
edition cf ASME Section III, 7 issued in July of that year, included the 
stress indices and flexibility factors from the B31.7 1969 code and more 
comprehensive rules for the evaluation of cyclic fatigue conditions for 
piping. At that time the ANSI B3I.7 committee became officially inactive. 
As a result of work completed under the ORNL piping program, a number of 
changes in the design rules and stress index tables for piping components 
in ASME Section III are currently being processed for incorporation into 
the code. 

^Formerly the United States of America Standards Institute (USASl) 
and the American Standards Association (ASA). 
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Summaries of work completed during CY 1971, including nev work as 
well as the continuation of efforts reported8'9 for CY 1970, are presented 
here. 

STRAIGHT PIPE, IN-LINE CONFIGURATIONS, 
AND ATTACHMENTS 

This task consists of conducting a number of analytical parameter 
studies for components that can be classed under the general heading of 
straight pipe. Included are studies on the effects of lug attachments, 
out of roundness, and circumferential butt welds in straight pipe and the 
development of stress indices for 2-in. and smaller socket-welding and 
threaded fittings, reducers, transition joints, and flanged joints. 
According to the original program plan, these studies were to have been 
based on existing theoretical solutions and correlations of existing ex
perimental data, although a certain minimal amount of analytical work and 
computer programming was expected. No experimental work for these compo
nents was planned; however, as pointed out last year, additional experi
mental data are needed in some cases in order to fully validate the ana-
3ytical results. 

Analytical studies and design code rules development for several, of 
the components completed during the past year are summarized below. 

Stresses in Out-of-Round Pipe 

It was reported last year8 that analytical studies on the effects of 
out of roundness in straight ripe loaded with internal pressure were com
pleted and published,10 The results c" the study indicated that signifi
cant circumferential bending stresses are likely to occur in pipe pur
chased to the dimensional requirements of mos-*- of the current standards, 
including ASTM A530, which is most often used in the manufacture of 
straight pipe. 1 1 This has special significance for designers of nuclear 
power piping systems, who must satisfy the requirements of Section III of 
the ASME Boiler and Pressure Vessel Code.7 A strict interpretation of tjie 
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1971 rules, whick in this case were adopted verbatim from the I969 edition 
of USAS B3I.7 (Ref. 6), would require that the cross sections of every 
piece of straight pipe, curved pipe, welding end elbow, or circ\mferential 
weld be dimensionally inspected to determine the degree of out of round
ness. If the cross section is noncircular but approximately elliptical, 
the code gives a simple formula for calculating the stress index K x for 
use in the fatigue analysis. However, if the component has flat spots or 
peaks, the designer is required to "... make a suitable theoretical or 
experimental analysis ... to determine the stresses at such irregularities." 

In most cases the above .ules are not practicable because the design 
will have been completed before the pipe is ordered. Thus the designer 
must either make an arbitrary assumption about the shape of the cross sec
tion or write especially tight purchasing requirements. To correct this 
situation, proposed revisions, based on the results from the ORNL study on 
out-of-round pipe, were developed and adopted by the code committee. The 
following footnote to the stress index table* of Section III will appear 
in the Winter 1971 addenda 1 2 in place of the present footnote 1. 

"(l) a. The values of Ki shown for these components are applicable 
for components with out of roundness not greater than 0.08t, where out of roundness is defined as J> — D . , , max m m ' 
and 

D = maximum outside diameter of cross section, in., 
max ' D . - minimum outside diameter of cross section, in., min 

t = nominal wall thickness, in. 
b. If the cross section is out of round such that the cross 

section is approximately elliptical, an acceptable value 
of Ki may be obtained by multiplying the tabulated value 
of Ki by the factor Fia: 

F l a » 1 +
 m a X ** I - hi ) , 

t \L + 0.455 (D /t) 3(p/E) y A55 (D/t) 3(p/E) 

•Table NB-3683.2-I, Stress Indices for Use with Equations 9, 10, and 
11 of NB-3650. Footnote 1 as amended will apply to straight pipe, girth 
butt welds between straight pipe or between pipe and butt welding compo
nents, longitudinal butt welds in straight pipe, and curved pipe or butt-
welding elbows. 
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where 
D = nominal outside diameter, in., 
P = internal pressure, psi (use maximum value of 

pres sure in the load cycle under consideration), 
E = modulus of elasticity of component material at 

room temperature, psi. 
Other symbols are defined in (a). 

c. If D - D . is not greater than 0.08D , an acceptable max m m °^ o' r 

value of K x may be obtained by multiplying the tabulated 
values of Kx by the factor FX|,: 

F,* = 1 + £ 
MS 

1* = x + Wj2t ' 

where 

M = 2 for ferritic steels and nonferrous materials 
except nickel-chrome-iron alloys and nickel-iron-
chrome alloys, 

M ^ 2.7 for austenitic steels, nickel-chrome-iron 
alloys and nickel-iron-chrome alloys, 

S = yield strength at design temperature, psi, 
F = design pressure, psi, 

D Q and t are defined in (a) and (b)." 
Clause (a) in the new rules permits a small out of roundness to be 

disregarded. It will be useful for heavy-walled pipe and may cover a 
good part of class I piping for water-cooled reactors as well without 
special purchasing requirements, since large-size thick-walled pipe pur
chased to the ASIM A530 standard11 tolerances will be exempted by this 
clause. Clause (b) is almost the same as in the previous rules, except 
that for out-of-round pipe which is approximately elliptical the peak 
stress index is to be taken as the product of the tabulated values of K 2 

and the multiplication factor F l a, whereas before F i a replaced the tabu
lated values. The new rules also specify that room-temperature values 
for the elastic modulus E and the maximun value for the internal pressure 
P should be used in the stress calculations. Clause (c) gives an accept
able value for the stress index K, for any type of out of roundness of 
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rather large magnitudes, up to 8$ of the outside diameter. This clause 
may be the most useful, since, if the component is specified to meet quite 
liberal diameter tolerances, no detailed inspection will be necessary. 
In most cases, it is believed that the large value of the K x stress index 
resulting from this clause will not present a design problem. 

Girth-Welded Joints and Tapered-Wall Transitions 

During the past year a rather extensive review and analysis of stress 
indices for girth-welded joints and tapered-wall transitions was com
pleted.13 This study was conducted to svmaarize all the available ana
lytical and experimental data for these components, to use this informa
tion to reassess the present code indices, and to develop recommendations 
for appropriate changes. Most of the basic information had been developed 
at the time the present code indices were formulated (1967), when it was 
felt that conservative and reasonably accurate indices could be developed 
with a minima effort in order to meet the publication deadline for the 
B31.7 piping code.4 It was realised, however, that a more extensive study 
should be made using analytical models which could easily be developed 
from existing theory and experimental data that were available. On this 
basis the PVRC included tasks for the development of stress indices for 
girth-velded joints and tapered-wall transitions in its original program 
proposal.1 

The study by Rodabaugh and Dodge13 reviewed £, C, and K stress in
dices for use in the class I piping system design analysis procedures of 
HB-3652 and HB-3653 (ASME-III-197I, Ref. 7) for (l) girth-butt welds be
tween se&tents of straight pipe or between straight pipe and butt-welding 
components, (2) girth fillet welds used with socket-welding fittings, 
slip-on flanges, or socket-welding flanges; and (3) tapered transition 
joints which meet the fabrication requirements of paragraph HB-366I.2 of 
the code. Table 1, abstracted from the code, gives the 1971 values of the 
stress indices. In addition to these 32 indices, the design procedures 
of HB-3653 require the use of an additional stress index, denoted as C3, 
for the evaluation of membrane stresses due to thermal loadings. Values 



Table 1. Stress indices for girth welds and tapered-wall transition Joints 
Abstracted from Table NB-3683.2-I, Ref. 7 

Internal Moment 
pressure loading 

Component -—-.—-------—--—_—-. _ - _ _ _ * _ 
BT C, KJ B» C« Kg 

Girth butt w^ld between straight 
pipe or between pipe and butt-
welding components* 

Flush 0.5 1.0 l.lb 1.0 1.0 1.1 
As welded 0.5 1.1 1.2 b 1.0 1.0 1.3 

Girth fillet weld to socket-weld- 0.5 2.0 3.0 1.0 1.5 2.0 
ing fitting, slip-on flanges, ox-
socket-welding flanges 

Tapered transition Joints per 0.5 lA 1.5 1.0 1.2 1.8 
MB-366l,2 and Fig. NB-4233-1 
(the K 2 indices are for joints 
where a girth-butt weld Is made 
at the thin end of the taper) 

footnote 2 of Table NB-3683.2-I defines the terms flush and as welded for purposes 
of this table and also gir^s rules for combining ntress indices for intersecting longitudinal 
and girth welds. Wording in this footnote will be changed in the Winter Addendum (1971) of 
ASME Section III. 

Footnote 1 of Table NB-3683.2-1 of ASME III refers to out of roundness requirements, 
which are discussed in ORNL-TM-324U (Ref. 10). 

C3 

Thermal 
loading 

K, 

1.0 
1.0 
1.8 

1.0 

1.1 
1.7 
3.0 

1.5 

MkWnMWWriMMM 
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for C3 were also developed for each of the components considered in this 
study. 

The B stress indices, used with the appropriate equations of HB-3652, 
are intended to protect the piping component against gross plastic defor
mation under combined internal pressure and applied bending moment loads, 
xhe values of 0.5 for B x and 1.0 for B 2 in Table 1 for all the components 
imply that gross plastic deformation will not occur if the sum of the 
winai axial membrane stress due to pressure and the nominal axial bend
ing stress is equal to or less than the yield strength of the pipe. It 
is further implied that the weld itself will not adversely affect the 
plastic deformation characteristics of the structure. The first assimip-
tion is supported by analytical limit-load studies for straight pipe. 1 4 

The second implication seems reasonable if the weld material has a yield 
strength equal to or greater than the base material and if the welding 
procedures for class I piping are followed. It is recommended in our 

study13 that the present B x and B^ stress index values remain unchanged. 
However, an experimental limit-load study will be conducted under a dif
ferent task to verily these conclusions. 

The C and K stress indices, used with the appropriate equations of 
KB-3653, are intended to protect piping components against fatigue failure. 
If the svm of the primary plus the secondary stress intensities* at every 
point on the structure is limited to twice the yield strength of the mate
rial, it is presiaed that the cyclic behavior of the structure will become 
elastic within a few loading cycles. This phenomenon is called shakedown. 
Per states of stress below the shakedown limit, the required fatigue eval
uations can be carried out on an elastic basis. The C indices (primary 
plus secondary stress indices) are used to determine whether or not shake
down occurs. 

In order to assess the adequacy of the existing C indices, a number 
of parameter studies based on elastic shell theory and suitable analytical 
models were conducted. This procedure essentially fellows that used in 
the original development, except that more-realistic analytical models were 

*For a more precise discussion of the stress categories and limits of 
the cod©, see fable IB-3222,1 of R§f. 7. 
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used to include the effects of code-allowable weld contours and allowable 
mismatch between components at the weld joint. In addition, a more ex
tensive investigation was made on the influence of permissible variations 
in the dimensional parameters. Based on the results of more than 2000 
individual elastic analyses, correlations were developed for calculating 
the maximum stresses. These correlations were then compared with the C 
indices shown in Table 1 and used as the basis for recommended changes as 
well as for developing appropriate values for the C3 stress indices. 
Recommendations concerning the C indices (and the K indices discussed be
low) for girth welds and tapered transitions are given in Table 2. 

The K or "peak" stress indices are used in performing the code-
required fatigue analyses. They are intended to account for local stress 
concentrations which are not included in the normal elastic thin-shell 
theory. Since their primary purpose in the code analysis design procedures 
is to protect the component against fatigue failure, the values given in 
the codes should ultimately be based on actual fatigue data obtained from 
similar components. Therefore the existing fatigue te^t data were reviewed 
in some detail. For all but six of the K indices, the recommended values 
shown in Table 2 are essentially the same as the values shown in Table 1. 
Five of the six changes are for girth welds at tapered transitions and re
sult mainly from the corresponding changes recommended for the C stress 
indices. The other change is for Kg for an as-welded butt joint in thin-
walled pipe, that is, with t £ 3/16 in. This change results partly because 
of changes in the code welding procedures for thin-walled pipe and partly 
because of inadequate fatigue test data for thin-walled pipe. The report13 

also recommends that all of the stress indices in Table HB-3683.2-I of the 
code be restricted to components with diameter-to-thickness ratios less 
than 100. A number of the changes recommended in the study by Rodabaugh 
and Dodge13 have now been adopted by ASME-III (see the Wi^cer 1971 Addenda), 
and the remaining are under consideration. 

Socket-Welding and Threaded Fittings 

The codes and standards permit the use of socket-welding pipe joints 
nominally 2 in. and smaller in class I piping systems (see Ref. 7, NB-



Table 2. Summary of recommended atraaa indices (for D /t < 100) 

Component 
Bi 

Internal 
pressure 

Ci Ki B. 

Moment 
loading 

Thermal 
loading 

C. 

Girth butt weld between atralght pipe or bar . 
tween plpa and butt-welding ocavnonentaV*J»Vlt) 

Pluah 
Aa welded, t > 3/16 In. and 6/t & 0.1 
As welded, t < 3/16 in. or 6/t > 0.1 

Qlrth fillet vald to aookat wold flttinge, alip-
on flangea, or aookat-welding flangea 
Tapered traneltlon Jolnta par Subpar. 1-727.U.2(c) 
and Fig. 1-727.3.1*"'»(•)»(**) 

Fluah 
Aa welded 

0.5 
0.5 
0.5 

0.75 

0.5 
0.5 

1.0 
1.1 
1.1 

1.1<0 
1.2(0 
1.2<>) 

1.0 
1.0 
1.0 

1.0 
1.0 
l.U 

1.1 
1.8 
2.5 

1.0 
1.0 
1.0 

1.5 3.0 1.5 2.1 2.0 1.8 

(6) 
(6) 

1.1 
1.2 

1.0 
1.0 

(6) 
(6) 

1.1 
1.8 

(6) 
(6) 

0.5 
0.5 
0.5 
1.0 

1.0 
1.0 

1.1 
1.7 
1.7 
3.0 

1.1 
1.7 

*Ft>.'tootaa (1) through (W) refer to axiatlng footnotaa In Tabla NB-3683.2-I of ASNB III, R«f. 7; 
footnote* (11) and (12) ara recommended additions. Footnota (6) will ba ohangad to raad at follows: 

"(6) Xndlcaa *re applloabla to taparad tranaltlon jointa with a girth butt vald at tha thin and 
of tha tranaltlon. 

Ci - 1.3 • 0.003 (D^t) * 1.5 (o/t) but not graatar than 2.0 
C a « l.U • 0.00U (0^/t) • 3.0 (o/t) but not graatar than 2.1 
C 3 - 1.2 • 0.008 (D0/t) 

For "fluah" walda aa daflnad In footnota (2), o may ba takan aa aaro." 
Footnote (ll) which rafara to branch connections, curvad plpa, butt waldlng taaa, and butt 

welding reducera raada aa follows: 
"(11) Tha stress indices given predict stresses in tha body of a fitting. It la not required 

to take the product of atraas indicea for two conponenta (such as a tee and a reducer, 
or a tee and a girth butt weld) when welded together or joined by a piece of straight 
pipe, tha length of which la laaa than one plpa diametar. For thla specific cast the 
atreaa index for the curved pipe or butt welding elbow must be multiplied by that for 
the girth butt weld." 

Footnote (12) reads: 
"(12) b is defined as the maximum permissible mismatch as shown In Fig. NB-U2J3.1 (a value of 

o less than 3/32 in. may be uaad yrovided the entailer mismatch la specified for fabri
cation) ." 
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3661.5), and they are often used in ins-crument lines, etc., in aoiern 
nuclear power plants. Threaded joints ore not restricted as to size, cut 
threaded joints in which the threads provide the only seal are not per
mitted. Inasmuch as there is no apparent advantage in using a threaded 
fitting with a seal weld as compared «riti a socket-welding fitting with a 
fillet weld, and the significant disadvantage of the required stress anal
ysis, it appears likely that the use of threaded fittings in class I piping 
systems will he severely limited, 

As discussed in the previous section, stress indices exist for the 
fillet weld between a fitting and the attached pipe. However, since no 
stress indices are given in the code for the fittings, a study was under
taken to develop stress indices: for the most commonly used ANSI Bl6.ll 
st£*ndard15 socket-welding fittings. Some typical 1-in. socket-welding and 
threaded tees are shown in Fig. 1, where one of the tees has been sectioned 

• .n-,300C-» THR£ADED 1«.,6000-© SOCKE^ 1 .n.,€0O0-b THREAO£D 
^EE'CARBON STEED WELDING TEE (STAINLESS STEED TEE (STA'NLESS STEED 

I if*.. 3000- lb THREADED fin. ,6000-lb SOCKET l.n.,6000-i& THR£ADE0 
TEE (CARBON STEEL) WELDING TEE (CAR30N STEED TEE (CARBON STEED 

' i ' I I l 1 1 l l__ i _ i . . _-
0 1 2 3 4 5 € 

INCHES 

Fig. 1. Typical socket-welding and threaded piping tc^s for 1-in. 
nominal pipe. 

http://Bl6.ll
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to show the wall thickness and details of the socket into which the mating 
pipe is welded. 

Stress indices for 3000-lb and 6000-lb rated fittings for tees, 1*5 
and 90° elbows, and couplings are discussed in a report16 that is currently 
being written. Twenty-seven new stress indices are being developed to 
cover analyses of the bodies of the fittings. These, along with the in
dices for the fillet welds, will provide the designer with means for satis
fying the intent of the code in the design of 2-in. and smaller class I 
piping systems. A special code case is being prepared for consideration 
by the ASME code committee in order to expeditiously distribute this in
formation for design use. 

THIN-WALLED TEES AND BRANCH CONNECTIONS 

This task consists of both experimental and analytical stress analy
sis studies of thin-walled idealized tees (cylinder-to-cylinder connec
tions) and small branch connections fabricated according to the rules of 
Paragraph NB-36U3, ASME Section III.7 Studies of these components were 
combined under a single task heading because of their similar geometry 
and because of the commonality of analytical methods used in determining 
the stresses. The studies of thin-walled tees as defined here refer to 
analytical and experimental stress analyses of a series of four very care
fully constructed thin-walled models, whereas the small branch connection 
studies are limited primarily to analytical studies and the development of 
stress indices and flexibility factors for use in the codes and standards. 
Progress made during the past year is discussed under the two subtasks 
below. 

Idealized Thin-Walled Tees 
(Cylinder-to-Cylinder Models) 

Booh experimental and analytical stress analyses are being conducted 
on the four carbon-steel thin-walled cylinder-to-cylinder models listed 
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in Table 3. The models are thin-shell structures consisting of two circu
lar cylindrical shells intersecting at right angles. There are no tran
sitions, reinforcements, or fillets at the junction, and the models are 
as geometrically perfect a~ could be obtained. Model 1 was made from two 
cylinders welded together, and models 2 and 3 were machined from solid 
forgings. Model h is obtained by boring out the nozzle of model 3. Each 
model in this series is being tested and analyzed for 13 different load
ing conditions, including internal pressure and each of three mutually 
perpendicular bending moments and each of three mutually perpendicular 
force loads applied to the branch end and to the run end of the model. 
In these tests the models are rigidly supported at one end of the run and 
are supported with a counterweight at the other end to balance the weight 
of the model and the pressurizing fluid. 

Daring the past year the experimental and analytical studies for 
model 1, which were completed earlier,8'9 were reported in the open liter 
ature,1 7 and a more detailed technical account was prepared for publica
tion as an ORNL report.18 We also completed the studies for model 3 and 

Table 3. Thin-shell cylinder-to-cylinder tee models 

Model 
No. 

Major 

D 
0 

dimensions 

d T o 

(in.) 

t 

Dimensionless parameters 
Model 
No. 

Major 

D 
0 

dimensions 

d T o 

(in.) 

t d /D o' o D /T o d /t o 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 I.29 0.2 0.168 0.129 50 7.7 0.15U 
kc 10.0 1.29 0.2 0.06U 0.129 50 20.2 0.1*0 

^ ) Q is the outside diameter of the larger cylindrical shell, d^ 
is the outside diameter of the nozzle (the smaller cylinder), T is 
the wall thickness of the cylindrical shell, and t is the wall thick
ness 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 1+ to be made by boring out the nozzle of model 3. 
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reported the results in a paper 1 9 presented at the First International 
Conference on Structural Mechanics in Reactor Technology, Berlin, 1971. 
Figure 2 shows model 3 in the loading frame with an in-plane bending moment 
being applied to the nozzle. 

Model 3 was less extensively instrumented than model 1 (see Refs. 8 
and 9) because of the small size of the nozzle and because of the experi
ence gained in testing the first model. This model was instrumented with 
165 three-gage strain rosettes, each having an individual gage length of 
0.030 in. The strain-gage layout for model 3 is shown in Fig. 3. The max
imum experimental stress values for both models and all 13 loading cases 
occurred at the junction between the nozzle and the cylinder. Comparisons 
between the normalized maximum principal stresses (absolute values) around 

HWTO 78204 

Fig. 2. ORNL thin-walled tee model 3 in the test frame with an in-
plane bending moment being applied to the branch. 
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Fig. 3. Strain-gage layout for ORNL thin-walled tee model 3, 

the junction of models 1 and 3 are shown in Fig. k for three of the load
ings - internal pressure, an out-of-plane bending moment (M^.), and an 
in-plane bending moment (M~.) applied to the nozzle. The values shown in 
the figure were normalized to the nominal membrane stress in the cylinder 
for +-he internal pressure loading (PD/2T). For the moment loadings, the 
nominal bending stress in the branch (Mc/l) was used as the normalizing 
factor. The solid and dashed lines show the experimental values obtained 
from the strain gages immediately adjacent to the nozzle. The "extrapo
lated" point values are estimates of the peak values at the junction ob
tained by extrapolating the data obtained from the gages positioned along 
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Fig. k. Variation of naximum principal stress absolute value ratios 
around the nozzle-cylinder junctions of OBNL thin-walled tee models 1 
and 3. 
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the respective ray line. For model 1 these peax values varied from 10.0 
"to 25.3, while for model 3 they varied from 2.6 to 5.1. Thus the stresses 
at the junction were considerably higher for the model with the larger-
diameter branch connection (model 1, d/D = 0.5 vs model 3, d/D = 0.129). 

During the past year we also completed the fabrication and instranen-
tation ci' model h and conducted 3 of the 13 basic loading tests on the 
model: internal pressure, an in-plane bending moment, and an out-of-plane 
bending moment applied to the nozzle. These tests were conducted with one 
end of the run fixed to the loading frame and the other end free and also 
with both ends of the run fixed. There was essentially no difference in 
the results from either set of restraint conditions. 

Model 2 was partially instrumented during the past year, and we plan 
to complete the studies for both models during the coming year. 

Small Branch Connections 

In addition to the studies of intersecting cylindrical shells dis
cussed above, analytical studies of branch connection models with diameter 
ratios d/D less than 0.5 are being conducted. These studies are to pro
vide information needed to supplement the existing experimental data which 
were used as a basis for the stress indices and flexibility factors pres
ently in the coda.20 

During the past year a study was completed on flexibility factors for 
small branch connections, and the report has been partially drafted.21 

The objective of the study was to determine the adequacy of the present 
code values on the basis of available experimental and analytical data. 
Experimental data from 22 models were compared with flexibility factors 
calculated using the present code rules as well as using Bijlaard* s 2 2 

theoretical analysis (which is not strictly applicable) and with results 
from finite-element analyses of several unreinforced cylinder-to-cylinder 
models obtained using the J01NT computer code. 1 7 The results of the study 
showed that Bijlaard's analysis consistently overpredicted the actual 
flexibility factors indicated by the available test data. However, even 
though Bijlaard's analysis is unconservative tor flexibility, it does show 
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tSs proper trend as a function of the nondimensional variables* as indi
cated both by the test data and the finite-element analyses. 

The present rode formula is conservative, as shove by comparing the 
predicted flexibility factor with the tost data, with Bijlaard's analysis, 
and with the finite-element analysis results. It is, however, apparently 
not uniformly conservative for certain of the reinforced nozzle configu
rations permitted by the code. To remedy this situation, a modified form 
of the code flexibility formula was proposed, and a special code case is 
being prepared for consideration by the ASKS code committee. Additional 
analytical studies will be conducted for reinforced branch connections as 
soon as the three-dimensional finite-element computer code under develop
ment for the study of BI6.9 tees is available. 

STRUCTURAL AHALYSES OF ELBOWS 

Piping components studied under this general heading are curved or 
bent pipe, elbows that meet the fabrication requirements of standards 
ASA BI6.9 or ASA B16.28 (Refs. 23 and 2k) <*or butt-welding fittings, .-nd 
miter bends fabricated in accordance with the design rules of HB-36UU and 
HC-36M+, ASME Section III. 7 Three subtasks are identified in the ORAL 
piping program plan: 2 (l) analytical studies of elbows and curved pipe, 
including the evaluation of existing information and studies on the effects 
of end restraints (discontinuity effects); (2) experimental and analytical 
stress analysis studies of a series of machined-elbow models; and (3) theo
retical and analytical stress analysis studies of miter bends. Work has 
been carried out for each of these except the miter bend studies, which 
were discontinued when funding levels were reduced. However, several 
papers 2 5* 2 8 on non-ASC- sponsored work have appeared in the literature 
which may be useful in developing stress indices and design rules for code 
use. We plan to do some work along these lines during the coming year. 

Analytical Studies of Elbows 

No distinction is normally made between elbows and curved pipe in the 
calculation of elastic stresses because of the assumed ideal shape of the 
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component. Even though the first rational stress analysis for elbows and 
curved pip® ?̂as published in 1911 by von {Canaan,2? the structural behavioi 
of €lbc**s continues to be an important area for Investigation* This is 
due to the complex nature of the theoretical formulations needed to de
scribe the structural behavior of *n eloow, to the refiiuHi experimental 
and analytical techniques needed to provide comprehensive data, an4 to 
the relative importance of elbows and curved pipe in the overall behavior 
of a piping system. 

An analytical study was recently completed00 in which a thorough re
view of the literature on the stress analysis a M flexibility of slb^rs 
was made in order to select the most appropriate analytical method for 
the development of stress indices and flexibility factors for code use. 
Although more recent work has been published, the analytical method based 
on a minimum potential energy formulation by Bodabaugi and George, 3 1 with 
certain modifications by Dodge and Moore, 3 C was selected as the most ap
propriate. The resulting formulations for the longitudinal and circum
ferential stresses, as a function of angular position around the elbow, 
are expressed in terms of three independent nondimensional parameters: 
a bend parameter X, a radius-ratio parameter 7, and an internal pressure 
paramete- >. The stress variations along ci2 length of the elbow are not 
considered. 

A rather extensive study was conducted to determine the maximum 
stress intensity (twice the maximum shear stress) for an arbitrary com
bination of in-plane bending, out-of-plane bending, and torsional moments 
as a function of the three parameters X, 7, and \jr. The numerical results 
were then used to develop a simple, conservative formula for calculating 
the primary plus secondary stress index C 2 for moment loadings on an 
elbow: 

r 2\~£/3 (l + 0.257-1) f0.05 i X s 1.0 , V l 

2 ~ / / » A ' » ' 
1 + X " 4 / 3 exp (-v*1/4) I 0 i * « 0.1 

where the applicable range on X and t is indicated to the right of the 
equation, and 

A tR „ «/ PR 2 
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The symbol R is the bend radius of the elbow, r is the tube radius, t is 
the wall thickness, £ is the modulus of elasticity, v is Poisson* s ratio, 
and ? is the intern*! pressure. A similar fonula was also developed for 
the flexibility factor, as follows: 

-l k(X,*)« 7 ^ ^ - r- j / ° - 0 5 < U 1 - ° . (2) 
p 1 - 1.75V 

1.6bX"x . J0.05 s X s l.( 
r*- / 3 exp (-1.15*-l/4) * 1 0 £ v s 0.1 

In this formulation the f lexibi l i ty factor i s % function of only X and y 
and i s the tame for in-plane or out-of-plane bending. For torsion, the 
f lexibil ity factor i s k = 1.0. 

P 
For short-radius elbows (y = 2) with zero internal pressure (* = 0), 

£q. (l) gives a stress index C 2 which is about 12$ higher than the pres
ent code formula.* For very long-radius bends and zero internal pressure 
(y -* oo, v' s o), Eq. (l) gives essentially the smee value as the code 
fomnia. However, since the influence of internal pressure (which the 
code formula neglects) is to reduce the numerical values of both the 
3tress indices and the flexibility factor and since Eqs. (l) and (2) do 
not include the discontinuity effects oi e^ restraints (end effects), 
no changes are recommended in the code formula* at this time. One impor
tant point, however, which could be of interest to the liquid-metal-cooled 
reactor technology is that the applicable range of Eqs. (l) and (2> ex
tends farther into the thin-shell region than the present code formulas 
cover. 

Analytical studies on the effects of end restraints on the structural 
behavior of elbows have continued. Although definite conclusions cannot 
be made at this time, prospects for obtaining meaningful information with
in the coming year appear good. Three different analytical techniques are 

•The 1971 ASHE, Section III, code formula (Table NB-3683.2-I) for 
the bending moment stress index C 2 is 

b 2 

where b 
and the 

> = tR/r 2 and t, R, and r ire the wall thickness, the bend radius, 
mean pipe radius respectively. 
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currently being investigated: the finite-eleser.t nethod using a modified 
version of the Jffofl ccejuter prograerT>ls and tvo separate approaches to 
solving the thin-shell theory equations, one developed by Kalnins32 and 
the other33 currently being developed in the Mathematics Division of OHRL. 
Each of these methods has c^en used during the past year with some suc
cess; however, sufficient accurac.v has not been obtained to permit con
ducting parameter studies. When the methods are suitably developed, we 
plan to obtain information which will allow us to modify Eqs. (l) and (2) 
to include consideration of the arc length of the elbow, as well as the 
type of component which is welded to the elbow (pipe, flange, etc.), as 
additional parameters. 

Machined-Elbov Model Studies 

Experimental and analytical elastic-response studies are being con
ducted at QRHL on the four machined-elbow test models listed in Table 4. 
Each model consists of a 90 -bend long-radius elbow (bend radius equal to 
three times the nominal pipe radius), with a nominal outside diameter of 
10.73 in., that is welded to matching pipe stubs about tvo pipe diameters 
long on either end. Elastic-response tests for model ME-1 have been com
pleted. 

These models are being studied primarily to provide direct experi
mental information on the relative importance of geometric imperfections 
on the elastic stresses and the deflection characteristics of elocfs. 
Model ME-1 is intended to provide: (l) base-line data for use as a com
parator for the data from the other models, (2) direct experimental in
formation on the influence of end effects, and (3) data for comparison 
with results from the analytical methods being developed. Models ME-2 
and ME-3 are intended to give specific information on the effects of out 
of roundness and nonuniform wall thickness respectively. In addition to 
the elastic behavior studies, model ME-2 will be fatigue tested to fail-
v/* under cyclic internal pressure to determine whether the small amount 
of ov&ling which is characteristic of bent pipe will significantly influ
ence the fatigue life of the component. 
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Table U. Machired-elbow test Models 

Model Identification Model parameters 

M2-1 Ideal torus 90 c bend, long radius, 10.750-in. nomi-
nal OD, uniform vail 0.365 in, thick 

ME-2* Ovaled torus 90° bend, long radius, 10.750-in. nomi
nal CD, uniform vail 0.365 in. thick, 
flattened 5 to 8* of the diameter* 

MB-3 Thinned elbow 90° bend, long radius, 10.750-in. nomi
nal OD, bore eccentric 0.093 in.,c 

minimum vail thickness 0.272 in., max
well thickness O.U58 in. 

MB-4 Ovaled and 90° bend, long radluf, 10.750-in. nomi-
thinned elbow nal OD, bore eccentric 0.093 in.,c 

m i n i m vail thickness 0.272 in., max
imum vail thickness 0.1*58 in.. flat
tened 5 to 8* of the diameter* 

*In addition to the elastic strain-gage tests, this model will be 
fatigue loaded to failure with a cyclic internal pressure loading. 

An attempt will be made to form an elliptical cross section with 
a major-to-minor diameter ratio between 1.05 and 1.08 and with the 
major axis lying in the plane of the bend. 

cThe eccentricity of the bore will be away from the center of the 
bend so that the ninlawi wall thickness is along the back of the elbow. 

Model ME-1* is included primarily to test the assumption of linear 
superposition of stresses from different types of geometric deviations, 
such as ovality and nonuniform wall thickness. This assumption is inher
ent in simplified design procedures and underlies established practice for 
considering different loadings on the same structure. Geometric varia
tions, on the other hand, change the shape of the structure and from purely 
theoretical considerations would be expected to interact in some nonlinear 
Banner. It is postulated, however, that linear superposition may give 
reasonably accurate results if the geometric variations are small, as are 
those under consideration here. 

The elastic response of each model is to be studied for internal 
pressure loading; for in-plane, out-of-plane, and torsional moments; and 
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for combinations of moment loadings and internal pressure. Approximately 
So three-gage strain rosettes will be mounted on each model, about 20 on 
the inside surface and the remainder on the outside surface on lines 
around the circumference and along the length of the model. Deflection 
gages will also be used to measure model deflections to obtain data for 
determining flexibility factors. 

As mentioned above, elastic-response tests for model ME-1 were com
pleted. This model was instrumented with 86 three-gage strain rosettes, 
19 on the inside surface and 67 on the outside surface. Thirteen of the 
inside rosettes and nineteen of the outside rosettes were 0.062-in.-length 
gages placed on a circumferential line at the midplane of the elbow (sta
tion 7) as shown in Fig. 5. The remaining ^k rosettes were 0.125-in.-
length gages, most of which were placed on the outside surface along cir
cumferential lines at various positions along the model. Ten dial indi
cators were used to measure deflections and rotations during the test. 

The tests were conducted with one end of the test assembly rigidly 
clamped to the loading frame as shown in Fig. 6, with bending loads trans
mitted to the model through a heavy flange mounted on the other end. The 
dial indicators and the instrument lines leading from the model to the 
data-acquisition system can be seen in Fig. 6. The model was tested with 
the 13 individual loading conditions listed in Table 5. These were inter
nal pressure, in-plane bending, out-of-plane bending, and torsional moment 

Table 5. Elastic-response test loadings for 
machined-elbow model ME-A 

Loading Maximum load 
Constant internal pressure 
for combined loads (psi) 

1/3P 2/3P P ' J max ' J max max 

Internal pressure 
In-plane bending 
Out-of-plane bending 
Torsional moment 

1,305 psi 
9U,080 in.-lb 
9^,080 in.-lb 
9^,080 in.-lb 

*65 
^35 
^35 

870 
870 
870 

1305 
1305 
1305 
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Fig. 5. Strain-gage layout for machiti^d-elbow model ME-1. 
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Fig. 6. Machined-elbcw model ME-1 in the teat 
plane bending manent being applied. frame vith an out-of-
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applied independently; and combinations of internal pressor* and applied 
moments as indicated. The combined loadings were conducted by first pres
surising the model to the indicated pressure and then adding the moment 
load in four equal steps to the indicated maximum value. A small addi
tional bending moment was then applied, and the moment loading was removed 
in the sane steps which were used during the loading sequence. For each 
of the combined loading tests, a complete set of strain data was obtained 
at each of the ten loading steps. 

typical stress plots from the in-plane bending test ease are shown 
in Pig. 7, where the circumferential and longitudinal stress intensifica
tion factors are given as a function of the angular position around the 
center section of the elbow (station 7, Fig. 5)* the stress intensifica
tion factor as defined here is the ratio of the measured stress to the 

U 

s» 

0 » 
f«Ml 

Fig. 7. Experimental and analytical stress intensification factors 
for machined-elbow model ME~1 loaded with an in-plane bending moment. 
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maximum bending stress in straight pipe of the same diameter and wall 
thickness, that is, c = M/Z, where Z is the section modulus of the 

nom 
pipe. Also shown for comparison are the analytical results obtained using 
the analysis of Dodge and Moore 3 0 discussed above. For this case the max
imum experimental stresses appear to be about 15$ less than the maximum 
analytical values. This is considered good, especially since the analysis 
is slightly conservative and since we are, as yet, unable to include end 
effects in the analysis. Unfortunately, several of the inside surface 
gages, where the maximum stresses occurred, failed during the test and 
could not be replaced. A different type of gage installation will be used 
for the inside gages on the remaining models to minimize this risk. 

STUDIES OP ASA SIAWAR!) BI6.9 TEES 

ASA BI6.9 tees are rnmmfrr lilly available butt-welding fittings fab
ricated in accordance with the ASA BI6.9 or MSS-SP-ty* standards. 2 3* 3* 
The branch pipe to run pipe diameter ratto is normally greater than l/2 
but may be as •mall as 1/3. These fittings are characterised by a smooth 
transition region between the branch and run and are normally forged as 
a single unit. Since the wall thickness is large in comparison with the 
diameter, thin-shell theory is not expected to apply. 

At the beginning of this program, essentially no information was 
available in the literature which could be applied directly in the devel
opment of str^BB indices and flexibility factors ior piping tees. Con
sequently, an extensive program of both analytical and experimental in
vestigations was undertaken. The investigations outlined under this task 
include various experimental analyses on a series of 17 tees ranging in 
nominal size from 6 to 2k in. (see Table 6). These tees represent the 
"standard" product of three manufacturers and include both full outlet 
and reducing tees; nominal wall thickness ratings of sched 10, bo, 80, 
and 160; and two materials, A106 grade B carbon steel and 30kh stainless 
steel. The analytical studies Include the development of an elastic 
finite-element computer code with three-dimensional elements specifically 
designed for the analysis of tees and verified against the experimental 



Tabic 6. Expariaantal and analytical atutflea for A M B16.9 taaa 

•n»inal Typo of ft f *w~ M~ M » . « « ^ R 4 . » M « *OBinal also wall !•-*•-« »i* atraln gaga -iM»*i2* .!••«« Taa No. Nanufacturar ( i n > thictaaaa "atarial ^ , ^ 4 ^ , pnotoalaatlc 
' (achad) t a a t ~ U t t 

T-l I 6 x 6 " 6 kO 88 1B-M 
T-2 I 6 x 6 x 6 160 C 1B-P 
T-3 I 6 x 6 x 6 »*> 88 1B-M 
? - * f I 1 2 x 3 2 x 1 2 80 C 1A-M 
T-5 II 12 x 12 x 12 80 C 1B-P 
T-6 f III 12 x 12 x 12 80 C U-N 8B-M 
T-7 f II 1 2 x 1 2 x 1 2 160 88 1B-M 8B-P 
T-8 f II 1 2 x 1 2 x 6 kO 88 1A-M 8B-N 
T-9 II 1 2 x 1 2 x 6 160 S3 1B-P 8B-P 
T-10« III 2k x 2U x 2k kO C 19-M 
T-ll f III 2U x 2k x 2k 160 C 1B-P 
T-12* III 2k x 2k x 10 kO C 1B-M 
T-13* III 2k x 2k x 10 160 C 1B-P 
T-:«* III 12 x 12 x 6 kO 88 1B-U 
T-15 f I 1 2 x 1 2 x 6 kO 88 1A-M 
T-l6« III 2k x 2k x 2U 10 88 1A-M 
T-17« III 2k x 2k x 10 10 88 1A-M 

*S8 - typo 30UL atalnlaaa ataal; C » A106 grada B carbon ataal. 
1A la a datallad alaatic raaponaa taat using ajpproxlaataly 229 thraa-gaga atrain roaattaa; 

taat IB will uaa fawar gagaa to aaaaura tha aairlani atraaa intanaity; tha loading for tha fatigua 
taat la daaignatad aa N for aoaant loading, P for internal praaaura, and U aa yat undaeldad. 

cPaotoalaatie analyaia with althar intarnal praaaura (P) or out-of-plana banding aoaant 
loading on tha branch (N). 

Staady-atata taaparatura dlatrlbution tharaal atraaa taata. 
Vlnita-alaaant eoxputar coda davalopaant and comparison of analytical raaulta with axpari-

aantal data. 
Taatad at Southwaet Raaearch Inatituta (neapiata). 
«To ba taatad at Coabuatlon Bnginaaring at Chattanooga. 
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taat" 

Datallad 
finlta-alaaant 

analyaia9 
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data from three of the tees (T-6, T-7, and T-8; see last column and foot
note e in Table 6). The computer code will have thermal stress capabili
ties and will be used to analyze the thermal stress tests (column 8, Table 
6) as well as to conduct parameter studies on all the tees. 

Planned experimental work includes elastic response tests for inter
nal pressure and applied binding 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 
were to be fabricated by welding pipe extensions of the same « w < w i size 
and material to all three outlets of each tee according to the welding re
quirements of USAS B31.7 - 1969 or the ASME code which is applicable at 
the time the test assembly is fabricated. The indicated photoelastic 
studies were to be made using scaled models of the respective tee assem
blies, including the pipe extensions and weld design. 

During the past year, portions of the BI6.9 tee studies were conducted 
at QHHL and, under subcontract, at the University of California, Berkeley, 
Southwest Research Institute, Combustion Engineering, Inc., Chattanooga, 
and Westinghouse Research Laboratories. These studies are described below 
under the appropriate subtask, along with the current status and a sunnary 
of important results. The structural behavior studies of ASA BI6.9 tees 
were started in 1969 and should be completed in I975. In terms of man-
effort and cost these studies are essentially 50$ completed. 

Elastic-Response and Fatigue Studies 

Both elastic-response and low-cycle fatigue-to-failure tests are 
being conducted on each of the tees listed in Table 6. Since each indi
vidual test is relatively expensive, a great deal of care is taken to 
assure that construction of the test assemblies and all phases of the test 
work are carried cut to high professional standards. Detailed job speci
fications were written for each tee covering the requirements for test 
assembly fabrication, instrumentation, execution of the elastic-response 
and fatigue teste, and for data acquisition and reduction. Since adequate 
loading facilities and data-acquisition systems did not exist at ORNL, all 
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the experimental studies on tees were done under subcontract. As shown 
in Table 6, five 12-in. tees were tested at Southwest Research Institute 
(SwRl) and two 24-in. tees, T-10 and T-ll, were tested at Combustion Engi
neering, Inc. (C.E.) in Chattanooga, Tennessee. The other four 24-in. 
tees will also be tested at Combustion Engineering during the remainder 
of this fiscal year and next (FY 1972-73). The two 24-in. sched-10 tees 
T-16 and T-17 were added to the test program since the last annual report 
in order to provide experimental information of more direct use to liquid-
metal-cooled nuclear reactor systems. Orders for both tees have been 
placed with the manufacturer. 

The elastic-response tests were initially divided into groups 1A and 
IB, as indicated in Table 6, to reduce the overall cost of the test pro
gram. It was planned to use fewer strain gages for the IB tests in the 
belief that significant savings could be realized from the reduced labor 
costs for instrumentation and data acquisition and reduction. Several 
factors, however, have altered this plan. All the tees which have been 
tested were fully instrumented with approximately 223 three-gage strain 
rosettes, and we plan to fully instrument the rrmninlng tees. Roughly 
70£ of the cost of testing one of these tees is for fabricating the test 
assembly, with the remaining 30$ being divided about evenly between in
strumenting the model, loading the model and collecting the strain-gage 
data, and conducting the low-cycle fatigue test. Thus any reduction in 
the number of strain gages placed on the model, or the addition of a small 
number of gages, has a relatively small influence on the total cost of a 
test. Furthermore, s'•-": efficient computer methods have been developed 
for reducing and analyzing the data, the number of gages placed on the 
test model does not have a significant influence on the cost of these 
operations within the limics considered here. 

We reported last year on the testing phase of the experimental stress 
analysis for the five 12-in. tees tested at Southwest Research Institute, 
and the 24-in. tee, T-10, tested at C.E. Since that time, more complete 
descriptions of the tests have been written, 3 5' 4 1 and tests were com
pleted at C.E. for the 24-in. sched-l6o tee T-ll. During the past year 
the elastic-response data obtained from those tests have been extensively 
studied, and an interpretive report oii the results is being written. The 
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data were first examined for accuracy and consistency using a numerical 
evaluation scheme 4 2 developed from the hypothesis that the strain-gage 
data should be proportional to the load in a linear-elastic test. The 
ORNL computer program LINDA identifies individual gage readings which lie 
outride a preselected tolerance band, determines a best-fit load-strain 
relationship, and calculates stresses. Those gage readings identified by 
the computer program as being suspect were then examined by the analyst 
and either discarded or adjusted. Calculated stresses were tabulated, 
plotted relative to the gage position, and used to construct contour maps. 
This information provided a means for conveniently examining the data in 
some detail, and we were thus able to identify any additional unacceptable 
data from the gages even though they had passed the earlier diagnostics. 

The locations and magnitudes of the maximum stresses for each of the 
13 leadings have now been identified with a high degree of certainty for 
all seven of the tees that have been tested. In every case the stress 
distributions were smooth, that is, without sharp peaks, and the maximum 
values occurred either at or very near one of the gage positions. Table 
7 gives the magnitudes of the maximum normalised stress intensities for 
the internal pressure load and for the applied bending moment loads on 
each of the tees tested. The transverse force loadings gave results which 
were essentially the same as the corresponding moment loadings; for exam
ple, results from the transverse shear force applied to the brsuch were 
equivalent to the out-of-plane bending moment results. The table also 
indicates the location of the maximum stress intensity. For internal 
pressure the maximum stress was always on the inside surface near the 
longitudinal plane of the tee, and for moment loadings on the branch the 
maximum value was always on the outside surface. 

Figure 8 shows the locations of the maximum stress intensities for 
tee T-8. For this tee all but three of the loadings - internal pressure, 
torsion, and in-plane moment on the run — gave maximum values on the out
side surface. The maximum stress intensity for the pressure loading was 
on the inside surface of the crotch about 11° on either side of the longi
tudinal plane (0°) of tie tee because of greater reinforcement on the 



Table 7, Maximum normalised stress intensities for BI6.9 tees 

Tee 
Internal 
pressure 
loading 

Branch moment loadings Run moment loadings 
Tee 

Internal 
pressure 
loading In plane Out of plane Torsional In plane Out of plane Torsional 

T-U h.U2* 2.21 2.73 2.7U 2.01* 1.23* 2.32 
T-6 3.31* 2.27 2.71 2.66 2.25* 1.22* 2.2U* 
T-7 U.U3* 2.19 2.00 1.73 1.1*3 1.U5 l.jh 

T-8 2.70* 1.21 2.2U 1.17 2.00* 1.37 1.82* 
T-10 2.87* 3.80 3.66 3.60 3.10* 1.60 3.57* 
T-lt> 3.65* 1.61 2.31 1.11 1.90* 1.37 1.98* 
T-ll 3.69* 2.13 2.25 2.12 1.8l* 1.19 1.78* 

V o r pressure loading; the maximum stress intensities are normalised with regard to the 
run pipe by the factor VDJSR, where D 0 is the nominal outside disaster and T is the nominal wall thickness. For moment loadings on the branch and run, the normalising factors are M/Z^ 
and M/Z p, respectively, where Z b and Z r are the nominal section modulus of the branch pipe and the run pipe. 

maximum stress intensities were located on the inside surface for all the numbers 
in the tables that are marked with an asterisk; otherwise the maximum value was on the outside 
surface of the tee. 



33 
HlQTO r«M44 

Fig. 8. Miwtt— stress intensity locations for internal pressure 
and bending nonent loads on BI6.9 tee ?-8. 

inside at the 0* plane. As the figure indicates, all Urt two of the load
ings gave nsTiti mtrmtM intensities at the transition (crotch} region be
tween the branch and run. Torsion on the branch and oot-of -plane banding 
auaiiiit on the ran gave nariann Tallies at locations near the respectlTe 
pipe-to-tee velds, labeled as positions 2 and 5 in Fig. 8. 

The lotr«cyele fatigue tests for all fire of the 12-in. tees tested 
at SHRI and for the 2*-lu. tee T-10 tested at C.E. were coodostad <*ith a 
constant internal pressore equal to the code-allowable design pressure of 
the pipe (KB-3&1.1, Ref. 6) and either an in-plane or an out-of-plane 
alternating sonant on the branch, depending on which loading gave the 
highest stress intensity factor In the elastic-response tests. These 
tests vera deflection controlled rather than load controlled, with the 
deflection of a reference point on the branch pipe Hart tad to *© through
out the test, where d was the deflection ceased by a preselected load 
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during the first quarter cycle. The magnitude of the initial load was 
established by linear extrapolation of the elastic results to the load 
that would give an equivalent elastic stress-intensity amplitude of S = 
±83*500 psi at the position of maximum stress intensity on the tee. The 
value of S vas based on an expected life of 7000 cycles from Markel's 
relationship:43 

S M * 1^0,000ir0*2 , 

where S is the number of cycles to fail. The maximum deflection ±6 was 
then held constant throughout the test and used to control the load 
cycling equipment. The maximum load was adjusted during each cycle as 
necessary. In all six of the alternating moment fatigue tests, the change 
in the maximum load between the first cycle and the last cycle was small. 
Failure was defined as a througfr*the-wall crack which caused leakage of 
the pressurising fluid, and in every case this crack was located near the 
strain yvje *bich sjwe the marlar streets intensity during the elastic-
response tests. 

Tee T-ll was fatigue tested with a cyclic internal pressure with 
lower and upper limits of 1C0 and 7000 psi respectively; we plan to fa
tigue test fc-e T-13 in the same manner. For various reasons, including 
the lesjgth of time required for a test and the performance requirements 
of the test equipment, we were interested in a low number of cycles to 
failure. The msTlm.mi pressure for T-ll, however, was limited to less 
than would be required to yield the pipe in order to preclude the possi
bility of plastic ratchetting. An internal pressure of 7000 psi gives a 
^ • « stress in the pipe that is about 93* of the code minimum yield 
strength (35,000 pal) for the A106 grade B pipe used in the test. How
ever, since tensile tests conducted on material from the pipe after the 
test was completed gave yield strength values between Uo,000 and U5,Q00 
psi, the mayjmnm st/ess in the pipe during the test was actually less than 
90* of yield. Failure, as defined by a leaking crack in the tee, occurred 
after 2675 cycles. 

The results from all the fatigue tests are summarized in Table 8. 
For the fatigue bending ttsts of the 12-in. tees the actual number of 



35 

Table 8. Low-cycle fatigus failure results for 
12- and 24-in. ASA B16.9 tees 

Tee a Loading . 
condition 

Internal 
pressure 

Cycles to 
failure0 

T-4 Out-of-plane bending — branch I925 psi constant 2,062 
T-6 Out-of-plane bending — branch 1925 psi constant 1,309 
T-7 In-plane bending — branch 32UO psi constant 11,475 
T-8 Out-of-plane bending — branch 950 psi constant 8,970 
T-15 Out-of-plane bending — branch 950 psi constant 10,200 
T-10 In-plane bending — branch 1025 psi constant 18,532 
T-ll Cyclic internal pressure 100 to 7000 psi 2,875 

The first five tees are 12 in. and the other two are 2k in. 
nominal diameter. See Table 6 for further identification. 

The maximum equivalent elastic stress for the bending moment 
loadings on the branch was ±83,500 psi for all five tees. 

CThe target failure for the bending tests was 7000 cycles; the 
average number of cycles for the 12-in. tees was 6803. 

cycles to failure ranged from 1309 for T-6 to 11,U75 for T-7, with an av
erage value of 6803 cycles. The average value is quite close to the ex
pected value of 7000 cycles even though the fatigue life of T-6 was only 
about 20$ of that expected from Markel's correlations. On the other hand, 
the fatigue life of the single 24-in. tee (T-10) tested under bending load 
(lB,532 cycles) was over 2 l/2 times that expected from Markel's correla
tion. 

The fatigue life of all seven tees was greater than the code-allow
able design life as calculated by the design procedures specified in para
graph HB-3653.6 of ASNE-III,7 even though the cyclic pressure test condi
tions for T-ll were considerably more severe than would have been allowed 
under the complete set of code design rules. Table 9 compares each tee 
as to the fatigue life H determined in the test; the code-allowable de-
sign life N calculated by HB-3653.6, including the present code values 
for the stress indices; and an expected design life N calculated by the 
procedures of NB-3653.6 but using the normalized stress intensities of 
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Table 9. BI6.9 tee fatigue test results and 
calculated allowable design cycles 

Tee » t a N b 

c V N c N c 

e V N e 

T-l* 2,062 38 5h UO 51 
'i-6 1,309 38 3* 1*0 32 
T-7 11,^75 110 10U 70 163 
T-8 6,970 16 560 70 128 
T-15 10,200 18 566 70 145 
T-10 18,532 15 1235 ko **63 
T-11 2,875 550 5 155 d 18 

f. is the number of cycles at which failure occurred 
in the test. 

1L is the code-allowable design life based on para
graph NB-3653.6 and the stress indices of Table HB-3683.2-I 
of ASME-III-I97I (Ref. 7). 

^ p is the expected design life based on the procedures 
of NB-3S53.6 and the maximum elastxc stress amplitude imposed 
during the tests, that is, using the normalized stress inten
sities of Table 7 instead of the code values for the stress 
intensities (l^ was taken as 1.0). 

*TMs value of N e for the cyclic pressure test of T-11 
was calculated using stress index values of C1K1 =3.69 
from Table 7 ar.d Ki = 1.2 from the photoelastic tests of T-7 
and T-9. If Ki had been taken as 1.0, then N e would have 
been 80; if K\ = 1.5, then N e = 350. 

Table 7 instead of the stress indices of the code.* The ratios of H./H 
t c and N./N can be taken as safety factors for the two different methods of t e 

calculating the design life. 
If one arbitrarily assumes that a &' Jety factor of 20 xi the allow

able design cycles is adequate to assure that the component would have 
performed satisfactorily in service, then all the tees except T-11 met 

*For the moment loading tests, this is equivalent to setting S and 
S from the code equations (NB-3653) equal to the equivalent elastic 
stress range (2 x 83,500 psi) of the fatigue tests. 
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this criterion. The relatively low value of H./N = 5 M well as the 
t c 

photoelastic test results for pressure loading discussed in the next sec
tion strongly suggest that changes are needed in the code values for the 
stress indices Ci and Ki for BI6.9 tees. More appropriate values are re
flected in the calculated value cf N for T - U given in Table 9. Since 
ve have at present only one fatigue data point, firm recommendations can
not be iaade; however, it seems clear that the code value of Ci =1.5 is 
too lev and that Xi - 4.Q is too high. 

A more complete discussion on comparisons between experinental fa
tigue test data and code rules for design evaluation is given in the study 
by Rodabaugh and Moore, 4 4 which includes all the available fatigue test 
data for piping components. At the time this study 4 4 was completed, ve 
had only completed five of the seven tee tests reported here; test results 
from T-6 and 2-11 were not included. However, the conclusions for piping 
components in general and for forged tees (ASA BI6.9) in particular remain 
valid; that is, the present code method is conservative even though changes 
in some of the stress indices may be required. Furthermore, any changes 
in the code stress index values for fatigue evaluation should be based 
largely o r experimental data of the type being developed in the ORRL piping 
program. 

Ihotoelastic Model Studies 

Riotoelastic model studies of the four It-in. tees listed in Table 
6 (T-6 through T-9) were completed during the past year under subcontract 
at Westinghouse Research Laboratories, and the final report 4 5 was pub
lished. One-half-scale epoxy models of the 12-in. prototype tees were 
machined from blocks of epoxy on a contour milling machine with very care
fully constructed half-scale wooden patterns used as templates. The mod
els were loaded with either internal pressure or out-of-plane bending 
moment, as indicated in Table 6, and were analyzed by the frozen-stress 
technique. Figure 9 shows the scale model of tee T-7 as it appeared be
fore the internal pressure test, and Fig. 10 shews the scale model of T-$ 
mounted in the loading frame with on out-of-plane bending load being ap
plied on the branch. All four model a were cured under load at 166° C in 
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Fig. 9. One-half-scale photoelastic model of B16.9 tee model T-7 
ready for testing under internal pressure loading. 

order to freeze the stress patterns into the epoxy before the models vere 
sliced and analyzed in a polarlscppe. 

The principal objective of this "investigation was to determine and 
analyze the stress distributions through the wall thickness at positions 
of marfanm surface stresses. This information is needed to provide guid
ance for separating the maximum stresses into the three categories (pri
mary, secondary, and peak) used by the nuclear vessel and piping codes to 
fix allowable stresses. Surface stresses were first determined from 
slices cut from one quadrant of each of the models at angular locations 
22.5° apart around the branch opening. Angular positions 0 around the 
branch were measured from the longitudinal plane in the clockwise direc
tion. For the bending test models (T-6 and T-8), the 0 = 0° position was 
toward the free end of the run and 0 = 180° was toward the fixed end. 
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Fig. 10. One-half-scale photoelastic model of BI6.9 tee model T-8 
in the loading frame vith an out-of-plane moment load on the branch pipe 
extension. 
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For both models the IfiO to 270° quadrants, corresponding to the tension 
side of applied bending moment, vere selected for detailed analysis. For 
the pressurised aodels (T-7 and T-9), the 0 - 180° positions on the models 
correspond vith the fixed end for the prototype tests which vere conducted 
at SvBI. For these models the 0 to 90° quadrants vere selected for de
tailed analysis. Radial slices vere also removed from each of the four 
Models at 0 - 0, 90, l80, and 270° around the branch. Slices taken from 
the photoelastic models provide data corresponding to data from lines of 
strain gages on the prototype tees tested at SvBI as shown in Fig. 8 for 
T-8. 

By studying the surface stress distributions, ve chose three locations 
per model for stress measurements along lines through the vail thickness 
that are normal to the midsurface. Formal stresses and shear stresses ref
erenced to the plane of the slices as veil as the three principal stresses 
vere determined. At each section through the vail thickness, the average 
membrane stress, the secondary bending stress, and the peak stress compo
nents vere also determined. The secondary bending stress component vas 
defined as the mnvlmnm difference between the average stress and a hypo
thetical equivalent linear distribution having the same first moment about 
the average as the measured distribution. The peak stress component vas 
defined as the maximal difference at either the outside or the inside sur
face between the ne&sured distribution and the equivalent linear distri
bution. 

For the internal pressure tests on T-7 and T-9, the normalized stress 
intensity curve, 8 = (oi - cj3)/p, vas used to obtain, the average, sec-
ondary, and peak stress components, where ox and j 3 are the maximum and 
»jn<imwi principal stresses, respectively, and p is the internal pressure. 
Models of T-6 and T-8 vere each subjected to an out-of-plane bending 
moment applied to the branch. For these tests the directed stress compo
nents either normal cr tangential to the plane of the slice vere used, 
depending on which curve had the greatest magnitude. The bending test 
results were normalized to the maximum bending stress in the branch pipe, 

32Md ( a ) = 2 _ 
n o m b *(d4 - dj) N o i' 
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where N is the applied bending anient, d is the outside diameter of the 
branch pipe, and d. is the inside diameter. 

Figure 11 is a plot of the normalized principal stresses through the 
crotch region of T-7 in the longitudinal plane of the tee (0 = lflO°). 
For this case the maximum principal stress ai was in the circumferential 
direction, and the minimum principal stress a3 was in the radial direc
tion throughout the wall thickness. Figure '.2 shows the variation of the 
normalized stress intensity &t the same point along with the average, 
linear bending, and peak components. 

Figure 13 shows the variations of the normalized stress components 
a , a , T• and T through-the-wall thickness (directed relative to the 
y z y* zx 
plane of the slice) for the out-of-plane bending test of T-6. For this 
tee the maximum surface stress intensity, S = 3.03a , was compressive 

max nom 
and was located in the 223° section at the outside surface. Because of 
the complicated manner in which the stress intensity varies through the 

DM 72-900i 

0 0.5 1.0 1.5 2.0 2-5 
DISTANCE FROM INSIDE SURFACE (in.) 

Fig. 11. Normalized principal stress distributions through the 
wall thickness in the crotch region of the longitudinal plane (0 = 180°) 
for the photoelastic model of tee T-7 (Jue to internal pressure loading. 
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OfiNL-D*G 72-9002 

0 0.5 1.0 1.5 2.0 2.5 
DISTANCE FROM INSIDE SURFACE (in.) 

Fig. 12. Normalized stress intensity distribution through the vail 
thickness and corresponding stress category values for the photoelastic 
model of tee T-7 due to internal pressure loading. 

wall thickness for the bending tests, the average, secondary, and peak 
stress components were determined usisg the directed stress curve with 
the largest absolute stress value, which in this case was a circumferential 
stress a . The component values for T-6 are shown in Fig. Ik, which also 
sliovs that the stress distribution was essentially linear through the 
thickness. 
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ORNL-DWG 72-9004 

0 0.2 0.4 0.6 0.8 1.0 1.2 
DISTANCE FROM OUTSIDE SURFACE (in.) 

Pig. 13. normalized maximum stress ratios as a fanction of distance 
through the wall thickness for the photoelactic model of tee T-6 due to 
an out-of-plane bending moment on the branch. 
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OHNL-OWG 72-9003 

0 0.2 0.4 0.6 0.8 1J0 1.2 
DISTANCE 7R0M OUTSIDE SURFACE (in.) 

Fig. Ik. Normalized naxiaun circumferential stress distribution 
through the wall and corresponding stress category values for the photo-
elastic aodel of tee T-6 due to an out-of-plane bending ncarent on the 
branch* 
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Table ii gives the marlmum normalised surface stress intensities 
found anywhere on the models (without regard to location), and the aver
age, bending, and peak stress components as determined from the through-
the-vali thickness isMturenants at the point of mavlnwi surface stress. 
The internal pressure tests on the models of T-7 sad T-9 and the out-of-
plane bending test on T-6 each gave neiiawi surface stresses on the in
side surface. These were located in the crotch region in the longitudinal 
plane of the tee for T-7 and T-9 and about *5* from the fixed end (0 * 
225° ) for T-6. In the out-of-plane bending test for T-8, the mmxlmum sur
face stress urns on the outside surface about U * from the transverse plane 
of the tee toward the fixed end (£ * 259*). *** stress distributions 
through the wall for both bending tests were very nearly linear at all 
locations where lamiitints were made, whereas the corresponding distri
butions for the internal pressure test< were quite nonlinear. This is 
reflected by the relative difference in normalised peak stress components 
given in Table 10. 

Table 10. MsTimna normalised surface stress 
Intensities and stress-category components 
from nhotoelastic tests of ASA BI6.9 tees 

Tee T-4>*il1ng 
stress intensity component component component 

2.23 0.08 

5.*t0 3.8k 

1.26 0..U 

5.23 2.29 
pressure 

aSee text fox explanation of the normalizing procedures used 
in obtaining these values. 

This particular value is slightly higher than the sum of the 
three components given for this tee (2.fk) since the position of the 
through-tne-vall-thickness measurements was slightly displaced from 
the maximum surface stress location. 

T-6 Out-of-plane 
bending 

3.03b 0.U3 

T-7 Internal 
pressure 

15.3^ 6.10 

T-8 Out-of-plane 
bending 

1.82 O.UU 

T-9 Internal 
pressure 

IU.9 7.28 
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Bxperimental Thermal Stress Analysis 

In addition to the experimental studies for ex—Ining mechanical load 
responses, stresses due to thermal loadings are also being investigated. 
Two of the tees, T-6 and T-3, made from carbon steel and stainless steel 
respectively, were selected for thermal stress tests at Oak Ridge (Table 
6). These tees were obtained from the same manufacturer and were Bade by 
the seme process as those which were strain gaged and fatigue tested at 
Sv&X. The physical dimensions were almoct identical for both sets of tees. 
The objective of these tests is to provide experimental data on thermal 
stresses and strains that can be compared with finite-element elastic 
analyses and used as a basis for evaluating the thermal stress capabili
ties of the computer code discussed in the next section. We are also 
interested in whether or not significant thermal stresses ca& be induced 
in the tees by relative temperature differences which might be encountered 
in water-cooled nuclear power plant service. Thermal stresses are to be 
ictoced in the tees by developing temperature gradients between one of the 
outlets and the other two with heating and cooling coils located on pipe 
extensions welded to the tees. Maximum temperature differences of up to 
kOoTf are planned. Temperatures and strains will be measured and used 
to compute the thermal stresses. 

Test assemblies were fabricated for both tees by welding short pipe 
extensions of the same material and nominal size, about 2 ft long, to 
each of the outlets. The carbon-steel tee, T-6, was instrumented on both 
the inside and the outside surface with 0.125-in. gage-length high-tem
perature (600*F maximum) U5 0 three-gage strain rosettes. Thermocouples 
were also attached at the same locations and at additional positions on 
the model to measure temperature distributions. Heating coils were wrapped 
around the pipe extensions, and the model was insulated to minimize tem
perature gradients through the wall thickness. Figure 15 shows the insu
lated model resting in the support frame before the instrument lines were 
connected tc the data-acquisition system. The entire test assembly was 
enclosed in a steel box which was filled with argon gas to prevent corro
sion of the strain gages, and the first series of tests was started. 



F5.g. 13* Thermal stress test assembly for B16.9 tee TT-6 after 
installation of external heaters and insulation. 
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The purpose of the first series of tests was to obtain temperature 
calibration curves for the strain gages while the tee was heated uniformly 
(no temperature gradients) in steps of 50°F from room temperature to the 
maximum test temperature of about ^00 to U50°F. About halfway through the 
heating cycle, data obtained from several of the strain gages indicated 
that some type of failure had occurred in the data-acquisition circuits. 
The situation rapidly deteriorated until only about one-half of the gages 
were operational during cooldown. Investigations showed that most if not 
all of the strain-gage whisker wires, which connect the active portion of 
the gage to the instrument lead wires, had become embrittled and many had 
broken. The exact cause of the embrittlement has not been determined; 
however, since these wires are an integral part of the strain-gage ro
settes, it is clear that the tee mur.t be reinstrumented before the tests 
can be resumed. We are presently developing new procedures for the strain-
gage instrumentation and plan to complete the tests during IT 1973* 

Finite-Element Elastic Analyses 

Concurrently with the experimental studies of tees discussed in the 
preceding sections, finite-element computer code development is under way 
at the University of California, Berkeley. The objective of this work is, 
in broad terms, to develop suitable analytical techniques to be used for 
conducting parameter studies over a wide range of sizes and wall thick
nesses. The results obtained will then be used to provide stress indices 
which may 'Le included in codes and standards and used in the design of 
piping systems. For this purpose the method of finite-element numerical 
analysis was selected as being the most promising, because of the rela
tively complex external shape and wall thickness variations of ASA BI6.9 
tees. 

Even though the finite-element method is being used extensively in 
structural design analysis, application of the method is not a routine 
matter, and a number of theoretical and practical questions required reso
lution before a completely satisfactory computer program could be written 

i 
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for the analysis of ASA EI6.9 tee?. The scope of the University of Cali
fornia work includes the foDlowing: 
1. selection of an optimum finite-element description for the analysis 

of ASA BI6.9 tees, 
2. determination of the best procedure for subdividing the structure 

into finite elements, 
3. definition of the geometry of the structure in terms of a small num

ber of parameters and developing of procedures for generating the 
finite-element input data automatically, 

h. detailed stress analysis of three tees (T-6, T-7, and T-8) for the 
same 13 loading conditions used in testing the tees at SwRI (pressure 
and three mutually perpendicular force and moment loads applied 
through the branch and run pipes with one end of the run pipe rigidly-
fixed) , 

5. presentation of the computed stresses in a convenient form for in
terpretation, 

6. development of thermal stress analysis capability for temperature 
gradients which may vary bcth through the wall thickness and over the 
surface, 

7. development of an efficient production-type computer program suitable 
for conducting parameter studies at reasonable cost. 
In addition to these items we have also asked the University of Cali

fornia to develop a suitable means for calculating both steady-state and 
transient temperature solutions which can be used as input for the thermal 
stress analysis of tees. Our present plan is to write a separate computer 
program which will calculate temperatures at discrete node points and time 
intervals (for the transient case), print out the results for examination 
by the analyst, and save the temperatures on some suitable storage device 
(tapes, disk, etc.) for later use in the stress analysis program. The 
finite-element mesh for the thermal analysis program will be generated 
automatically by the same input routines used in the stress analysis pro
gram, but it may contain additional node points in order to obtain a more 
refined temperature distribution. The stress analysis program will then 
select only the needed temperature data from the storage device as input. 
Since many of the subroutines already developed for the stress analysis 
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program can be used in the thermal analysis program, we expect to have 
this capability developed by July 1972. 

In regard to item 1, several possible finite-element descriptions 
exist, including the flat-plate elements used for the analysis of the 
thin-shell idealized tees discussed earlier. 1 7" 1 9 From the time the proj
ect was initiated, however, it was expected that three-dimensional ele
ments would be needed for the analysis of the relatively thick B16.9 tees 
in order to obtain reasonably good agreement with the experimental re
sults. Both 8- and 20-node isoparametric hexahedral elements were under 
consideration, and at this time last year we had selected a modified 
version of the Zienkiewicz and Irons 8-node brick element,46 denoted as 
ZI38R5, which has five additional degrees of internal freedom. All the 
various elements which were considered and the background work leading 
to this choice were reported47 at the ASME Pressure Vessels and Piping 
Conference held in San Franciscc in Hay. Later work, however, showed 
that the ZIB8R5 element was too stiff in bending. Tnis led to selection 
of the ZIB8R9 element with nine additional degrees of internal freedom, 
as reported48 at the First International Conference on Structural Mechan
ics in Reactor Technology held in Berlin, Germany, in September. This 
element has been incorporated into the BI6.9 tee stress analysis program, 
and several studies have been conducted. Figures l£ and 17 show compari
sons between the finite-element results and experimental results for tee 
T-8 (12 x 12 x 6 in., sched ko) loaded with internal pressure and an in-
plane bending moment applied to the branch pipe respectively. 

Some of the more difficult aspects of the BI6.9 tee stress analysis 
computer program work were the development of a suitable analytical de
scription of the shape of BI6.9 tees, suitable procedures for dividing the 
structure into suitable finite elements, and the automatic mesh generation 
subroutines needed to conduct parameter studies effectively. The manu
facturing standards, such as ASA BI6.9 and MSS-SP-I48 (Refs. 23, 3^), offer 
very little dimensional information which can "be used to describe the 
geometry. Plastic model replicas49 of the tees tested at SwRI proved 
invaluable for this purpose. 

Detailed dimensional measurements of these models as well as dimen
sional information from tees which have been tested were used to help 
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Pig. 16, Maximum principal stresses from finite-element calcula
tions compared with the experimental elastic response test results from 
B16.9 tee T-8 loaded with internal pressure. 
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develop a suitable meant for analytically describing both lull outlet and 
reducing outlet ASA. B16.9 tees of different sizes and nominal wall thick
nesses. For automatic mesh generation the assumption was made that BI6.9 
tees are made up of three shallow cones joined ty a circular fillet tran
sition piece whose radius varies linearly around the branch cone outlet. 
Both the cone angle and the radius of the transition are input parameters. 
Other parameters define the wall thickness and i;he amount of taper at the 
pipe-to-tee welds. The computer will also simulate tees fabricated by 
machining operations such as boring the inner surfaces of the branch and 
run outlets. Figure 18 shows the computer-developed finite-element mesh 

ORNL-DMG 7?.1233 

Fig. 18. Computer-generated finite-element mesh layout for the 
stress analysis of BI6.9 tee T-7. 
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for the outer surface of tee T-7, a 12 x 12 x 12 in., sched-l6o tee. 
Not:? especially the significant moaount of taper at the welds. Since the 
wall thickness of this particulai tee was considerably greater than that 
of the matching sched-l6o pipe, a significant amount of machining was 
performed "by the manufacturer both at the weld preps and in the bore in 
order to meet the dimensional requirements of the B16.9 standard. 

The computer program per for 11 s symmetric and antisymmetric analyses 
using a l/k section of the model such as shown in Fig. 18. These separate 
analyses are then ccabined by linear superposition as required for treat
ing the various loading conditions specified "by the user. Thus, in ad
dition to the 13 basic loading conditions, it is also possible to obtain 
results for any arbitrary combination of these loads. The complete com
puter program has now been assembled, including all the service function 
subroutines and the automatic input preparation and stress output pack
ages. The graphic output packages will, however, be developed at QRNL 
after we receive the program from the subcontractor since the graphics 
software is computer system dependent. Final check-out of the computer 
code is under way, and we expect to receive it about July 1972. 

LIMIT LOADS 

This task (6) of the piping program contains a number of studies 
whose main purpose is to determine a lower bound for the maximum load 
which a given piping component can support. This information is needed 
to help establish allowable limits for the primary category stresses as 
defined by the design codes and standards. Both experimental and ana
lytical limit-load 3tudies are presently planned under this task. The 
experimental studies include determining limit loads for elbows, tees, 
and other components such as straight pipe, welds, and reducers, although 
detailed plans have not been made for the latter. The analytical studies 
include an elastic buckling study for straight pipe, the development of 
classical limit-load analyses, and elastic-plastic studies of piping com
ponents under various loading conditions. Two studies completed during 
the past year are discussed below. 
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Limit-Load Studies for AS>. Standard Elbows 

Last year we reported8 the results of experimental studies conducted 
to determine the plastic collapse or limit load for a series of 1^ com
mercial 6-in. (nominal diameter) carbon-steel elbows and one 6-in. stain
less steel exbow. These siadies were conducted primarily to test the 
validity of the design values for the primary stress index B 2 (Table 
NB-3683.2-I, footnote 8, Ref„ 7) for curved pipe or butt-welding elbows 
that meet the requirements of standards ASA. BI6.9, ASA B16.28, or MSS-
ST-UQ (Refs. 23, 2U, 3U). The test assembly for each elbow was made by 
welding pipe extensions of the same material and the same nominal ws 1 
thickness to the ends of the elbows. One extension was rigidly mounted 
on a pedestal attached to a loading frame, a normal force loading was ap
plied near the end of the free extension (between four and five pipe 
diameters long), and load-deflection response curves were measured with 
the aid of dial indicators mounted on the free extension pipe 7 l/2 and 
15 in. from the plane of the pipe-to-elbov weld. The results were inter
preted in terms of classical limit analysis concepts and were used to 
determine the so-called collapse loads. 

Significant variables considered in *;he study were wall thickness, 
bend radius, direction of applied loading, influence of internal pressure, 
and relative behavior of carbon-steel (ASM A106, grade B) and stainless 
steel (ASB4 A312, type 30^L) elbows. Six of the carbon-steel elbows were 
sched-Uo long-radius elbows (6.625 in. OD, 0.280 in. wall thickness, and 
9 in. bend radius); three were sched-80 long-radius elbows (0.1*32 in. 
wall thickness); and five were sched-k) short-radius elbows (6 in. bend 
radius). The stainless steel elbow was sched ko long radius. All of the 
elbows were 90° bends. 

The results of the study, presented in a paper 5 0 last spring, are 
as follows. 

1. Classical limit-load concepts can be used to describe the post-
yield behavior of piping components such as elbows. 

2. For an elbow of given wall thickness, radius, and material under 
external load alone, the collapse moment is smaller for an in-plane bend
ing moment, which tends to close the elbow, than for either an in-plane 
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moment, which tends to open the elbow, or for an out-of-plane moment 
loading. 

3. The addition of interrjal pressure in combination with the moment 
loading generally increases the collapse moment, although departure from 
linear load-deflection response (yielding) occurs earlier than for an 
elbow loaded only with a bending moment. 

k. The ratio of the maximum stress at the limit load to the yield 
stress of the material increases with an increase in wall thickness. 

5. The collapse load for the stainless steel elbow, tested with an 
in-plane bending moment that tended to close the elbow, was considerably 
less than that for the corresponding carbon-steel elbow tested in the 
same manner. In this case the collapse load of the stainless steel el-
how was 56$ of the collapse load for the carbon-steel elbow. 

In order to confirm the latter conclusion, a second stainless steel 
elbow was tested. This model (PE-16) was made from the same lot of mate
rial as the first elbow (FE-15) and was tested in the same manner, that 
is, with an in-plane bending moment that tended to close the elbow. It 
was dimensionally inspected more thoroughly than FE-15 prior to testing, 
however, and instrumented more extensively during the test. Before test
ing, the ovality (out of roundness) of IE-16 was 1% at the ends and 2$ 

at the midplane; after testing, the ovality was 5 1/2 and 11$ at the ends 
and midplane respectively. 

The test assembly for H2-16 is shown mounted in the loading frame 
ready for testing in Fig. 19. Ten three-gage strain rosettes, four dial 
indicator gages, and one load cell were used to monitor the strains, de
flections, and the applied load respectively. Eight of the strain ro
settes were located at the midplane of the elbow in the region of expected 
maximum stress, and one was mounted on either end at the pipe-to-tee welds. 
As shown in the figure, two of the dial indicators were mounted near the 
weldment joining the elbow and pipe extension to measure the vertical and 
horizontal displacements of the weld. The other two dial indicators were 
mounted at 7 l/2 and 15 in. from the weld to measure vertical displace
ments of the pipe extension. We were thus able to use the angular rota
tion of the elbow in addition to the pipe displacements in determining 
the collapse load as was done for the previous test of PE-15. 
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Fig. 19. Test assembly for the lljnit-load test of elbow model PE-16 
mounted in the loading frame. 
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The entire outside surface of PE-16 was coated with a brittle lacquer 
which had a tensile strain sensitivity of 350 uln. During the test, 
cracks first appeared in the coating in the midplane (45°) of the elbow 
at the sides where three of the strain rosettes had been located (see 
Fig. 19), thus confirming the adequacy of the strain-gage data for deter
mining the collapse load. For a more detailed discussion on the methods 
of using strain-gage and displacement data for determining the collapse 
load, see Ref« 50. 

This second test gave essentially the same collapse load &<t the 
first; that is, it confirmed the earlier indication that the type of ma
terial is an important variable in governing the plastic collapse of 
structures and should be considered in design rules. In terms of the B 2 

stress index, the study indicated that for all the 6-in. elbows tested 
the present code values are conservative and may be more conservative 
than necessary for the carbon-steel elbows. However, even though the 
present code formula for B 2 is adequate for the stainless steel elbow, 
additional information is needed before changes in the code design rules 
can be recommended. Both experimental and analytical studies are planned 
for the coming year to provide this information. 

Elastic Buckling of Straight Pipe 

Elastic buckling studies of straight pipe heated uniformly and re
strained from axial expansion were completed, and a report51 has been 
prepared for publication. This study was undertaken to develop convenient 
and accurate methods for calculating the critical temperature rise T at 
which elastic buckling of a long segment of straight pipe would occur as 
well as methods for calculating the maximum stresses at temperatures be
low and above T . Under certain conditions the critical temperature for 
Euler-type column buckling will occur even though the nominal stress 
values in the pipe are well below code-allowable design values. If the 
temperature is increased further the maximum stresses will increase rap
idly because of bending stresses induced in the postbuckled condition. 
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In the report, a number of practicable design considerations are also dis
cussed including the effects of internal pressure, hanger spacing, and 
initial geometric imperfections. The results of this work are expected 
to be useful in assessing accident situations in which straight lines of 
pipe are heated above the normal design conditio'os. 

CONCLUSIONS 

With the projects completed during the past year, work under the 
ORNL piping program is essentially 50$ complete. Table 11 shows the cur
rent status (February 1, 1972) of each of the studies originally outlined 
in the program plan. The literature survey52 under Task 1 was completed 
and reported last year, and the two remaining studies are about 75$ com
plete. We plan to publish these reports during the coming year. 

A significant amount of work was completed on the Task 2 studies for 
straight pipe, in-line configurations, and attachments. Much of this work 
either has been adopted or is being considered for adoption X/y the ASME 
code committees. Notable are the design rules for calculating stresses 
in straight pipe with initial out of roundness, the extensive changes pro
posed for design code stress indices for girth-welded joints and tapered 
transitions, and the proposed stress indices for socket-welding and 
threaded fittings. Final reports for these studies, as well as for the 
concentric reducers study53 discussed last year, are being prepared and 
will be published during the next few months. Work on flanged joints was 
initiated during the past year and is scheduled for completion during FY 
1973. 

Experimental and analytical studies outlined for thin-walled ideal
ized tees and small branch connections under Task 3 are about 50$ com
pleted. Two of the four thin-walled tee models have been tested and ana
lyzed, and the other two models are being instrumented for testing during 
the coming year. Significant results from the two completed model studies 
were reported in the open literature,17'19 and a more detailed account has 
been prepared for publication as an ORNL report.18 



Table 11. ORNL piping program tasks, major subtasks, and status 

Pt-rcentagf.' completion 
Task and subts.sk ?5 5< 75 100 

Task 1. INFORMATION SURVEYS 
1.1 Literature Survoy 
1.2 Dimensional Studj of Piping Components 
1.3 Survey of Class I Piping System Components 

Task 2. STRAIGHT PIPE, IN-LINE CONFIGURATIONS, AND ATTACHMENTS 
2.1 Straight Pipe and Auxiliary Attachments 
2.2 Socket-Welding and Threaded Fittings 
2.3 Concentric and Eccentric Reducers 
2,h Transition Joints 
2.5 Flanged Joints 

Task 3 . THIN-WALLED TEES AND BRANCH CONNECTIONS 

3.1 Idealized Thin-Walled Tees 0 

3.2 Small-Branch Connections 
Task 4 . ELBOWS, CURVED PIPE, AND MITER BENDS 

U. l Analy t ica l Studies of Elbows and Curved Pipe 
k.2 Machined-Elbov M-nlel Studies 
4.3 Elast ic Stress Analysis of Miter Bends 

CA o 

Discontinued 

http://subts.sk


Table 11 (continued) 

Percentage completion 
Task and subtask 

25 50 75 100 

Task 5 . ASA STANDARD B16.9 TEES 

E l a s t i c Response and Fatigue Studies 
Pho toe las t i c Model Studies 
Experimental Thermal S t r e s s Analysis 
Finite-Element Computer Code Development 
Finite-Element S t r e s s Analyses 
Trans ient Temperatures and Fluid Flow in Mixing Tees 

LIMIT LOADS 

Experimental Limit Loads for ASA Standard Elbows 
Experimental Limit Loads for ASA Standard Tees 
Analy t ica l Limit Load Development 
Limit Loads for Other Piping Components 
E l a s t i c Buckling of S t r a igh t Pipe 

5 .1 

ASA STANDARD B16.9 TEES 

E l a s t i c Response and Fatigue Studies 
Pho toe las t i c Model Studies 
Experimental Thermal S t r e s s Analysis 
Finite-Element Computer Code Development 
Finite-Element S t r e s s Analyses 
Trans ient Temperatures and Fluid Flow in Mixing Tees 

LIMIT LOADS 

Experimental Limit Loads for ASA Standard Elbows 
Experimental Limit Loads for ASA Standard Tees 
Analy t ica l Limit Load Development 
Limit Loads for Other Piping Components 
E l a s t i c Buckling of S t r a igh t Pipe 

5.2 
5-3 

ASA STANDARD B16.9 TEES 

E l a s t i c Response and Fatigue Studies 
Pho toe las t i c Model Studies 
Experimental Thermal S t r e s s Analysis 
Finite-Element Computer Code Development 
Finite-Element S t r e s s Analyses 
Trans ient Temperatures and Fluid Flow in Mixing Tees 

LIMIT LOADS 

Experimental Limit Loads for ASA Standard Elbows 
Experimental Limit Loads for ASA Standard Tees 
Analy t ica l Limit Load Development 
Limit Loads for Other Piping Components 
E l a s t i c Buckling of S t r a igh t Pipe 

5 A 
5.5 
5.6 

Task 6 . 

ASA STANDARD B16.9 TEES 

E l a s t i c Response and Fatigue Studies 
Pho toe las t i c Model Studies 
Experimental Thermal S t r e s s Analysis 
Finite-Element Computer Code Development 
Finite-Element S t r e s s Analyses 
Trans ient Temperatures and Fluid Flow in Mixing Tees 

LIMIT LOADS 

Experimental Limit Loads for ASA Standard Elbows 
Experimental Limit Loads for ASA Standard Tees 
Analy t ica l Limit Load Development 
Limit Loads for Other Piping Components 
E l a s t i c Buckling of S t r a igh t Pipe 

Not 
Not 

s t a r t ed 
s t a r t e d 

1 
6 .1 
6.2 
6.3 
6.4 

ASA STANDARD B16.9 TEES 

E l a s t i c Response and Fatigue Studies 
Pho toe las t i c Model Studies 
Experimental Thermal S t r e s s Analysis 
Finite-Element Computer Code Development 
Finite-Element S t r e s s Analyses 
Trans ient Temperatures and Fluid Flow in Mixing Tees 

LIMIT LOADS 

Experimental Limit Loads for ASA Standard Elbows 
Experimental Limit Loads for ASA Standard Tees 
Analy t ica l Limit Load Development 
Limit Loads for Other Piping Components 
E l a s t i c Buckling of S t r a igh t Pipe 

• i 
Not J 

started 6.5 

ASA STANDARD B16.9 TEES 

E l a s t i c Response and Fatigue Studies 
Pho toe las t i c Model Studies 
Experimental Thermal S t r e s s Analysis 
Finite-Element Computer Code Development 
Finite-Element S t r e s s Analyses 
Trans ient Temperatures and Fluid Flow in Mixing Tees 

LIMIT LOADS 

Experimental Limit Loads for ASA Standard Elbows 
Experimental Limit Loads for ASA Standard Tees 
Analy t ica l Limit Load Development 
Limit Loads for Other Piping Components 
E l a s t i c Buckling of S t r a igh t Pipe 

ON 

February 1, 1972. 
For additional detail, see Program Plan for the OBNL Program - Design Criteria for 

Piping, Pumps, and Valves. 
cJointly sponsored by the QRNL Piping Program and other ORNL programs; fully supported 

by other ORNL programs after FY 1971. 

*^^;-ku^i%^4t^^^i^)^Mitit^(i!ii m^&^^^i^jz^-":: 
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Flexibility factors for small branch connections (d/D £ 1/3) were 
developed for use in codes and standards, and a special code case is being 
prepared for consideration by the ASME code ccnmittee. These factors were 
based on a review of published experimental data, the well-known analyses 
of Bijlaard, and results from analytical studies of unreinforced cylinder-
to-cylinder models conducted under this program. Our study showed that 
the present code formula is restrictive for certain nozzle configurations 
permitted by the code; hence the new formula will tend to ease these re
strictions. We plan to complete the remaining studies outlined under Tank 
3 — reinforced branch connections — following development of the thrae-
dimensional finite-element computer code which is being written for the 
analysis of BI6.9 tees. 

Task h studies on elbows, curved pipe, and miter bends are about hot 
complete. An analytical study 3 0 on the development of stress indices and 
flexibility factors for elbows based on information published in the lit
erature was completed and prepared for publication. The results of this 
study showed that the present code formulas are essentially correct if 
the discontinuity effects (end effects) of pipe or other components welded 
to the elbow can be ignored. Methods for including these effects in the 
analysis are currently being developed. 

The experimental studies on four machined-elbow models also being 
conducted under Task L are approximately 25$ complete. Tests were com
pleted on model ME-1, and ME-3 which will be tested early in 1973 was 
partially instrumented. Comparisons between the experimental results and 
the analysis discussed above indicate that the maximum stresses were about 
15$ less than predicted. This is considered good, especially since the 
analysis is £ lightly conservative even though we are as yet unable to in
clude end effects in the analysis. We plan to test the remaining three 
models daring the coming year and to compare the experimental results with 
aT.j..;-̂ riate analyses. 

In terms of man effort and cost, the BI6.9 tee studies, which are 
grouped together under Task 5, are about 50$ complete. As shown in Table 
11, the experimental elastic-response and low-cycle fatigue tests are 50$ 
complete. The photoelastic model studies conducted under subcontract at 
Westinghouse Research Laboratories were completed, and the final report,45 
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was published. The experimental thermal stress analysis tests are perhaps 
25$ complete in spite of a major problem with the high-temperature strain 
gages, and the finite-element computer code development work being done 
under subcontract at the University of California, Berkeley, is nearing 
completion. 

We have completed our examinations of the elastic-response strain-
gage data fron 7 of the 17 BI6.9 tees being tested in this series (Task 
5.1) and have identified the maxima normalized stress intensities (ex
perimental stress indices) for each of the 13 basic loadings. Processing 
the large amount of experimental data proved to be a major undertaking, 
thus prompting the development of logical diagnostic procedures42 which 
could be implemented on the computer. Elastic-response tests for four 
more 2U-in. B16.° tees are scheduled for completion by the end of FY 1973. 

Low-cycle fatigue tests have also been completed under Task 5-1 for 
seven of the BI6.9 tees, six of which were tested with an alternating 
bending moment on the branch pipe and one with a cyclic internal pressure. 
Comparisons44 between the fatigue test data from these tees and the fa
tigue analysis procedures of the ASME Boiler and Pressure Vessel Code, 
Section III-I97I (Ref. 7), showed that in every case the present code 
procedures are conservative, even though some or the ccdo stress index 
values may not be conservative for certain loading conditions (e.g., in
ternal pressure). Fatigue data obtained from the literature for other 
piping components as well as for tees indicate that the basic code proce
dures for fatigue evaluation are conservative. The data also suggest that 
any changes in the code stress index values for fatigue evaluation should 
be based primarily on fatigue data obtained from actual piping components 
tested to failure. 

Data obtained from the four photoelastic model studies45 of Bl6,9 
tees (Task 5.2) completed during the past year at Westinghouse Research 
Laboratories showed that: (l) the stress distributions through the wall 
thickness of heavy walled tees (sched I60) loaded with internal pressure 
are quite nonlinear and (2) the through-the-wall-thickness stress distri
butions for thxnner-walled tees (sched Uo) loaded with a bending moment 
on the branch are very nearly linear. Through-the-wall thickness stress 
distributions were determined at three positions on each of the four 
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models tested, and primary, secondary, and peak stress components as de
fined toy the codes were identified for each position. As expected, the 
peak stress component was very small for the bending tests and rather 
significant for the pressure tests. For the pressure loading tests, how
ever, the peak stress component was not as large as indicated by the 
present code stress index values. 

Finite-element computer code development is progressing smoothly 
under subcontract at the University of California, and we expect to re
ceive the completed program by July 1972. Much of the effort during the 
past year has been devoted to developing efficient means for automatically 
generating the large amount of input required by the code. This has now 
been accomplished, and the entire program has been assembled and success
fully operated for several test cases. We have also asked the University 
of California to develop a theraal analysis program which will calculate 
temperature data for semiautomatic input to the stress analysis program. 
We expect to receive this program as well by July 1972. 

Two important studies were completed under Task 6 on limit-load 
studies: experimental limit-load studies for elbows 5 0 and analytical 
elastic buckling studies for straight pipe which is restrained against 
thezmal expansion.51 An open-literature publication was prepared for the 
elbow studies, and an OBHL report is ready for publication for the elas
tic buckling studies. 

Very good overall progress was made under this program during the 
past year, and a significant amount of work was completed. Moreover, 
the results obtained thus far are rapidly being adopted for use in the 
national codes and standards for the design of nuclear reactor piping 
systems. 
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PART II. ORNL NOZZLES ANALYSIS PROGRAM - EXPERIMENTAL 
AND ANALYTICAL INVESTIGATIONS OF NOZZLES 

W. L. Greenstreet J. P. Callahan 
R. C. Gwaltney J. W. Bryson 

PROGRAM MSCRHTICR 

Analytical and experimental investigations of the stress distribu
tions near the intersection of nozzles with pressure vessels are being 
conducted to develop satisfactory design procedures for nuclear reactor 
pressure vessels. This program is concerned with both the development 
of methods of analyses and the generation of highly reliable experimental 
data to be used to verify these analyses. Geometries being investigated 
include single nozzles attached radially and nonradially to cylindrical 
and spherical shells and clusters of nozzles or holes in flat plates, 
cylinders, and spheres. 

The loading conditions under study include axial thrust, bending 
moments, and torsion, all applied to the nozzle, and internal pressure. 
A series of parameters have been selected to represent the various possi
ble nozzle and vessel geometries. Included are the nozzle diameter-to-
thickness ratio d/t, the shell diameter-to-thickness ratio D/t, the noz
zle-to-shell membrane hoop stress ratio s/S, the length of extension of 
a nozzle inside the vessel, and the angle of inclination of the nozzle 
to the vessel. The nozzle cluster stales also consider the number, 
spacing, and geometric pattern of nozzles. 



66 

The work is divided, for administrative purposes, into the AEC(CRNL) 
program concerned primarily with multiple-nozzle connections and a joint 
program between the ABC and industry which is concerned primarily with 
single nozzle connections. The joint program is carried out under the 
auspices of the Pressure Vessel Research Committee (PVRC) of the Welding 
Research Council, and the AEC-financed portion is coordinated by ORNL 
through the PVRC Subcommittee on Reinforced Openings and External Load
ings. Much of the research is being done under subcontract to either 
QRNL or to the F/RC, depending on the source of funds. Table 12 lists 
projects currently under way and those recently completed under both pro
grams. 

In the coordination of these programs, ORNL has been delegated the 
tasks of (l) review and evaluation of the research, (2) direction of and 
participatioi?. in the AEC-sponsored work, (3) generation of analytical 
parameter studies in support of correlation and evaluation studies 
undertaken at Battelle Memorial Institute, (k) preparation of reports and 
recommendations to the Subcommittee on non-AEC-sponsored projects, and 
(5) solicitation of recommendations from relevant PVRC subcommittees on 
AEC-sponsored projects. 

As part of this task, ORNL staff members attend the scheduled PVRC 
meetings of the Design Division and the Subcommittee on Reinforced Open
ings and External Loadings where recent progress is discussed. Project 
status was also reported at the ORNL-sponsored information meeting — 
Studies in Applied Solid Mechanics - held in Oak Ridge April 26-28, 1971. 
A description of the programs was given in a project report54 (being re
vised) and in a more recent addendum.55 

The progress achieved during CY 1971 is discussed here. The work of 
the two programs is described, with the discussion in each section being 
organized according to study subject. For a complete listing of the 
work done by each subcontractor, the reader is referred to Table 12. 

• 

I JOINT AEC(ORNL)-PVRC COOPERATIVE PROGRAM 

I 
I The projects being carried out under this part of the overall pro-
J gram as well as the organizations involved are listed in Table 12. The 
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Table 12. Current experimental and analytical investigations of nozzle attachments 

Funding 
aponaor 

Subcontrectoi 

Joint AEC-PYRC ABC 

ABC 

AEC 

ABC 

ABC 

University of Tennessee I 

Auburn University' H 

Oak Ridge Rational Laboratory 

westinghouse Research Laboratories 

Oak Ridge lational Laboratory 

Experimental stress analysis of single radial and nonradial 
nozzles attached to spherical shells subjected to internal 
pressure, thrust, shear, or moment loadings 

Theoretical solution for single nonradial nossles attached 
to a. spfcarlcal shell at angles of obliquity less than 20* 
for intercal pressure loading 

Expansion of present theoretical solution of single non-
radial nozzle attached to a spherical shell to include 
angles of obliquity greater than 20' and external loads 

Rntoelastic studies of radial and nonradial nozzles at
tached to spherical and cylindrical shells and closely 
spaced pairs of reinforced nozzles attached to cylindrical 
shells under internal pressure loading 

Experimental stress analysis of single nozzles sretaehed to 
cylindrical shells under 13 loadings and development of 
analytical solutions for internal pressure and 
loadings 

WBC, 1HCC University of Sherbrooke Analytical aethods developsent for calculating 
to liait loads for cylindrical shells with radially and 
nonradially attached nossles where the composite structure 
is subjected to internal pressure or external loadings on 
the nozzle or coBbinations of internal pressure and exter
nal loads; and use of resulting analyses in 
studies 

race 

HTRC, IBCC University of Waterloo 

AEC(ORHL) ABC University of Tennessee II 

Analytical and experinental studies of stress-strain behav
ior and plastic redistribution of stresses around oblique 
holes in fist pistes subjected to uniaxial tension, and 
experiaeatal study of the effect of corner cut on elastic 
stress concentration for oblique holes in flat pistes 

Analytical awthods development far upper bounds to Unit 
pressures, and snmeuts applied either separately or in 
combination with internal pressure, to radiak or aonradial 
nossles attached to cylindrical shells and experimental 
studies to provide data for analysis verification 

Experiaental stress analysis of flat pistes with clusters 
of boles 

AEC Auburn University I 

ABC Battelle Manorial Institute II 

Joint AEC-PVRC ABC Oak Ridge Rational Laboratory 

Experimental stress analyses of spherical shells with clus
ters of boles and nossles 

Experimental stress analyses of flat plates with clusters 
of nozzles 

Theoretical analysis development for flat plates with clus
ters of holes 

Theoretical analysis development for flat plates with 
attached clusters of nozzles 

Finite •lament studies of reinforcement configurations for 
spherical shells and shell attachment regions 

Analyses of models using recently developed computer program! 
and comparisons between analytical and experimental results 

studies for guidance and code use 
ABC Battelle Memo rial Institute I Engineering evaluation and correlation of results for nozsle-

to-sbell attachments and preparation of material based on 
results for use in support of AS* Code Committee work 

SBCC I S Rational Research Council of Canada. 
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Current siparl—ntal and analytical investigations of nossle attacnmeats 

Subcontractor IrogM Status 

rot 

leer si l£ II 

national Laboratory 

Ds search Laboratories 

motional Laboratory 

Experimental stress analysis of single radial and nonradial 
nosxles attached to spherical shells subjected to internal 
pressure, thrust, shear, or •oafnt loadings 

Theoretical solution for single nonradial nozzles attached 
to a spherical shall at angles of obliquity less than 20* 
for internal pressure loading 
Ezpanelon of present theoretical solution of single non
radial nossle attached to a spherical shell to include 
angles of obliquity greater than 20* and external loads 

Ihotoelastlc studies of radial and nonradial nozzles at
tached to spherical and cylindrical shells and closely 
spaced pairs of reinforced nozzles attached to cylindricaT. 
shells under internal pressure loading 

Experimental stress analysis of single nozzles attached to 
cylindrical shells under 13 loadings and development of 
analytical solutions for internal pressure and 

r of Sfaerbrooke 

f of Waterloo 

r of Tennessee II 

Lversity I 

Analytical methods development for calculating lower bounds 
to limit loads for cylindrical shells with radially and 
nonradially attached nozzles where the composite structure 
i s subjected to internal pressure or external loadings on 
the nossle or combinations of internal pressure and exter
nal loads; and use of resulting analyses in parameter 
studies 

Analytical and experimental studies of stress-strain behav
ior and plastic redistribution of stresses around oblique 
holes in f lat plates subjected t o uniaxial tension, and 
experimental study of the effect of corner cut on elastic 
stress concentration for oblique holes in flat plates 

Analytical methods development for upper bounds to limit 
pressures, and moments applied either separately or in 
combination with internal pressure, to radial or nonradial 
nozzles attached to cylindrical shells and experimental 
studies to provide data for analysis verification 

Experimental stress analysis of f lat plates with clusters 
of holes 

Institute II 

Rational laboratory 

Institute I 

Experimental stress analyses of spherical shells with clus
ters of holes and nozzles 

Experimental stress analyses of flat plates with clusters 
of nossles 

theoretical analysis development for flat plates with clus
ters of holes 

Theoretical analysis development for flat plates with 
attached clusters of nossles 

Finite-element studies of reinforcement configurations for 
spherical shells and shall attachment regions 

Analyses of models using recently developed computer programs 
between analytical and experimental results 

Parametric studies for guidance and code use 

Engineering evaluation and correlation of results for noxzle-
to-fbell attachments and preparation of material based on 
these results for use in support of ASMS Code Committee work 

In progress 

Completed 

In progress 

Completed 

In progress 

In progress 

Completed 

In progress 

Completed 

In progress 

In progress 

Completed 

In progress 

In progress 

In progress 

In progress 

In progress 
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analytical studies are of two general types: those for analytical meth
ods development and verification and those for support of structural de
sign code development. The results of the latter are used tc verify 
acceptability of present rules, to provide bases for drafting new rules, 
and to provide data correlations for direct use in design. During the 
past year, several analytical studies were carried out jointly at OENL 
and at Bat telle Memorial Institute in support of code development work. 

In addition to the analytical studies, experimental investigations 
to examine elastic responses of nozzles attached to cylindrical and spher
ical vessels were continued. Some of the planned studies were completed, 
and significant progress was made on others. Although this portion of 
the total program is generally concerned with single nozzle attachments, 
limited studies on closely spaced, fully reinforced nozzles attached to 
cylindrical shells were defined, and the associated experiments were com
pleted. 

The work associated with developing suitable analytical methods for 
nozzles nonradially attached to spherical shells and for single-nozzle 
to cylindrical-shell attachments continued. In the latter case, a two-
pronged attack is being maintained by continuing work on closed-form-type 
solutions to the governing differential equations and by continuing the 
development of finite-element analysis capabilities. The steel model 
tests and finite-element analysis work being carried out at ORNL on noz
zle-to-cylinder attachments were described in Part I and will not be dis
cussed further here. 

The topics discussed thus far have been related to elastic-response-
type studies. Plastic collapse, or limit-load, studies are also included 
under the joint program to provide information for use in establishing 
design rules to limit total deformation. Presently, methods for calcu
lating upper- and lower-bound limits to collapse pressures and externally 
applied loads for single nozzles attached to cylindrical shells are being 
developed. Limit analysis methods for application to nozzles attached to 
spherical shells were developed earlier under this program. As can be 
seen from Table 12, the limit-load studies on cylindrical shells are con
ducted by treating the analytical work associated with upper and lower 
bounds as separate projects. In the case of upper bounds to limit loads, 
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hoth tees and laterals are under consideration and may he subjected sepa
rately to internal pressure and to external loads applied to the nozzles 
as well as to combinations of internal pressure and external load. Meth
ods for calculating lower bounds are being developed for tees only. In 
addition to the analytical studies, plastic collapf *» tests are being con
ducted to provide experimental evidence required to assess the calcula
tions methods. 

A complementary study to the nonradial nozzle elastic-response in
vestigations and the limit-load studies on laterals is a study of the 
stress distributions in flat plates with single hole perforations. The 
holes are skewed, that is, the direction of the center line of the hole 
in each case is not normal to the plane of the plate, and various angles 
of skewness are investigated. The plates are loaded by in-plane edge 
forces. This type specimen and loading provides important information 
concerning the behavior of the acute corners. In addition, insight re
garding the validity of limit-load concepts as applied to laterals can 
be obtained. Of particular importance is the behavior at the acute in
side corner in the crotch region as the load approaches that corresponding 
to plastic collapse. 

The projects under the joint program are discussed in more detail 
below, and the progress during the past year is described. 

Analytical Studies in Support of 
Structural Codes and Standards Development 

During the past year three sets of parameter studies on single rein
forced nozzles attached to spherical shells were pursued jointly by 
Battelle Memorial Institute (BMI-l) and ORRL. The reinforcement configu
rations considered were triangular pads, fillets, and combinations of 
inside and outside reinforcing. The scope of each s^udy area and the re
sults are described below. 



TO 

Effects of fillet radii for triangular pad reinforcement 

A report recently published by Battelle Memorial Institute56 contains 
the results of an analytical study of the effect of fillet radii on maxi
mum stresses for triangular pad reinforcement for nozzle/spherical shell 
attachments. The radii of the fillets at the nozzle and at the shell 
ends of the pad can have pronounced effects upon the magnitudes of the 
stresses due to internal pressure. T5ius the magnitudes of these effects 
are examined in this report, which also contains rules for calculating 
fillet radii required for meeting a selected stress criterion and gives 
reinforcement zone limits. The general criterion used and recommended 
for determining fillet radii requirements was based on the adoption of a 
maximum allowable stress intensity that is dependent upon dimension4? of 
the vessel. 

A parameter study was conducted using 33 models with triangular pad 
reinforcement to determine the acceptability of proposed design rules for 
minimum fillet radii, denoted by r 3 and r 4 in Fig. 20. The models are 
listed in Table 13, where the symbols have the usual meanings (see Fig. 
20), and the lower-case letters apply to the nozzle and the upper-case 
letters to the vessel. The symbol A denotes the cross-sectional area of 
the reinforcement. The limiting value (maximum) of the stress intensity 
used as the acceptance criterion is given by 

o = [2.1+ - d/D]S , max L -/ J > 

where S = PD/2T and P is the internal pressure. This limit was taken as 
satisfactory because of agreement with results for fillet radius rein
forcing. Kalnins' axisymmetric sliell computer program57 was used to ana
lyze each of the models listed in Table 13. The analytical results are 
plotted in Figs. 21 and 22, which also show the limiting stress intensity 
curve. 

A compilation of available experimental and analytical data is in
cluded in the report to substantiate the use of the simplified maximum 
stress intensity equation as a general upper bound for various nozzle-to-
shell reinforcement configurations with values of D/T up to 250 and d/D 
up to 0.5. This bound can be applied so long as the prescribed minimum 
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ORNL-DWG 72-1230 

NOZZLE 

Fig. 20. Typical model employed in parameter study of triangular 
pad reinforcement. 
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ORNL-OMR 72-1231 

I 

Fig. 21. Maximun stress intensities, nozzles in spheres with t r i 
angular pad reinforcing, 8 = 30°. 

ORNL-OUG 72-1232 

2.4 

ft 

Fig. 22. Maximum stress intensities, nozzles in spheres with tri
angular pad reinforcing, 6 = 60°. 
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Table 13. Sunaary of aotitls included In study of nozzles 
in spherical shells iritb triangular pad reinforcing 

0/T d/D 2A/<ff 
ra/t rj? Node! So. 

0/T d/D 2A/<ff 
6 *30° 9 - 6 0 ° B » 30* e =60° e » 30* 9 - 60° 

10 0.06 0.819* 1.29 1.82 0.333 0.167 30-1 60-1 
0.16 O.9B7 1.29 0.333 30-2 60* 
0.32 0.947 1.29 0.605 30-3 

60° 0.50 0.866 30* 60° 

20 0.O4 0.305* 1.83 2.58 0.333 0.167 30-5 60-5 
0.06 0.997 I.83 2.58 0.333 0.167 30-6 60-6 
0.16 0.967 1.83 0.427 30-7 60* 
0.32 
0.50 

0,947 
0.866 

1.83 0.355 
30* 

66° 
60* 

4o 0.0% 0.819* 2.58 3.65 0.333 0.167 yu^lii 60-10 
0.08 0.997 2.58 3.65 C.333 0.167 30-U 6 0 - U 
0.16 O.987 2.58 3.65 0.605 0.262 30-12 60-12 
0.32 0.947 2.58 1.208 30-13 60* 
0.50 0.866 2.58 1.890 30-1* 60* 

80 0.02 O.305* 3-65 s.16 0.333 0.i67 30-15 60-15 
0.04 0.999 3.65 5.16 0.333 0.167 30-16 60-16 
0.06 0.997 3.65 5.16 0.427 0.186 30-17 60-17 
0.16 O.987 3.65 5.16 0.855 0.372 30-18 60-18 
0.32 0.947 3.65 1.710 30-19 60* 
0.50 0.866 3.65 2.670 30-20 60* 

160 0.02 0.819* 5.16 7.31 0.333 O.167 30-21 60-21 
0.04 0.999 5.16 7.31 0.333 0.167 30-22 60-22 
0.06 0.997 5.16 7.31 0.605 0.263 30-23 60-23 
0.16 O.987 5.16 7.31 1.208 O.525 30-24 60-24 
0.32 0.946 5.16 2.420 30-25 *t 0.50 0.866 5.16 3.780 30-26 60* 

250 0.01 0.143* 6.46 9.15 0.333 0.167 30-27 60-27 
0.02 1.000 6.46 9.15 0.333 0.16? 30-28 60-28 
0.04 0.999 6.46 9.15 0.376 0.167 30-29 60-29 
0.08 0.997 6.46 9.15 0.756 0.326 30-30 60-30 
1-16 0.987 6.46 9.15 1.512 0.658 30-31 60-31 
0.32 0.947 6.46 3.024 30-32 60* 
0.50 0.866 6.46 4.730 30-33 60* 

*(d/D) vWt i s batmen 0.141k and 0.2828. 
bModel i s gaoBCtricmUy taaposslsl* » 

fillet radii given in the report 5 6 are used and the reinforcement areas 
conform to the rules proposed in Hef. 58. 

Since a shell-type analysis was used for this study, some of the re. 
suits for the relatively thick-walled shells may be only approximations; 
therefore, three of the models were also analyzed using Wilson' 8 finite-
element computer program.59 Comparisons of the results for these analy
ses together with additional available information indicate that the 
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shell-type analysis appears to be valid for D/T values of 20 or higher. 
In any case, for D/T values of 10 or less its use is questionable. 

Effects of fillet reinforcement under combined 
internal pressure and bending moment loadings 

A second BMI report 6 0 summarizes work undertaken to develop a satis
factory method for assessing the capability of nozzles in pressure ves
sels, having external fillet reinforcing at the junction, to withstand 
simultaneous loadings of internal pressure and bending moments without 
exceeding code limits. The report includes results for bending moment 
loading of U2 reinforced nozzle/spherical shell attachments. Analyses 
fox internal pressure loading of these models were reported previously,61 

A typical model, shown in Fig. 23, consists of three basic parts: 
(1) a cylindrical shell with inside diameter d and wall thickness t; 
(2) a toroidal shell with centers at Pi and P 2 (Fig. 23) with one surface 
considered for analytical purposes to be at; a distance of r from P 2 (the 
wall thickness of the torus ranged from t to t to T as shown); and (3) 
a spherical shell with inside diameter D and wall thickness T. 

Buts 1 and 3 were assumed to be sufficiently long that the edge 
conditions would not influence the analysis. The outer surfaces of all 
three parts were used as reference surfaces in the analyses. 

The validity of the analysis method employed in this study was exam
ined earlier55 through comparisons between analytical predictions and re
sults for five photoelastic test models having fillet radius reinforcing. 
The results indicated satisfactory agreement, with the calculated maximum 
stresses being within 10$ of the measured maximum stresses. 

A portion of the parameter study results is given in Table Ik. The 
normalized stresses are listed for both internal pressure and bending 
moment loadings (represented by P and M, respectively, in the load col
umn). In the teMe, r is the outer radius of the nozzle (d/2 + t) and 

o 
A is the cross-sectional area of reinforcing provided by the fillet; 
the remaining symbols are defined on the model in Fig. 23. 

Considering current water-cooled reactors, for which the diameter-
to-thickness ratios of the spherical heads are usually less than 30, it 
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SPHERICAL 
VESSEL 

Fig. 23. Typical model employed in 
reinforcement. 

parameter study of radial noszle 
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can be concluded from this study that for nozzles with fillet radius re
inforcing the following conditions exist: 

1. Stresses at the inside corner, location A where the maximum 
stress under pressure loading occurs, will not be increased significantly 
by an added moment loading producing a nominal stress in the nozzle 
(M/JOA) equal to the internal pressure nominal stress (FD/UT). 

2. For a nozzle-to-sphere diameter ratio greater than 0.05, the 
highest stress due to combined pressure and moment loading when H/ia^t -
PD/'UT will he a tangential stress at location Dl. 

Parameter study of inside vs outside reinforcing 

A limited parameter study was conducted by using the finite-element 
method of analysis to investigate the effectiveness of various amounts of 
internal and external compact reinforcement for spherical-vessel radial-
nozzle configurations subjected to internal pressure loadings. The re
sults of these studies were reported, in the last annual report*2 and in 
an ASMS paper.63 Because of the findings from the results obtained and 
the significance of this type of investigation, additional studies were 
conducted during the past year. 

Although the finite-element method of analysis has been validated 
and successfully used for this particular type of investigation, a faster, 
less-expensive method of analysis was sought for carrying out the extended 
studies. The computer code STATIC,57 which is based on a numerical shell 
analysis scheme, was selected for this purpose, and models from the 
finite-element studies were used as standards in evaluating the code for 
*he purpose intended. One of the models chosen for examination had been 
analyzed experimentally (model W-10B in Bef • 63} as well as by the 
finite-element method (this model was later designated as model S-2kB). 
The second, model S-72D, had been subjected to ftaite-element analysis 
only. 

Model S-2*tE is a relatively thick shell with diameter-to-thickness 
ratios of D./T - 2k and d./t » 11.U for the shell and nozzle, respectively, 
and a nozzle-to-shell stress ratio of s/S =0.95. This model has 65£ 
outside fillet reinforcement, basud on Section H I of the ASME Boiler and 
Tressare Vessel Code cross-sectional area replacement rule. Model S-72D 
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is a relatively thin-shell model with D./T = 71.9> cL/t = 35.7, and s/S = 
1.0. This aodel has 100$ outside fillet reinforcement, based on the ASME 
code area replacement rule. 

Comparisons of results are shown in Fig. 2k for model S-2UE and in 
Fig. 25 for model S-72D. Although the comparisons for the relatively 
thick-walled model S-24B were not particularly good, this model represents 
the upper limit of thicknesses to be considered in the extended parameter 
study. 

Five additional models were analyzed at BKI using the STATIC computer 
code for comparison with the OHHL finite-element results.63 The resulting 
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Comparisons of theoretical and experimental stresses for 
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comparisons are listed in Table 15 in the form of maximum values of tan
gential stress, meridional stress, and stress intensity for each configu
ration. The reinforcement values listed in the tahle were calculated 
using the Alternate Rules for Nozzle Design of Section VIII, Division 2 
(Section AD-560) which were developed under this program. With only one 
exception, the finite-element and shell analyses give the maximum princi
pal stresses at essentially the same location. The one exception is model 
S-2UD, for which the finite-element analysis predicts the maximum to be a 
tangential stress at the inside corner of the nozzle-shell junction, while 
the shell analysis gave the maximum as a tangential stress on the outside 
surface of the fillet near its intersection with the sphere. A complete 
description of the models and maximum stress locations is given in Ref. 
63. 

These results indicate that the shell program can be used to provide 
adequate guidance for code rule development, with substantial savings of 
time and money over those associated with the use of the finite-element 
method. The theoretical results obtained for the 28 models thus far ana
lyzed using the shell program are given in Table 16. The locations of 
high stress as well as the symbols employed in the table are shown in Fig. 
26. The reinforcement cross-sectional areas (A. = area inside: A = area 

i * o 
outside) are listed as fractions of the shell cross section removed (dT) 
in forming the opening. 

The relationship of the results of the current parameter studies to 
the ASME Section III Code 6 5 requirements is shown graphically in Fig. 27 
for D/T = 2k and d/D = 0.10 and in Fig. 28 for D/T = ?2 and d/D = 0.10, 
These two plots show that by satisfying the code area replacement require
ments for the reinforcement of nozzles, the code maxiimm stress intensity 
limits can be exceeded when a large portion of the reinforcement is lo
cated on the inside of the vessel. Also shown in the two figures are the 
locations of the controlling stresses for the various fractions of outside 
reinforcement. 

As soon as the parameter studies are completed, proposed rule changes 
for ASME Section III will be formulated. The current series of studies 
will then be expanded to include bending moment loadings applied to the 
nozzles. 



Table 15. Comparison of maximum calculated stresses for 
reinforced nozzle/spherical shell attachments 

Outside 
f i l l e t 
radius 

SheU 
Effective reinforcement 8 , 

($ area replacement) 

Inside Outside 

Maximum normalized s t r e s s 

Model Outside 
f i l l e t 
radius 

SheU 
Effective reinforcement 8 , 

($ area replacement) 

Inside Outside 

Tangential 

P.E. Shel l 

Meridional S t ress i n t e n s i t y 
No. 

Outside 
f i l l e t 
radius 

SheU 
Effective reinforcement 8 , 

($ area replacement) 

Inside Outside 

Tangential 

P.E. Shel l F.E. Shel l F.E. Shel l 

S-2UD 3.31T 2k 0.0 kk.O 1.73 1.52 1.25 1.39 1.87 1.63 
S-2l^ 0.33T 2k 53.0 0.0 2.63 3.26 2.55 3.23 2 .91 3.77 
S-2l*G 1.U2T 2k 53.0 9.2 1.6U 2.35 2.0U 1.59 2.0U 2.39 
S-72D 8.62T 72 0 .0 85.0 i.ko 1.50 l.kk l.ltf l .U l 1.50 
S-72F O.»»OT 72 45.0 0.0 U.12 U.69 k.n 5.^9 k.Tl 6.06 
S-72P d 0.k<f£ 72 1*5.0 0.0 5.56 5.83 5.83 
S-72G 2.HOT 72 U5.0 9.6 2.33 3.09 1.83 2.33 2.50 3.J+2 

aArea within limits prescribed by NB-3339 Alternate Rules for Nozzle Design, ASME Boiler 
and Pressure Vessel Code, Section III (Winter 1971 Addenda). 

Stresses were normalized by dividing by shell membrane stress S = PD./i+T, where P - internal 
pressure. D. = shell inside diameter, and T = shell thickness, F.E. = finite-element analysis 
(Ref. 6k), ind Shell » Kalnlns1 shell analysis (Ref. 57). 

°o = largest absolute difference of principal stresses, i.e., largest of \a1 - o2\, 
or |o 3 - o x|. 

^Analysed for Foisson's ratio, v = 0.3. 

°2 "" a 3 M 

Oo 
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Fig. 26. Stress locations in nozzle-to-spherical shell model rein
forcement parameter study. 
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Fig. 27. Influence of fraction of nozzle reinforcement located 
inside the vessel on maximum stresses for models with D/T = 2k and 
d/D =0.10 under internal pressure loading. 
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Fig. 28. Influence of fraction of nozzle reinforcement located 
inside the vessel on maximal stresses for models with D/T = 72 and 
d/D =0.10 under internal pressure loading. 

Slngle-Hozzlc to Spherical-Shell Attachments 

Experimental stress analyses of strain-gaged steel models are being 
continued vith emphasis on nonradial nozzle configurations. Also being 
continued is the development of a closed-form solution type shell analy
sis for single nonradial nozzles. The achievements in both areas are 
detailed below. 

Experimental stress analysis of single nozzles 
in spherical shells - University of Tennessee (i) 

An extensive experimental Investigation of single radial and not -
radial nozzles attached to hemispherical shells is under way at the Uni
versity of Tennessee. The data obtained from these tests will form the 
basis for evaluating candidate theoretical analyses. 
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The models are steel hemispheres fcsving a nflnal mean radius of 
15.25 I R . and an inside diameter/thickness ratio of 80.35. Tht htstf-
spheres were &&m to approximate dimensions and then machined to the 
final dimensions. The nozzles were machined from round steel stock and 
welded to the hemisphere with ? full penetration weld, which was subse
quently ground and hand filed to essentially a zero-radius fillet. In
cluded in the study are the various radial and nonradial nozzles listed 
in Table 17, The lengths of the nozzle both inside and outside the hemi
sphere were selected to assure that any discontinuity stresses at the 
junction were eliminated at the extreme ends of the nozzle. Ihe models 
are instrumented both inside Mid outside with foil resistance-type strain-
gage rosettes and tested under internal pressure loading and nozzle load
ings consisting of axial thrust, bending moments, torsional moments, and 
shear forces. 

The strain-gage data for each loading arc processed by computer 0 0 

to produce tables of normalized stretsea for the various rosette positions 
and plots of normalized stress vs model profile. The normalizing factor 
employed differed according to the type of loading. 

The status of each model is indicated in Table 17 by appropriate 
footnotes. The model designations not footnoted indicate configurations 
for which testing has been completed. 

A report containing the plots of stress vs model profile for the 
various loadings applied to the 22 l/2° nonradial nozzle TS 802-221 has 
been published.67 The results in tabular form were published previ
ously. 6 3" 7 0 The test model consists of a 2 5/8-in.-QD nozzle attached 
to the hemisphere as shown in Pig. 29. 

The strain-gage rosettes were positioned both inside and outside the 
model along the lines shown in Fig. 30. The resulting strains were mea
sured for the following loadings: 
1. internal pressure applied to the hemisphere and nozzle assembly, 
2. an axial load applied colinearly with the nozzle, 
3. a pure bending moment or axial couple applied to the nozzle at angles 

of 0, 15, 30, U5, 90, 135, and 180% measured as indicated in Fig. 
30, 



k. a transverse or shear load applied to the nozsle at angles of 0, 1*5, 
90 7 135, and 180% 

5. a pure torque applied in a plane noraal to the axis of the nozzle. 
Xypical results arc presented as plots of normalized principal 

stresses in Figs. 31 to 3** for loads of internal pressure and axial fare*; 

Table 17. University of Tennessee single-
nozzle configurations 

Model Dimensions (in. .) 
designation L L, d c» i 0 di t 

TS 807-001 
TS 807-002. 
TS 807-003* 

7.875-in.-0D radial nozzle 
u.o 10.0 7.875 
H*.0 10.0 7.875 
1**.G 0.0 7.875 

7.125 
7.500 
7.500 

0.375 
0.187 
0.187 

TS 8C7-U51b 

7.875-in.-OD k? nozzle 
1U.0 0.0 7.875 

2.625-in.-OD radial nozzle 

7.125 0.375 

TS 802-001 8.5 U.O 2.625 
TS 802-002 8.5 **.0 2.625 
TS 802-003 8.5 0.75 2.625 
TS 802-00U 8.5 0.375 2.625 
TS 802-005 8.5 0.0 2.625 

2.125 
2.375 
2.375 
2.375 
2.5 

0.25 
0.125 
0.125 
0.125 
0.062 

2.625-in.-0D 22 l/2° nozzle 
TS 802-221 8.5 *».0 2.625 
TS 802-222:; 8.5 **.0 2.625 
TS 802-223* 8.5 0.0 2,625 

2.125 
2.500 
2.500 

0.25 
0.0625 
0.0625 

2.625-in.-OD 1*5° nozzle 
TS 802-1*51^ 8,5 **.0 2.625 
TS 802-1*52* 8.5 U.O 2.625 
TS 802-1*53* 8.5 0.0 2.625 

2.125 
2.500 
2.500 

0.25 
0.0625 
0.0625 

\ Q a length of nozzle extension outside vessel; L. = length of 
nozzle extension inside vessel; d Q = outside dianeter of nozzle; d^ = 
inside dianeter of nozzle; t = w w . thickness of nozzle. 

Configuration to be tested. 
'Configuration being tested. 
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Fit* 29* Cross-sectional view of hemisphere and 
22 1/2° oblique nestle assembly. 
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Fig. 30. Strain-gage reference-plane 
locations for the dome and nozzle. 
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ORNL-DMG 71 -8682 

SYMBOLS: 
O MAXIMUM 
A MINIMUM 

FOR TABULATED DATA SEE REPORT 3A, 
TABLES 1 - 1 0 . 

NORMALIZED STRESS * STRESS/N: N = P0/4T 
P - PRESSURE, D * DOME DIAMETER, 
T « DOME WALL THICKNESS 

Pig. 31. formalized principal stress vs profile for 0° plane and 
internal pressure load. 

ORNL-DWG 71-8683 

SYMBOLS: 
O MAXIMUM 
A MINIMUM 

FOR TABULATED DATA SEE REPORT 3A, 
t~*--» TABLES 51-60. 
i i * NORMALIZED STRESS « STRESS/N: 
r n F - AXIAL FORCE, A « NOZZLE C 

N * F/A 
CROSS-SECTIONAL 

^ i . iii AREA 
Pig. 32. Normalized principal stress vs profile for 0° plane and 

axial force on nozzle. 
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ORNL-DUG 71-8684 

«.• . . i-l.il.-- i -J. 

SYMBOLS: 
O MAXIMUM 
A MINIMUM 

FOR TABULATED DATA SEE REPORT 3A, 
TABLES 101-110. 

NORMALIZED STRESS = STRESS/N: N = TC/J 
T = TORQUE, C = NOZZLE RADIUS, 
J = NOZZLE POLAR INERTIA 

Fig. 33. Normalized pr inc ipa l s t r e s s vs p ro f i l e for 0° plane and 
couple on nozzle in a plane normal t o the nozzle ax i s . 

ORNL-DWG 71-8685 

SYMBOLS: 
O MAXIMUM 
A MINIMUM 

FOR TABULATED DATA SEE REPORT 3B, 
TABLES 1-10. 

NORMALIZED STRESS = STRESS/N: N = MC/I 
i M s MOMENT, C = NOZZLE RADIUS, 

I = NOZZLE INERTIA *ii..i.i.. .i.._.J 

Fig. 3'*. Normalized principal stress vs profile for 0° plane and 
couple on the nozzle in the 0° axial plane. 
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on the nozzle, a couple on the nozzle in a plane normal to the axis of 
the nozzle, and a ouple on the nozz}e in the zero-degree axial plane. 
All plots are for strain g&ges in the zero-degree plane. 

After the testing of model TS 302-221 was completed, the thickness 
of the nozzle was reduced from 0.25 to 0.0625 in., thereby forming model 
TS 302-222. The strain gages removed or damaged during the boring of the 
nozzle were replaced and the prescribed loadings repeated for the new 
configuration. The last of the planned loadings consisting of bending 
moments applied to the nozzle are nearing completion. When the data have 
been subjected to preliminary examination, the model will be modified by 
removing the nozzle internal protrusion to form model TS 802-223, the 
final configuration for the 2 5/8-in,-0D, 22 l/2° nozzle. 

Model TS 807-003, the last of the present radial nozzle configura
tions, was produced by removing the 10.0-in. internal protrusion from 
model TS 807-002. Since testing of this model has been assigned a lower 
priority than the nonradial nozzle models, replacement of damaged strain 
gages is being done as fill-in work. 

A paper 7 1 describing the University of Tennessee single-nozzle test
ing program was presented at the ASME-sponsored First National Congress 
on Pressure Vessels and Piping. The paper includes a summary of the re
sults obtained thus fer and representative computer-generated stress vs 
profile plots of the 2.625-in.-0D nozzle configurations. 

Theoretical analysis of stresses in a single nonradial 
nozzle in a spherical shell - Auburn University and ORHL 

Methods of analysis and associated computer programs were developed 
for both nonprotruding and protruding nonradial nozzles attached to spher
ical shells 7 2> 7 3 by Auburn University (AU-II), and a paper 7 4 describing 
results of the theoretical developments was presented at the ASME-spon
sored First lational Congress on Pressure Vessels and Piping. The paper 
contains a description of the analysis for Internal pressure loading and 
demonstration numerical analyses fcr four models having a variety of di
mensional parameters and angles of inclination of 10, 20, and 22 l/2° • 

The method of analysis developad at Auburn for nonradial nozzles at
tached to spherical shells 7 3 was subsequently modified and expanded at 
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ORNL. One of the most significant changes is associated with treatment 
of the boundary conditions. The original and the modified methods employ 
a least-squares, point-matching technique for satisfying boundary condi
tions at the nozzle-shell intersection. As originally written, the assocl 
ated computer program treated a series of points spaced at 12* intervals 
along the intersection curve, thereby producing 192 equations and 126 
unknowns. In the modified computer program the number of points along 
the intersection has been increased by using an angular spacing of 2*, 
which resulted in a total of 1092 equations vith 126 unknowns. This modi
fication has resulted in a significant improvement in the accuracy of 
matching boundary conditions between the nozzle and sphere. 

The improved computer program, R0HRAD2, was used to analyze the Uni
versity of Tennessee 22 1/2° nonradial nozzle model TS 802-221 shown in 
Pig. 29. Analytical results were obtained for an internal pressure load
ing, as well as axial thrust and bending moments applied to the nozzle. 
Comparisons between analytical and experimental resultft for the internal 
pressure case are shown in Pigs. 35 and 36 for the zero and 180* planes 
respectively (oriented as shown in Pig. 30). Bach figure consists of a 
series cf plots of normalized wtrs&f for the nozzle inner surface, noz
zle outer surface, internal protrusion inner surface, internal protrusion 
outer surface, sphere inner surface, and sphere outer surface. The 
stresses were normalized to the nominal membrane stress (H)/lft), where 
P is the internal pressure, D is the nominal diameter of the sphere, and 
T is the thickness of the sphere. The joints in the figures represent 
experimental results, and the lines represent analytical results. The 
theoretical solution appears, on the basis of these comparisons, to give 
a satisfactory solution for the internal pressure loading of nonradial 
nozzles having oblique angles of 22 l/2* or less. 

Fhotoelastlc Studies of Closely Spaced Beinforced 
Wozzles Attached to Cylindrical Shells' 

Westinghouse Research Laboratories 

Fhotoelastic studies were conducted to determine the 9tr%»9 distri
butions associated with two closely spaced, fully reinforced nozzles 
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Fig. 33. Companions of analytical and experimental results for 
the 0* plane of 22 l/2" nonradial nossle 802-221 (2.623 in. 0D, 2.123 
in. ID, and U.00 in. internal protrusion). 



BLANK PAGE 



92 

> V - .* . ".- Ull 

t i t 
Mstftcc aus aou («•.} 

- . I 

^ 

, 
f— 

L 

1 ,— 
om» M»a or 
mau inoML NOTMSMR 

« 
(to.) 

•1 
t 0 2 ) 4 5 

1 
0UTC1 SWMCC 
or snac 

A 
1 

1 
! 

r1 """ 

K s»- _ A - n 
. 

</J 

K 
^ 

H 20 M 0 10 IS 20 
MKU «L-<« SMUC (««) 

t Fig* 35. Caparison* of analytical and experimental results for 
0* plane of 22 l/2° nonradial nozzle 602-221 (2.625 in. OD, 2.125 
ID, and U.OO in. internal protrusion). 

\ 



u 

93 

—ft H 

2 3 4 5 
OISTMCC HXm MBZLC (in.) 

* ' 

? 0 

- I 

, 
. IMC* SWFACC C 

f \ MZZLE MTEMM 
w 
Momsivi 

A W 
i 

^»e*1 

- f , 
.1 2 3 4 

OISTMCC AUMt MBZLE (In.] 

* ' 

8 •! 

10 IS 20 
MUX ALONG SMMC <*«) 

25 30 

• 1 - r ' ovro jwmci or 
• O L E MTOML MOTMSMR : 

J 

U 

V X J 

U) i 
( 0 2 3 4 S 

OtSTMCE «L0K MmMSNi («».) 

IMP SUM 
or snor. ICE 

< 
» 

A i ft 

<•) 

» 
A i 

i 

35 0 IS 20 2$ 
MEIC M.0K SMEK ( * * ) 

Fig. 36. Comparisons of analytical and experimental results for 
the 180° plane of 22 l/2° nonradial nozzle 802-221 (2.625 in. OD, 2.125 
in. ID, and If.00 in. internal protrusion). 



93 

OTV.-QHU 71-i37«4 

! ! 
! 1 i 

i rt £ 

i 

| 

1 
> 1 
: 

i 
i 
t 

! 
1 
1 
3 4 

M51NEZ turn ma o o 
t nam 

is 20 
I U K VNOC (««*> 

OuTtt SuftfKl 
Or V2ZIE 

1« 
M l t ST»£SS 

A UWtMUH 

• tmxmft 

1 r— 
mm smrnt m 
MZZLC IWI—IWBWSM 

+* 

i > 3 < 1 5 « 
nstm 

1 
XJUI tma BJE <*•.) 

i 

i 

a Jlu. a 

* o 2 3 
MSTMKE 

« 4 

» 0 IS IS 20 
4KU «l(K VMR {«*«) 

» 

36. Comparisons of analytical and experimental results for 
of 22 1/2° nonradial nozzle 802-221 (2.625 in. OD, 2.125 

U.00 in. internal protrusion). 

» 

1 
ami 9«H 
or suae 

a 

' 
1 

1 

frr*—. < 

(/) 

» 



- 4 1 ^ ^ 

BLANK PAGE 



9U 

radially attached along the generators of cylindrical vessels. A two
fold purpose was to be served: basic information regarding stress dis
tributions would be obtained and the data would be used in assessing code 
rules for closely spaced nozzles. To further the first objective, the 
vessels tested also contained single nozzles with the sane design and re-
inforcemest as each of the closely spaced nozzles. Two photoelastic mod
el* were used in the investigation; vessel 1 was relatively thick walled, 
with D t/T - 12.25, and vessel 2 was thin walled, with Dj/T » 101.7. 

In addition to the nozzles described, the models also contained other 
nozzles. Each had a single nozzle of the same dimensions as the closely 
spaced nozzles but which was reinforced internal to the vessel. The not-
zlss and openings in these vessels are described in Re?. 62. 

The results from the photoelastic investigations of the closely 
spaced nozzles in the two vessels have been published.75 This report also 
contains results for the companion single nozzles both with reinforcement 
identical xo that for each of the two closely spaced nozzles in a given 
vessel and with reinforcement inside the vessel. Cross-sectional views 
of vessels 1 and 2 are shown in Figs. 37 and 58 respectively. The two 
closely spaced reinforced nozzles are designated MC-12M) and rC-100lD, 
respectively, and the companion single nozzles VC-12D and WC-IOOD. The 
nozzles with internal protrusions and reinforcing are designated WC-12B 
and wC-lOOB. Also shown in Fig. 38 is a 60 s hillside reinforced nozzle, 
UC-100C1, which was attached to vessel 2. All components were machined 
from solid castings of anhydride-cured epoxy resin. The nozzles were ma
chined separately and cemented into holes bored into the vessels. 

The principal stresses for each nozzle were determined by the photo
elastic method of freezing and slicing.78 The wtr%M99 along and normal 
to the plane, 0. and a respectively, were analyzed. Comparisons of 
stress patterns for the longitudinal sections (0 and 180°) of single nox-
zl* WC-12D with those for the closely spaced nozzle UC-12DD (A) are shown 
in Fig. 59. The wtf%% patterns for the transverse sections of the same 
two nozzles are .shown in Fig. 1*0. Taking into consideration experimental 
error, the shapes of the stress distributions for the single and closely 
spaced nozzles do not differ significantly. 
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Fit* 37* >napa and nominal dlaanalona of cylindrical vaaatl 1 con-
tuning two cloatly apaead opanlnga WC-1MM) (A) and (B), alngla opaning 
WC-12D, and Inward protruding notsla WC-12E. (Vtttinghouit tlaetrlo 
Corporation drawing) 
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?ig. 3d. Shape and nominal dimensions of cylindrical vessel 2 con
taining two closely spaced reinforced openings WC-100DD (A) and (B), 
single opening WC-100D, inward protruding tiossle WC-XOOE, and the 60" 
hillside nossle WC-100C1. (Westlnghouse Electric Corporation drawing) 
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OftNL-OWG 72-8S90 

WC-120O AND WC-12D; LONGITUDINAL SECTION 
PRINCIPAL STRESS RATIO <y5 

—©• — WC-I2O0. O* SECTION 
—©•— WC-I2DD. 180* SECTION 
— *•— WC- I20 , O*AN0 ISO* SECTIONS 

PRINCIPAL STRESS RATIO <rn/S 
— • — W C - I 2 D O . 0" SECTION 
— • — W C - I 2 D 0 . 190 # SECTION 
— A — WC-12D. 0*AND 180" SECTIONS 

4/0,-0.129; V - 1 2 . 2 5 ; *,//« 11.99 
/ ' / r -055; {/T-O.Sl; Vr-0.2« 
* - * * • - pi*, + T\ftT; smpi4,+ f)/Zr 
f / 5 - O M 

2.96 

Fig. 39. Comparison of principal stress ratios a^/s and GQ/S on the 
inner and outer surfaces of the axial section of symetzy (0 and 180°) 
for the two closely spaced reinforced nozzles WC-12DD (A) and (8) and the 
Identical single nozzle WC-12D in a thick-walled cylindrical vessel sub
jected to internal pressure. (Westing* .«se Electric Corporation drairing) 
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Fig. Uo. Principal stress ratios crt/S and Ojjs on inner and outer 
surfaces of the transverse section* (90 and 27G 0) for the tiro closely 
spaced reinforced nozzles WC-12DD (A) and (B) and the identical single 
nozzle WC-12£ in a thick-walled cylindrical vessel subjected to internal 
pressure. (Westinghouse Electric Corporation drawing) 

The stress patterns for t' s longitudinal slices of nozzles WC-100D 
and WC-1000D (A) and (B) are shown 5.n Fig. kl tor cf and in Fig. i#2 for 
a , The difference in principal stress ratios, a

t/$> between a cluster 
and the single nozzle is greatest at points J and B in Fig. 1+1, while the 
••Tjnrm differences between principal stress ratios, 0/S, for single and 
closely spaced nozzles oc«mr at points J and C in Fig. 1*2. The stress 
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Fig. 1+1. Comparison of principal stress raf ;o o+/S on toe inner and 
outer surfaces of the axial section of synaetry (o and 100° sections) for 
the two closely spaced reinforced openings WC-100ED (A) and (B) and the 
identical single opening WC-100D in a thin-walled cylindrical vessel sub
jected to internal pressure. (Westinghouse Electric Corporation drawing) 

patterns for the transverse sections (90 and 270°) of nozzles WC-100D and 
WC-100ED (A) are shown in Fig. U3. 

The m**Aiw measured circumferential principal stresses a Q developed 
at the inner corners of the nozzles are listed in Table IB for the 0 and 
180r sections. Also shown in the table are ratios of peak circumferential 
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Fig. 1*2. Comparison of principal stress ratio <j-/S on the inner and 
outer surfaces of the axial section of symmetry (o and 180° sections) for 
the tiro closely spaced reinforced openings WC-100DD (A) and (B) and the 
identical single opening WC-1D0D in a thin-walled cylindrical vessel sub
jected to internal pressure. (Westinghouse Electric Corporation drawing) 
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Fig. 43. Comparison of the principal stress ratios oJs and a-/S on 
the inner and outer surfaces of the transverse sections (90 and 270 ) for 
the two closely spaced reinforced openings WC-100DD (A) and (B) and the 
identical single opening WC-100D in a thin-walled cylindrical vessel sub
jected to internal pressure, (Westinghouse Electric Corporation drawing) 

stresses for closely spaced nozzles to those for single nozzles. The four 
ratios in Table IS are plotted in Fi<$. kk and show excellent agreement 
with the results of Ling 7 7 for closely spaced holes in an infinite plate 
subjected to biaxial stress. The stresses given in Table 18 for closely 
spaced nozzles were higher than those obtained for tne companion single 
nozzles tested. 
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Table 18. Ratio of peak circuaferential stresses obtained for 
closely spaced nozzles to those of the single nozzle 

Model 
NaximuB a n 

Ratio 
to f K>DD ( an>D l/d1 

(see Fig. Model 0* 
Section 180* 

Section 
0° 

Section 180° 
Section 

l/d1 

(see Fig. kk) 

WC-12D 2.81S 2.81S «B 

WC-12DP 2,87S 2.96S 1.02 l r>K. 1 "»» 

WC-100D 2.27S 2.27S 00 

WC-100DD 2.63S 3.00S 1.16 1.32 0.**2 

TWO CLOSELY SMCEO HOLES 
wmn-t 

TlflGLC HOLE 
9 

t 

.-op— H3-
—* *i —' 2 . 5 * 

Fig. l*lf. Comparison of stresses at points A and B for two closely 
spaced reinforced openings in a pressurized cylinder with the stresses 
at two holes in an infinite plate. (Westinghouse Electric Corporation 
drawing) 

»JJ. 
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Determination of Plastic Collapse 
Loads for Tees and Laterals 

(Sponsored by PVRC) 

The progress during the past year on developing methods for calcu
lating upper and lover bounds to limit loads for nozzle-to-cylindsr attach
ments is discussed here. The results of the experimental collapse load 
studies and tiis results of studies on flat plates with skewed holes are 
briefly summarized. 

Upper-bound limit analysis studies for 
tees and laterals - University of Waterloo 

Computerized analysis methods are being developed to calculate upper-
bound limit loads for tee and lateral connections. The loadings consid
ered are external force and moment loadings applied to the branch or nozzle 
and internal pressure. Calculational methods have been developed for mod
els having branch/run diameter ratios (d/D) ranging from zero to 1.0, 
diameter/thickness ratios (D/T) greater than 20, elastic branch/run hoop 
stress ratios (s/S) from 0.25 to 3.0, and branch/run angles 9 between 30 
and 90° (for tees, 9 - 90°). The analyses can be used for configurations 
with fillets at the junctions between the nozzles and the shells. 

Two separate formulations and methods for determining upper-bound 
limit pressures are used to cover the full d/D range. This is necessary 
because, for laterals having d/D ratios approaching one, the plastic 
region has a complex geometry and high strain concentrations develop at 
the inside acute corner of the junction. The analyses are discussed in 
a two-part document; Part I 7 8 applies to d/D ratios varying from 0 to 0.7 
and Part I I 7 9 to values of d/D from 0.7 to 1.0. In each case, the upper 
bounds are extremized with respect to the velocity parameters and the ex
tension of the plastic region. Because of the complex energy expressions, 
a computer is used for numerical integration of dissipation energies and 
work rates using Simpson's rule. A nonlinear programming technique in 
the form of a computer program called CLIMBS is used to extremize the 
upper bounds. 
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In addition, analysis methods and associated computer programs are 
being developed to calculate upper bounds to in-plane and out-of-plane 
limit couples for d/D ratios up to 0.9. Two programs are under develop
ment, both of which will have the added capability of calculating upper 
bounds for each respective couple loading in combination with internal 
pressure for d/D values up to 0.7. 

A series of experimental studies were conducted in conjunction with 
the theoretical work. The dimensions of the models and preliminary test 
results are listed in Table 19. Included are thirteen tees (designated 
T), ten 1*5° laterals (Y), and four straight pipe sections (F). Represented 
in the experimental study on tees and laterals are d/D ratios of 0.3 to 
1.0, D/T ratios of 1^.6 to 3k.5, and branch/pipe hoop stress ratios (s/S) 
of 0.35 to 1.0. Models have been subjected to loadings of internal pres
sure P. and both in-plane and out-of-plane couples applied to the branch 
(designated as C i and C respectively). Three of the tees have been tested 
under combined loadings of internal pressure and either an in-plane or out-
of-plane couple. The yield strengths listed in Table 19 are the uniaxial 
test results both for unannealed specimens cut from the undeformed ends of 
the models, denoted ax T„, and for annealed uniaxial specimens machined 
from the plastically deformed zones (T_). 

The limit loads were determined for each model by graphically deter
mining the intersection of the initial and final tangents to the load vs 
deflection experimental curves. Typical curves resulting from the limit 
testily are shown in Fig. U5 for models T 5, T l 2 , and Y 3. All three were 
subjected to in-plane couples applied to the branch; T l 2 was also pres
surized to ^00 psi. It should be noted that the d/D ratio of model T 1 2 

is not the same as for models T 5 and Y 3; consequently, the differences in 
loading curves for the two tees are not due solely to the 500 psi internal 
pressure applied to model T l 2 . 

Lower-bound limit analysis studies for nozzle-to-
cylindrical shell attachments — University of Sherbroo&e 

The equations for calculating lower bounds to limit pressures of 
cylindrical nozzles attached to cylindrical shells (tees) were described 
in a paper 8 0 presented at the First National Congress on Pressure Vessels 
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(la.) d/D D/T */e h 

( l a . ) ( ia . ) _ 
Lloit Tlold c t n a * t » ( k * l ) 

Bo. 
D 

( la.) d/D D/T */e h 
( l a . ) ( ia . ) _ 

(k*l) ( i a . - k i o t ) 

Tlold c t n 

*I 

NaetdBod fc5* iflrta 

* i 3.k5 1.C0 3*.5 1.00 1.00 0.25 P 0.82 31.5 35.«> 
T . 3.W 1.00 26.8 1.00 1.00 0.2$ P 1.10 29.2 
*3 3.»* 0.75 25.0 1.00 1.00 0.25 C l 22.50 3 5 > 

*4 3.^7 0.63 29.0 0.9k 1.00 0.25 P ? 1 5 32.5 3 1 > 
T i o 3.«* 1-00 26.8 1.00 1.00 0.25 

Waited k5° 

P 

190s 

1.05 30.3 

*s 3.20 1.00 lfc.6 1.00 p 3.M> 35.6 

*6 *.30 1.00 17.0 1.00 p 2.30 36.9 
* T *.30 0.77 17.2 0.80 p 2.60 33.9 

*a «».30 1.00 17.7 1.00 p 1.90 37.7 
*• 3.50 O.63 22.0 1.00 1.00 0.25 c o 9.00 33.2 

BBCBlBOdtOM 

T* 3.»»5 1.00 32.e 1.00 0.50 0.50 p 1A5 33.6 35.3 

** 3.*5 0.63 3*.5 0.90 0.50 0.50 p l.V> 30.6 33.0 
'** 3.6k 0.83 26.0 1.00 0.50 0.50 p 1.88 • 2 . 0 38.5 
»4 3.*9 0.50 25.0 1.00 0.25 0.25 Co 5.00 30.8 
*S 3.»9 0.75 25.0 1.00 0.50 0.50 c i 18.50 31.8 
»e 3.*9 1.00 25.0 1.00 0.25 0.25 Co 2*.00 31.k 
*7 3.*? 1.00 25.0 1.00 0.50 0.50 p 1.70 36.5 
*a 3.*«9 0.50 25.0 1.00 0.25 0.25 c i 6.50 31.6 31.0 

* . 3."«9 1.00 25.0 1.00 0.50 0.50 c l 35.00* 31.0 
T10 3.*5 0.70 3*.5 0.55 0.38 0.38 Co 5.«K> 29.5 
T11 3.»»9 0.75 25.0 1.00 0.50 0.50 P + Cj Too* tootod 
?)* 3.W 1.00 26.8 1.00 0.50 0.50 P+ C± 0.50 22.00 25.2 
».•• 3.»»5 1.00 3*.5 0.55 0.50 O.-jO ?* c 

0 
1.00 6.50 30.1 

StXBitfet plpM 

?i 3.15 21.0 c 37.0 29.2 
Pa 3.10 31.0 p 2.10 28.2 
P* 3.6o •1 .0 P+ C 0.75 27.0 28.2 
P4 3.60 51.0 c 2k.0 27.7 

*tho limit eovolo for this aodol i t aparwlaotod tiaca tot t t t t vat ttoppod poatturtly. 
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Fig* **5- In-plane limit couple tests of models T5, Y 3, and ¥12. 
Model T12 vas tested with a 500-psi constant internal pressure. 

and Piping. The equations were obtained by solving a series of mathe
matical programming subproblems, A solution is obtained by maximizing 
the pressure loading subject to equality and inequality constraints for 
all values of the nozzle angular coordinate 6 over the range 0 £ 0 £ K/2. 
Comparisons of the resulting lover-bound predictions with test results 
indicated that the solution is quite conservative. 

To reduce the conservatism of the original lover-bound analysis, an 
improved solution61 vas recently developed which satisfies the stress 
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continuity retirement at the nossle-shell junction independent of equal
ity constraints. The stress fields are functions of arbitrary parameters 
chosen together vith spatial coordinates to satisfy equilibrium, w y e try, 
and boundary conditions as well as stress continuity requirements at a 
finite series of discrete points. These paiamstSTi are restricted to 
prevent violation of the specified yield condition when the pressure load* 
ins is maximised. Simplifying assumptions were not required at the junc
tion of the nossle and vessel since generalised geometric relationships 
are used. The problem was formulated using nonlinear programming, and 
numerical solutions are obtained using the Sequential Unconstrained Mini
misation Technique (SUCT).* 2 

Initially, the yield constraints were enforced at 80 points and the 
yield conditions were verified at 100 intermediary points. 8 1 Figure 1*5 
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shows the distribution of nonaalized forces and moments along the noszle 
in the longitudinal plane (plane of the two axes) resulting from an applied 
normalized pressure of 0.65. Ihe normalised forces per unit length, nQ, 
n . and a , and the pressure p were obtained by dividing each force per 
unit length by the maximum membrane plastic strength of the vessel cross 
section; the normalised moments m^ and & were obtained by dividing each 
moment per unit lengta by the marimimi lower-bound plastic benoing moment, 
capacity of the vessel cross section. The maximum value in each case 
shown in Pig. U6 occurred at the nozzle-vessel junction, and no abrupt 
stress variations were revealed. In the figure, * 2 shows the location 
of the free end of the noszle. 

Parameter studies have been conducted using inequality constraints 
at 81 points. Both the nozzle and vessel are assumed to be of sufficient 
length sc that the study could be limited to three geometric variables -
the vessel diameter/thickness ratio D/T, the nozzle/vessel diameter ratio 
d/D, and the nozzle/vessel nominal hoop stress ratio s/s. With respect 
to materials properties, a single nozzle/vessel yield stress ratio of 
î * 1 was used. 

Results of the study are presented in Tigs, hj and kS, where the or
dinate of both plots is p~, the normalized lower bound to the limit pres
sure. The normalizing factor is obtained by dividing the pressure by the 
maximum membrane plastic strength of the vessel cross section, o R/T, 
where o is the yield strength of the material, R is the radius, and T is 
the thickness. Figure kj is a series of curves for various values of th* 
nozzle membrane/shell membrane stress ratio s/S for a constant D/T of 30; 
Fig. U8 is a series of curves for selected values of D/T when s/S = 1. 
The limit pressure is a minimum in both figures for 0.5 < d/D < 0.6. In 
Fig. hj, substantial increases in the limit pressure occur for correspond
ing small increases in nozzle thickness which are indicated by decreases 
in the value of s/S. This provides an indication of possible benefit of 
nozzle reinforcement in a nozzle-to-vessel attachment. 

Ccmparlson of calculated limit pressures and 
experimentally determined plastic collapse pressures 

As the various limit analysis results become available, comparisons 
are made with the experimental results. One set of comparisons is shown 
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Fig. kj. Variation of the limit pressure with nozzle-vessel di 
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ii. Fig. kg for both upper- and lower-bound limit pressure predictions to
gether with experimented results for models T 2, T 2, T 3, and T 7 that were 
tested at the University of Waterloo. The calculated curves are for D/T -
30 and s/S = 1.0. 

The membrane-stress ratios (s/S) for all but model T 2 were the same 
as used in the calculations (see Table 19). However, the B/T ratios 
ranged from 25 to 3^.5, but despite these differences, the agreement with 
results for T 2 and T 3 is considered good. The value for T 7 appears to 
be low, and further investigation is needed. Similarly, the value for T 2 

appears to be high, but in this case the smaller s/S ratio of 0.9 is in
fluential. It should be emphasized that these comparisons are prelimi
nary and, as indicated previously, the geometry of some of the experimen
tal and theoretical models disagree significantly. More specific evalua
tions will be made when additional experimental data became available. 

Studies of skewed holes in flat plates -
University of Sherbrooke 

Studies of elastic stresses near skewed holes in flat plates are de
scribed in Welding Research Council Bulletin 1?3> which includes both 
theoretical analyses and experimental results.83 Subsequent to these 
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Fig. 1+9. Theoretical upper and lower bounds to limit pressures, 
s/S = 1 and D/T = 30, including data points for University of Waterloo 
experimental models. (See Table 19 for model s/S and D/T values.) 



Ill 

studies, the relationship between sharpness of acute corners of skewed 
holes in flat plates and stresses and strains has been investigated ex
perimentally at the University of Sherbrooke. These follow-on investi
gations were carried out under the partial sponsorship of the National 
Research Council of Canada and le Minir.tere de 1' Education du Government 
du Quebec and are reported here because of the relevance of the results 
to the understanding of nonradial nozzle-to-shell attachment behaviors. 

The additional work includes a study of elastic strain (or stress) 
concentrations84 and a study of the elastic-plastic strain distributions85 

for steel plates with skewed holes having various angles of inclination. 
Foil-type electrical-resistance strain gages were used to measure strains 
both around and through the depth of the hole when the specimen was loaded 
uniaxially in tension. The cent ,r lines of the circular holes were in 
the plane normal to the loading direction. The studies encompass holes 
having hole diameter/plate thickness ratios (d/t) from 1.53 to 2.62 and 
angles of inclination of 0, 30, k5, and 60°. 

In the elastic study, 1^ plate specimens were used to determine the 
magnitude of stress concentrations along the face, or surfaces, of the 
holes and the effect of reducing edge sharpness of skewed holes. The edge 
sharpness was reduced either by rounding the acute corner to give a cir
cular profile of radius r or by making a cylindrical (vertical) cut normal 
to surface of the plate at the acute corner. 

The results show that the maximum strain is dependent upon both the 
hole diameter/plate thickness ratio and the angle of inclination of the 
hole. A decrease in the sharpness of the acute corner along the edge of 
skewed holes will result in a reduction of the maximum circumferential 
strain for edge corner radius/plate thickness ratios (r/t) less than 0.2; 
however, a flat corner made by a vertical cut is wore effective than a 
rounded edge for ratios greater than 0.2. In general, removing the acute 
corner causes the location of the maximum strain concentration to shift 
from the svrface of the plate toward the interior. 

A juries of six plate specimens were tested in the study of elastic-
plastic behavior. For a plate having a right "ivcular cylindrical hole 
stressed elastically, the strain concentratj jn at the midsurface is slightly 
greater than at either the inside or outside surface of the plate. As the 
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material is stressed to produce elastic-plastic response, the strain con
centration at the midsurface increases appreciably compared with those at 
the plate surfaces. This behavior was not detected by surface strain mea
surements nor was it predicted using a two-dimensional analysis. 

For plates with oblique holes, the maximum strain first occurs near 
the acute angle side of the hole. As the material becomes plastically 
strained, the variation of strain concentration with position through the 
plate thickness is not smooth as in the case of a straight circular hole. 
The strain distributions appear to be at least fourth-order functions of 
the distance along the oblique cut through the plate. This type of strain 
distribution is attributable to the degree of mulciaxiality of the state 
of strain. Plates with skewed holes having an angle of inclination of 
60° appeared to reach a state of plastic instability at a relatively low 
nominal strain level. It was evident that in each case the plastic zone 
remained highly localized in the acute-angle portions of the plate, where 
stress relief starts at low levels of nominal stress. The high levels of 
strain concentrations in very localized regions as observed in these test*; 
have important effects on the determination of fracture and fatigue behav
ior of pressure vessels having skewed openings. 

AEC(ORNL) PROGRAM - MULTIPLE-NOZZLE STUDIES 

Under this portion of the overall program, the emphasis is on multi
ple-nozzle studies (see Table 12). Included are tests on flat plates 
with clusters of holes and with clusters of attached nozzles. Tied with 
these tests are analytical methods development phases in which the devel
opments are carried out stepwise, progressing from methods for perforated 
flat plates to methods applicable to .flat plates with attached nozzles. 
Experimental studies on spherical shells with clusters of holes and with 
clusters of nozzles are also included. It is planned that analytical 
methods appropriate to these configurations be developed in a manner simi
lar to that being pursued for the flat plates. In the case of the experi
mental models under this portion of the program, particular efforts were 
made to impose elements of geometrical similarity throughout. 
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Experimental Stress Analysis of Holes in Flat 
Plates — University of Tennessee (TlT 

In the stress analysis of relatively small nozzles attached to large-
radius cylindrical or spherical vessels, vessel curvature has little in
fluence on stresses resulting from internal pressure as well as nozzle 
loadings due to bending moments, torsional moments, and axial forces. 
Consequently, flat plates with attached nozzles can be used to study the 
behavior of large-radius vessels. As a first step in this work, a series 
of perforated flat plates have been subjected to experimental stress 
analysis at the University of Tennessee. The results of these tests are 
used in the development and evaluation of methods of analysis. 

The models consist of four 36 x 36 x 0.375 in. plates having clus
ters of 1, 2, 3, and 5 holes, respectively, as shown in Fig. 50. The 
plates are subjected to uniaxial and biaxial loadings using 32 hydraulic 
rams positioned 8 to a side along the edges. Initially, proof tests were 
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conducted using strain-gaged unpierced plate1; to evaluate the capability 
of -he loading system to develop the specified stress conditions. The 
results of the proof tests have been published together with results of 
the uniaxial and biaxial loadings of the plates containing one and two 
holes. 8 6* 8 7 A summary of this work was included in the previous annual 
reports. 6 2* 8 8 

Dining this reporting period, the experimental results for the three-
and five-hole flat plates were published.89'90 The three-hole flat plate 
is shown in Fig. 51. Electrical-resistance strain gages were installed 
on one side of the model in the positions indicated in Fig. 52. To facil
itate the application of both uniaxial and biaxial loadings to a plate, 
two sets of hydraulic rams on adjacent sides of the plate were attached 
to separate manifolds. The procedure followed in the test was essentially 
the same as that used for the one- and two-hole plate tests. 8 6' 8 7 Each 
plate was tested first with the gaged side up in the loading apparatus 
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and than with t'le gaged side down, and the two sets of readings for each 
gage were averagod to compensate for possible bending or eccentricities 
in the loading system. 

Typical radial and tangential stress distributions for gages along 
plane 12 in Fig. 52 are shown in Figs. 53 and $k for uniaxial and for bi
axial loading respectively. The full curves in these figures represent 
theoretical result obtained at Battelle Memorial Institute,91 while the 
points represent the experimental results. The loading directions are 
indicated by the arrows. The ordinates are in terms of the stress ratio 
S/c, where S is the stress at a point and C is the undisturbed tensile 
stress of 1650 psi, and the abscissas represent the distance from the 
center of the hole divided by the hole radius R The radial and tangen
tial stresses are denoted by S and S respectively. In general, the 
agreement between the analytical and experimental values is good except 

ORNL-OWG 7 I - 8 6 M A 

- 0 . 4 

-ae 

R/RQ, RAOIAL DISTANCE RATIO 

Fig . 53. Radial and t angen t ia l s t r e s ses in uniaxial tens ion , 6 = 90^ 
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ORNL- DWG 71- 8689A 

- 0 . 4 
2 3 

tf//?n, RAOIAL DISTANCE RATIO 

Fig. 5̂ » Radial and tangential stresses in biaxial tension, 
ratio, 6 = 90°. 

1:1 

for the tangential stresses S for the biaxial loading conditions shown 
in Fig. 5k, where the experimental values are about 20# below the ana
lytical results. Figure 55 shows the distribution of the tangential 
stresses around the edge of the hole for the biaxial loading condition, 
where the experimental points again lie beneath the analytical curve. 
The dashed curve shown in Fig. 55 represents the predicted results ob
tained by superimposing the results of uniaxial loadings in the t*o 
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OftNL-OWG 71-6SS0A 

Fig. 55. Tangential stresses at edge of hole in biaxial tension, 
1:1 ratio. 

mutually perpendicular directions. A preliminary evaluation indicates 
reasonably good agreement among the biaxial test results, the prediction 
based on superposition of two uniaxial tests, and the analytical results. 

The final plate tested in the perforated plate series contained the 
five-hole cluster shown in Fig. 50 with the central hole being positioned 
at the center of the plate. This model was instrumented with 60° delta 
rosettes in the positions shown in Fig. 56 and was tested using the pro
cedure described for the three-hole flat plate. Results for uniaxial and 
biaxial testing of the five-hole model are shown in Figs. 57 and 58, 
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l © 

• PLANE 21-90° 

POSITION 
1 
2 
3 
4 
5 
6 

LOCATION 
1.00 R 
1.07 R 
1.5 R 

2.0 R 
3.0 R 
4.0 R 

GAGE TYPE 
SINGLE ELEMENT 
DELTA ROSETTE 
DELTA ROSETTE 
OELTA ROSETTE 
OELTA ROSETTE 
DELTA ROSETTE 

Fig. 56. Location of strain gages on five-hole flat plate. 
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- 0 . 4 

- 0 . 8 

-1.6 

- 2 . 0 
2 3 

ff/ff0, RADIAL DISTANCE RATIO 

Fig. 57. Radial and tangential stresses for five-hole plate under 
uniaxial tension, 0 = 0 ° . 

respectively, for plane 9, a 0° gage plane. As in the case of the three-
hole cluster, the solid lines represent analytical results obtained at 
BMI 9 1 and the same normalizing factor C h&s been employed. The circles 
and triangles in Fig. 57 indicate data for separate uniaxial loadings ap
plied in the two mutually perpendicular directions. Results for a 1:1 
biaxial loading are shown in Fig. 58. The experimental values, as seen 
for this line of gages, were consistently below the analytical curve for 
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R/RQ, RAOIAL DISTANCE RATIO 

Fig. 58. Radial and tangential stresses for five-hole plate under 
biaxial tension. 1:1 loading ratio, 6 = 0 ° . 

the tangential stresses (S.). There is no apparent reason for this dis
crepancy. 

Experimental Stress Analysis of Spherical Shells and Flat 
Plates with Clusters of Nozzles — Aubur.i University (I) 

The program for testing clusters of nozzlej attached to flat plates 
and hemispherical shells is continuing at Auburn University. The comput
erized data reduction and plotting procedures66 developed at the Uni
versity of Tennessee in connection with the single-nozzle model tests 
have been adapted for use with the Auburn University test results. All 
data for the two-nozzle hemispherical shell model were assembled in a 
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report using these procedures. The report, which is a revision of an 
earlier version92 described in last year's annual report, is ready for 
printing. 

Testing of both the one- and two-nozzle flat-plate models shown in 
Fig. 59 has been completed. Each model has been tested under in-plane 
biaxial loadings on the plate consisting of a 1:1 loading at two differ
ent stress levels, a 1:2 loading, and a 2:1 loading. After the biaxial 
loadings were completed the plates were restrained along the edges in the 
test frame and axial thrust and bending moment loadings were applied to 
the nozzles. The strain-gage rosettes performed satisfactorily with rela
tively few exceptions, and a ±5-uin./in. agreement has been obtained be
tween successive reloadings. All data for the two models have been exam
ined and loadings with questionable data repeated. 

The partially instrumented five-nozzle flat-plate model (see Fig. 
59) has been transported from OHNL to the testing site at Auburn. This 
is the last of th* current series of flat plate models to be tested. Com
pletion of the strain-gage installation, which entails the mounting of 

omuL-tmc 7i-t30M 

TWO-NOZZLE 
ARRANGEMENT 

DIMENSIONS 
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— 18.000—J 

2.625 CHAM "I 
.000 OIAM F 

—18.000 - H J 

0.250 

1 
8.500 
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FIVE-NOZZLE 

ARRANGEMENT 

Fig. 59. Nozzle design and cluster-pattern details for flat-plate 
models. 
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50 additional strain-gage rosettes is under way. The total number of ro-
sattes to be used is about 312. 

The loading frame designed for testing the four-noxzle hemispherical 
shell model has been fabricated at Auburn. This model, previously de
scribed,62 was produced by attaching two additional nozzles to the two-
nozzle hemispherical shell model. Instrumentation of the four-nozzle 
model with strain gages is also in progress. 

Stress Analyses of Perforated Plates and Plates 
with Single and Clustered Nozzle Attachments — 

Battelle Memorial Inp+.itute (II) 

A program is under way at Battelle Memorial Institute to develop a 
satisfactory method of analyses for nozzle clusters attached to flat 
plates. The computer program form of the analysis is being developed for 
flat plates having clusters of from one to five closely spaced holes or 
nozzles. Demonstration analyses have been performed on one- and two-
nozzle clusters,91 and the computer analyses are being extended for appli
cation to the five-nozzle model. Included in the analysis capab:.lity are 
pressure, thrust, moment- and shear loadings of the nozzles, and biaxial 
loading of the plate (to be used for representing vessel internal pres
sure loading). Later we plan to include spherical shells as well. In 
all cases the results obtained using this analysis method will be compared 
with the corresponding experimental results being obtained at Auburn Uni
versity. 

CONCLUSIONS 

During the current reporting period we have made substantial progress 
in the development and verification of analyses for nuclear pressure ves
sel nozzle attachments. Two of tiie more extensive experimental investi
gations, a photoelastic study of single and closely spaced nozzles at 
Westinghouse Research Laboratories and a strain-gage study of closely 
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spaced holes in flat plates at the University of Tennessee, have been 
successfully completed. 

At OBNL, analyses of the recently tested nonradial nozzle configu
ration produce good agreement between the analytical and experimental 
results. Parameter studies have also been conducted at ORNL in conjunc
tion with code rule development work under way at Battelle. Results of 
studies of various types of reinforcement for nozzle/sj.>erical shell 
junctions have been compared with code design rules, and in some cases 
recommendations have been made for code modifications. 

Upper- and lower-bound limit-load studies of nozzle/cylindrical shelx 
attachments have progressed significantly, with portions of the work jeing 
completed. These studies, sponsored by the Pressure Vessel Research Com
mittee and the National Research Council of Canada, include both analyti
cal and experimental efforts. 

Comparisons of calculated and experimental results for perforated 
flat plates were very favorable, and analytical work on nozzles attached 
to flat plates is in advanced stages of development. Good progress has 
also been made on the Auburn University strain-gage study of closely 
spaced nozzles attached to flat plates and spherical shells, with testing 
of the one- and two-nozzle flat-plate models having been completed. Al
though problems with data-acquisition equipment have caused considerable 
delay in the University of Tennessee experimental stuiy of nonradial noz
zles attached to spherical shells, testing of one nonradial nozzle model 
was completed and testing of a second model is nearing completion. 
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