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for the U,S. Atomic Energy Commission prior to formation of the U.S. De-
partment of Energy. The experimental work was done in the Nuclear Com-
ponents Testing Laboratory, Combustion Engineering, Imnc., in Chattanooga,
Tennessee, and the data were analyzed and tabulated at ORNL, The mate-
rial presented in this report was collected and summarized at Mechanics
Research Institute (MRI) under subcontract to ORNL, Publication of the
report was funded by the David W. Taylor Naval Ship Research and Develop-
ment Center (DTNSRDC), Annapolis, Maryland, under contract No. 61533-80-
GO-0016. L. M, Kaldor, Code 2724, DTNSRDC, is the project engineer.
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EXPERIMENTAL STRESS ANALYSIS AND FATIGUE TESTS OF
FIVE 24-IN. NPS ANSI STANDARD B16.9 TEES

S. E. Moore J. K. Hayes*
R. A, Weedl

ABSTRACT

Experimental stress analyses and low-cycle fatigue tests
of five 24-in, nominal pipe size American National Standards
Institute (ANSI) Standard B16.9 forged tees are documented in
this report. The tees, designated as Oak Ridge National Labo-
ratory tees T-10, T-11, T-12, T-13, and T-16, were tested
under subcontract at Combustion Engineering, Inc. in Chatta-
nooga, Tennessee,

Experimental stress analyses were conducted for 12 indi-
vidual loadings on each tee. Each test model was instrumented
with ~225, 1/8-in. three-gage, 45° strain rosettes on the in-
side and outside surfaces; and 6 linear variahle differential
transformers mounted on special nonflexible holding frames for
measuring deflections and rotations of the pipe extensions.
Normalized maximum stress intensities for each loading condi-
tion on each tee are summarized in the text. Complete sets of
strain-gage data and normalized stresses for each tee are
given on wmicrofiche in the appendixes.

Following completion of the strain-gage tests, each tee
was fatigue tested to fallure with either a fully reversed
displacement coutrolled in-plane bending moment on the branch
or a cyclic internal pressure that ranged from a value slightly
above zero to about 907 of the nominal yield pressure of the
pipe extensions. A counstant internal pressure equal to the
nominal design pressure was maintained during the in-plane
bending fatigue tests. Failure data from the fatigue tests
are summarized in the text.

Keywords: experimental stress analysis, fatigue, nuclear
piping, piping design, ANSI Bl16.9 tees. '

1. INTRODUCTION

This report documents a series of experimental elastic-response
stress analyses and subsequent low-cycle fatigue-to-failure tests of

five 24-in. nominal pipe size (NPS) American National Standards Institute

*
Combustion Engineering, Inc.

TMechanics Research Institute.



(ANSI)* Standard Bl6.9 forged piping tees performed in support of the Oak
Ridge National Laboratory (ORNL) Design Criteria for Piping and Nozzles
Program.1 The tests were conducted at Combustion Engineering, Inc. (CE)
in Chattanooga, Tennessee, and the data were analyzed at ORNL, The mate-
rial presented in this report was collected and summarized at Mechanics
Research, Inc. (MRI),

ANST B16.9 tees are a class of commercially available, butt-welding
piping products fabricated in accordance with either the ANSI Bl16.9 or
the MSS-SP48 manufacturing standard.?>3 These standards include dimen-
sional and basic strength requirements for the fittings (piping products)
as well as controls for certain other manufacturing variables. Fabri-
cated fittings employing intersection welds, however, are considered as
"pipe fabrication” and, as such, are specifically excluded.

In the design rules for nuclear piping systems, ANSI Bl16.9 tees are
recognized as a class of piping products distinct from other types of tee
joints. They are characterized by a smooth transition regionT between
the branch and run outlet and are normally formed from a segment of
straight pipe using an external-surface die and some means for extruding
the branch outlet. Ratios of the outside diameter of the branch to the
outside diameter (OD) of the run (do/DO) lie within the range of ~1/3 to 1,
because the manufacturing standards do not include dimensions for smaller
reductions.

The objective of our investigations on ANSI B16.9 tees was essen-—
tially to provide sufficient baseline structural response-to-—-load infor-
mation to evaluate and/or improve the adequacy of current design rules
and criteria for nuclear power plant piping systems as defined in
Sect. 1II, Div., 1, of the ASME Boiler and Pressure Vessel Code (herein-
after referred to as the Code)." However, because of the fundamental
nature of the investigations, the information obtained will be useful in

a much broader range of piping system design applications.

*
The American National Standards Institute (ANSI) was formerly the
American Standards Association (ASA).

Dimensional details describing the geometry of the transition re-
gion are not included in the standard, and it is only because of estab-
lished practice of the major suppliers that we may claim that a smooth
transition is characteristic of Bl16.9 tees.



Specifically, the objectives of the tests described in this report

were to obtain sufficient experimental elastic stress-strain-deflection

data and fatigue-to~failure results from each tee to enable us to

1. experimentally describe the elastic stress distributions over the
body of each tee for internal pressure and for a complete set of di-
rect force and moment loading conditions;

2. locate the maximum stresses and determine their magnitudes for each
loading condition;

3. determine the relative importance of transverse shear force and bend-
ing moment loads on tees in a piping system;

4, provide experimental benchmark data for comparison with analytical
solutions and photoelastic model studies;

5. determine experimental values for the stress indices and flexibility
factors for individual and combined loading conditions for comparison
with Code values; and

6. provide component fatigue~to~failure data for comparison with Code

design criteria and analysis procedures.

The five 24-in. NPS ANSI Bl16.9 tees used in the experimental stress
analysis and low-cycle fatigue tests performed at CE are described in
Table 1.1, The tees were off-the-shelf products that would normally be
supplied to the builder of a nuclear power plant. All five tees were
fabricated by the same manufacturer (designated as Manufacturer No. III
in a similar study of 12-in. ANSI Bl6.9 tees).5

Table 1.1 lists the nominal size and material for each tee. Three
of the tees were full-outlet (T-10, T~11, and T-16) and two were reduced-
outlet tees (T-12 and T-13). The nominal wall thickness ranged from
sched. 10 (T-16) to sched. 160 (T-11 and T-13); T-16, however, was forged
as a sched. 20 tee and through-bored on both the branch and the run to
conform with the standard sched. 10 dimensions at the welding ends. Stan-
dard nominal dimensions®’? of the "equivalent" size pipe are given in
Table 1.2.

Four of the tees were made from carbon steel, and one (T-16) was
made from type 304L stainless steel. Material properties, obtained from

the manufacturer, are listed in Table 1.3. Included in Table 1.3 are the



Table 1.1. ORNL tee designations

Nominal
Tee N??inainize thickness?® Mzte;ial fSTM Manufacturer
n. (sched.) esignation
T-10 24 x 24 x 24 40 A 212-61T Grade B III
T-11 24 x 24 x 24 160 A 105 Grade 2 I11
T-12 24 x 24 x 10 40 A 515 Grade 70 I1t
T-13 24 x 24 x 10 160 A 105 Grade 2 II1
T~-16 24 x 24 x 24 10 SA 312 Type 304 L ITI

%or nominal dimensions of "equivalent™ size pipe see Table 1.2.

Table 1.2. Nominal dimensions?® of
equivalent size pipe for ORNL
24-in, NPS Bl16.9 tees

Outside diameter Wall thickness

(in.) (in.)
Tee
Run Branch Run Branch
(D)  (d) (1) (Ty)

T-10 24,000 24,000 0.687 0.687
T-11 24,000 24,000 2,343 2.343
T-12 24,000 10.750 0.687 0.365
T-13 24,000 10.750 2.343 1.125
T-16  24.000 24.000 0.250 0.250

Section modulus Cross~sectional

3 area
Tee (in.?) (in.2)

Run Branch Run Branch

(z,) (2y,) (4,) (A)

T-10 285.0 285.0 50.3 50.3
T-11 788.0 788.0 159.4 159.4
T~12 285.0 29.91 50.3 11.91
T-13 788.0 74.3 159.4 34.02
T-16 109.6 109.6 18.7 18.7

ANominal pipe dimensions taken from
Ref. 7.



Table 1.3,

Material properties? of tees

From mill test report

From forging end-clippings

Mill

Tee Lot heat

No. No Sy Su Percent Sy Su Percent

* (psi) (psi) elongation (psi) (psi) elongation

T-10 45,600 75,600 27.8
T-11 S~3585 6021800 41,000 70,000 31,5 44,100 74,100 36.0
T-12 P-4195  516W0765 50,600 78,000 23.0 49,800 78,400 30.0
T-13 S-3586 6021800 49,000 71,000 33.0 44,100 74,100 36.0
T-16 P-6453 500281-1A 38,000 83,000 53.0 42,400 80,900 67.5

Yield strength.
Ultimate tensile strength,



manufacturer's lot number and mill heat number for the steel, and yield
strength (Sy), ultimate strength (S ), and percent elongation from both
the mill test reports and from specimens made from the forging end-
clippings.

The tests were conducted at CE in accordance with Union Carbide Job
Specification JS-115-231 included in Appendix I. When the tees, along
with their quality control documentation, were received from the manu-
facturer, they were inspected and measured in the Oak Ridge Gaseous Dif-
fusion Plant Dimensional Inspection Department to ensure conformance with
the purchase specification and the ANSI B16.9 standard. Crotch radii,
wall thicknesses, and outside diameters at various positions on the body
of the tees were also measured and recorded. These "as~built" dimensions
are given in Appendix II, Figures 1.1-1.3 are photographs of T~11, T-12,
and T-13, respectively, undergoing dimensional inspection.

All the design, fabrication, and test work was conducted at CE in
accordance with rather detailed instructions and guidelines specified by
ORNL, Prior approval was required for all critical operatiouns, including
items such as welding procedures and welder qualifications for the pipe-
to-tee joints, strain-gage and linear variable differential transformer
(LVDT) layout and placement, loading fixtures and application, strain-
gage readings and data reduction, and loading conditions and operation of
the fatigue tests. CE was responsible for the load frame, fabrication of
the test assemblies, instrumentation and operation of the tests, reduc-
tion of the raw data to engineering strains and stresses, and transmittal
of the data to ORNL for further evaluation and analysis. Strain-gage and
LVDT location data are given in Appendix ITI., Test model fabrication and
assembly drawings are given in Appendix IV,

Chapter 2 of this report includes a detailed description of the test
setup and test procedures. The tests performed on each tee included a
series of elastic-response strain-gage tests and a low-cycle fatigue-to-
failure test, The bulk of the content of Chap. 2 was abstracted from CE
test reports.s‘12

Chapter 3 contains a complete discussion of the results from the
elastic-response and flexibility tests. The elastic strain-gage evalua-

tion and reduction to normalized stresses is discussed in Sect., 3.1,
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Experimental values for the individual load stress indices (maximum nor-
malized principal stress differences) are discussed in Sect. 3.2. Most
of the data are presented on microfiche in the appendixes at the end of
this report for those readers needing benchmark information. Results
from the initial data reduction are given in Appendix V. Listings of the
final normalized stress intensities for each gage site and each load con-
dition are given in Appendix VI. Comparable information is presented
graphically in Appendix VII. A representative set of the data (for in-
ternal pressure) is included in Sect. 3.3. Experimental flexibility fac-
tors obtained from measured rotations of the pipe extensions are dis-
cussed 1n Sect. 3.4.

Results from the fatigue-to-failure tests are discussed in Chap. 4.
These tests were intended to provide component faillure data within the
low-cycle range of 500 to 100,000 cycles where a significant amount of
cyclic plastic strain 1s expected., The tests for T-10 and T-16 were run
with a fully reversed, displacement-controlled, cyclic in-plane moment
load on the branch, superposed on a constant internal pressure equal to
the maximum Code—allowable design pressure for the pipe extensions. The
tests for T-11, T-12, and T-13 were run with a cyclice hydrostatic inter-
nal pressure that ranged between a minimum near zero (100 psi or less)
and a maximum value corresponding to about 907 of the nominal yield
strength of the pipe extensions. Failure for both types of tests was de-
fined as a through-the-wall crack In the tee or one of the pipe-to-tee
welds as evidenced by a pressure leak. Postfailure test results for
three of the tees are given in Appendix VIII.

Results from both the elastic-response and fatigue-to-failure tests,
along with similar results from 12-in. ANSI B16.9 tee tests,> will be
used in a separate report to discuss the adequacy of current Code proce-

dures for the design of nuclear power plant piping systems.
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2, TEST DESCRIPTION

The test work description given in this chapter is divided into
three general categories: preparation of the test assemblies (models),
performance of the static elastic-response tests, and performance of the

fatigue-to—failure tests. Results are discussed in Chaps. 3 and 4.

2.1 Preparation of the Test Assemblies

General preparations for conducting the tests consisted primarily of
constructing and instrumenting the five test models. The instrumentation
consisted basically of 1/8-in. foil, three-gage strain rosettes for mea-
suring strains and LVDTs for measuring relative displacements and rota-
tions. The loading facility and data logging equipment already existed
at CE where they had been used in previous studies of large piping com-
ponents.l3 The only additional equipment needed for the ORNL tests were
hydraulic pressure intensifiers and related controls for the pressure fa-
tigue tests.,

Prior to constructing the test assemblies, the weld preps at each
end of the tee and branch were remachined perpendicular to the axes of
the tee for later use as reference surfaces in positioning the strain
gages. The inside and outside surfaces that were to be strain gaged were
ground and polished. For all the tees except T-16, "as-built"” dimensions
had been carefully determined when the tees were received at ORNL from
the manufacturer. These included outside surface radii and wall thick-
ness measurements at selected positions on the body of each tee. These
data are given in Appendix II. In addition, plaster—-of-paris moldings of
the inside and outside surfaces were made as semipermanent records of the
tee geometry. Some of the figures in Appendix II include drawings of the

crotch regions that were traced from the plaster—of-paris moldings.

2,1.1 Strain-gage layout

Each tee was instrumented with between 210 and 240, 1/8-in. three-
gage foil-type strain rosettes located in two diagonally opposite quad-

rants on the inside and outside surfaces., Quadrant 1 is defined as the
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shaded region in Fig. 2.1 with coordinate positions (+X, +Y, +Z). Quad-
rant 2 is the diagonally opposite region with coordinate positions (X,
+Y, —Z). When the test models were mounted in the loading frame, these
two quadrants were located on the top and bottom of the model, respec-—
tively.

Two different schemes were used for laying out the strain-gage lo-
cations. For the full outlet tees (T-10, T-11, and T-16), the gages in
each quadrant were arranged in five rows as shown in Fig. 2.2. Rows 1
and 5 are located in the transverse Y-Z plane and the longitudinal X-Y
plane as indicated in Fig. 2.1, Rows 2, 3, and 4 are located in planes

radial to the branch and the run centerlines at 22-1/2° increments from

ORNL—DWG 84—-6261 ETD

777777777777

M3Y

X JF3Y

TF3Z

> ) M3z

Fig. 2.1. Coordinate system and test loading sign convention.
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Fig., 2.2. Typical strain—-gage layout for full-outlet tees (T-10,
T-11, and T-16).

the X-Y and Y-Z planes. The crotch line is the line joining the inter-
sections of the two sets of radial planes., The weld preps at each of the
three ends of the tees, which had previously been machined perpendicular
to the tee axes, were used as reference planes in laying out the row
lines while the tees were resting on a flat surface marble table.

Gage positions for both the inside and outside surfaces were marked

off on the row lines with dividers. Eleven gage sites were positioned on



each row

tween the row lines as shown in Fig.

14

line with extra gages on the crotch line (T-16 only) midway be-

2.2, An additional row of gages was

also placed on the "back" of the tees
For the two reducing outlet tees
quadrant were arranged in six rows as

are located in the transverse Y-Z and

in the longitudinal X-Y plane.

(T-12 and T-13) the gages in each

shown in Fig. 2.3.

Rows 1

and 6

longitudinal X-Y planes, respec-

tively., The intermediate rows, however, are located entirely in planes
ORNL—DWG 84—6263 ETD
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radial to the axis of the branch. Rows 2, 3, and 5 are in radial planes
at 22 1/2° increments around the branch. Row 4 is in a radial plane mid~-
way between rows 3 and 5, that is, at 56-1/4° from the Y-Z plane, but
ouly on the run side of the crotch line., For the reducing tees, the
crotch line 1s defined as the outside surface junction between the cylin-
drical body of the run and the transition to the branch. The inside sur-
face gage lines were on radial planes at the nozzle end and in the run
portion of the tees "below" the crotch line. In the transition region,
the inside gages are located "through-the-wall" perpendicular to the out-
side surface gage sites.

As shown in Fig. 2.3, row lines 1, 2, and 3 extend from the branch
end to the midplane of the run (the X-Z plane), whereas rows 5 and 6 ex-
tend from the branch end to the run end. Row 4 extends only over the run
portion of the tee from the crotch line to the run end. Ten gages were
located on each row line, except row 4, with four positions "above" and
five positions "below" the crotch line. Gage positions were also located
at the Intersections of the crotch line and row lines. For T-12 addi-
tional gages were also located on the crotch line midway between the row
lines.

The gage sites for all five tees were located using dividers, which
give chord distances rather than true surface distances. The only dis-
advantage to this scheme is that through-the-wall positions may not
always be perpendicular to the midsurface and may therefore make it more
difficult to determine the membrane and shell bending stresses,

After the gage locations were marked, the tees were repositioned on
the marble table so that the X, Y, or Z coordinates could be measured
with a vernier height gage. These coordinate dimensions are listed in
Appendix IIT. Figures in Appendix III also show the gage layouts for
each tee and the equations used to convert vernier height measurements to
XYZ coordinates, Dimensions not shown on the data sheets correspond to
gage positions at the pipe-to-tee welds, which could not be accurately
measured until after the test models had been assembled.

The following scheme was used for identifying gage positions. Each
position was assigned a five-character label (P;-P,-P3-P,~P5), with the

first character P; = I, O indicating either the inside surface (I) or the
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outside surface (0). The second character P; = 1, 2 indicates the quad-
rant number. The next two, P3 and P,, identify the row line, that is,

P3 P, = Rl, R2, ..., R6; and the last character P5 = A, B, ..., K identi-
fies the position number along the row line, as shown in Figs. 2.2 and
2.3. These positions are lettered consecutively from the branch weld

end with the letter "I" omitted from the sequence. The crotch line is
identified as row 7 (P3 P, = R7), except for T-16 where P3 P, = CR.
Rosette No. 0-2R3-G, for example, is located on the outside surface in
quadrant 2 on row 3 in the G position (seventh gage).

After the test assemblies were partially fabricated they were in-
strumented with 45°, three-gage, constantan-foil strain rosettes with
1/8-in. grid lengths. The four carbon steel tees were instrumented with
Micro-Measurement brand Type EA-06-126-120 strain rosettes. Type EA-09-
126-120 rosettes were used for the stainless steel tee T-16. In general,
the rosettes were oriented with either the No., 1 or No. 3 leg lying along
the row line, although a few exceptions may be noted in the detailed gage
layout figures of Appendix III, The directions of the principal stresses
presented later in this report are given relative to the row line, with
a positive angle being counterclockwise.

The gages were bonded to the surfaces with Eastman brand 910 cement
and were molsture proofed with Micro-Measurement brand M coat-A sealant.
The gages were connected to the data acquisition equipment using a stan-—
dard three-lead-wire system to prevent temperature changes in the lead
wires from affecting the data.

Each test model was also instrumented with LVDTs to measure relative
displacements and rotations of the pipe legs for later use in determining
flexibility factors. Six LVDTs, accurate to 0,0001 in.,, were mounted on
special nonflexible holding frames attached to the pipe legs as shown in
Figs. 2.4 and 2.5. The arrangement shown in Fig. 2.4 was used to measure
rotations of the branch with respect to the fixed end of the run. The
arrangement shown in Fig. 2.5 was used to measure rotations of one end of
the run with respect to the other end. Specific hardware dimensions at
assembly, LVDT numbers, and LVDT support arrangements and locations used

in the test program are given in Appendix III.
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Type 304 stainless steel. As shown in Fig. 2.6 short pipe stubs, 9-1/2 in.
long, were welded to the branch outlet for the three full-outlet tees
T-10, T-11, and T-16, to allow strain gaging the inside surface before
final assembly. Pipe stubs were not used for the reduced outlet tees
(T-12 and T-13) because of the smaller access to the inside surface. For
these models the branch pipe was welded directly to the tee after the in-
side surface instrumentation was completed.

Except for T-16, test loadings were applied to the models through
speclally ordered 600 class lap-joint flanges welded to the run pipes and
300 class lap—~joint flanges welded to the branch pipe. Welding neck
flanges were used for T-16 because of the smaller wall thickness (0.250 in.
for sched. 10)., The mating surfaces of the loading flanges on all five
models were positioned 75-1/2 in. from the center of the tee in order to
fit properly into the loading frame.

Small 1-1/2-in.- to 2-1/2-in.-diam nozzles placed near the ends of
the pipe extensions were used to fill, vent, and pressurize the model and
to provide access for radiography. Small nozzles were also provided for
special pressure glands used to seal the ~1000 lead wires connected to
the inside surface strain gages. These pressure glands were made by in-
stalling polythermalene—coated, 26—gage copper wire in special pipe fit-
tings and potting the glands with an epoxy material. The glands were
hydrostatically tested to 8350 psi in a special test fixture before being
installed in the test model. Special anchor pads were also provided for
attaching the LVDT displacement measuring hardware to the test models.

Because of the need to instrument the inside surface of the tees,
the test assemblies were fabricated in stages. For the full-outlet tees,
the two run—-pipe subassemblies and the branch-pipe stub were first welded
to the tees with nuclear quality welds, which were then ground flush on
both the inside and outside surfaces. This was done so that strain gages
could be placed on the pipe-to-tee weld connections and so that stress
concentrations that might initiate a failure during the fatigue tests
would be avoided., All the welding procedures were qualified to Sect. IX
of the ASME Code (Ref. 14) as required by the job specification (Appendix
I). Both the qualification welds and the test assembly welds were ex-—

amined by magnetic-particle tests (magnafluxed) and by radiography. In
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addition, thé qualification welds were subjected to tensile tests, bend
tests, and Charpy impact tests. Following acceptance of the pipe-to-tee
welds the tee subassembly and the branch-pipe subassembly were stress re-
lieved at 1150°F. The loading flanges were then positioned and welded
onto the pipe legs so that thelr mating surfaces would be 75-1/2 in. from
the center of the tee.

For the two reduced outlet models, T-12 and T-13, which were fabri-
cated without branch pipe-stubs, it was necessary to weld the branch pipe
directly to the tee after all the internal instrumentation had been com-
pleted. To avoid damaging the inside gages during the welding process
Chromel-Alumel thermocouples were placed adjacent to the strain gages
nearest the weld, and the temperatures were never allowed to exceed 150°F,
To ensure a high—quality joint, the weld preps on both the branch outlet
of the tee and the branch-pipe subassembly were clad with INCO 182 weld
deposit during initial fabrication. This procedure had been successfully
used in the earlier tests of large piping teesl3 conducted at CE. Models
T-12 and T-13 were tested with the branch pipe-to-tee closure weld in the

non-stress~relieved and as-welded condition.

2.2 Test Facility

Both the elastic-response tests and the fatigue-to-fallure tests
were conducted in CE's Nuclear Components Stress Analysis Laboratory in
Chattanooga, Tennessee. The mechanical-load test-~frame and the strain-
gage data acquisition system had been designed and constructed earlier
for the specific purpose of testing large heavy-walled piping tees up to
26-in.~diam NPS. To conduct the ORNL tests on 24~in., NPS tees, it was
only necessary to add equipment to pressurize the test models for the

static strain-gage tests and for the cyclic-fatigue tests.

2.2.1 Mechanical~load test frame

The test frame consists of an assembly of wide flanged beams holted
to foundation anchor points at eight places (Ref. 13). The test frame

was designed to accommodate the followlng maximum loads on either the
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branch or the run:

Bending moment 9,600,000 in.-1b,
Torsional moment 9,600,000 in.-1b,
Axial force 800,000 1b.

The test frame could also accommodate the ORNL transverse-force loads on
the run (F2Y and F2Z), and the out—of~plane transverse-~force load, F3Y,
on the branch. It could not, however, accommodate the in-plane transverse-
force load F3X on the branch. The ORNL 24-in. tee tests were therefore
conducted for only 11 of the originally planned 12 mechanical loading
conditions.

The load-frame foundation consists of four large rectangular beams
of steel-reinforced concrete arranged in a rectangular donut configura-
tion. Approximately 126 yd3 of concrete and 7300 1b of reinforcing steel
were used in building the foundation. Each of the eight anchor points
was designed to resist a load combination of 57,100 1b upward or downward
and 50,000 1b in perpendicular horizontal directions.

The test loads were transmitted from the load frame to the test
model through three "load cylinders” that were slipped over the ends of
the test assembly and bolted to the pipe extension loading flanges. The
inboard or "B" end of the load cylinder consists of a 3-in.-thick by
48-in.-square plate with 24 bolt holes drilled to mate with the bolt
holes of the test—assembly loading flanges. Each of the 11 mechanical
test loads was obtained by applying various combinations of point loads
on the inboard and outboard ends of the load cylinders, TFigure 2.7 shows
the T-10 test model mounted in the loading frame., The load cylinders
with end-plates bolted to the loading flanges are clearly visible in this
photograph. Figure 2.8 shows the loading configurations and reaction
forces for each of 11 mechanical test loads. The distances L and L,
from the center of the tee to the point of transverse load application on
the branch or the run, respectively, are given in Table 2.1.

Hydraulic jack assemblies, with ball bearing swivels at each end
(Fig. 2.9), were used to apply the loads to the load cylinders. Pressure
to the jacks was supplied by a hydraulic system with an accurate loading
capacity of 10,000 psi. The jack assemblies were calibrated before each
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2,2.2 Pressurizing system

The test equipment used for pressurizing the models consisted of an
MIS* closed-loop servo control system, a hydraulic power supply, five
pressure intensifiers, a Heise pressure gage, and a pressure transducer.
The hydraulic fluid used for all pressure loadings was a high-grade Texaco
brand transformer fluid,

The MTS closed-loop servo control system was designed primarily for
structures and materials testing. It 1s a single-channel system that
uses one Servo Controller (SERVAC). The system employs a "closed loop,"
that is, a continuous path of interacting elements., The basic components
in the system are a Servo Controller, Servo Valve, command input module,
function generator, counter, hydraulic power supply, and pressure trans-
ducer.

With this system it was possible to pressurize the test models at
either a constant pressure or at various cyclic rates using different
cyclic shape functions. An “"inverted haversine” function is generally
used for pressure cyclic tests, The MTS system also has various inter-
locks to ensure proper test program operation including a limit detector
to prevent excess pressure rise, low-amplitude measurement capability to
prevent undershoot during a pressure cycle, and a pressure relief valve
on the hydraulic power supply that can be adjusted to limit the maximum
pressure output.

The hydraulic power supply consisted of a variable volume pump cap-
able of delivering up to 35 gal/min of hydraulic oil. It is a self-
contained unit with an oil reservoir, an oil-to-water heat exchanger, a
safety relief valve, a pressure regulator, and various indicators and
filters. It was designed to provide a maximum hydraulic pressure of
3000 psi.

From one to five oil-to-oil intensifiers manufactured by Ortman-
Miller were used with the MTS system to provide a sufficient volume of
0oil to achieve the desired pressure in one stroke of the intensifiers.

The intensifiers have an intensification ratio of 3.31.

%
MIS Systems Corp.
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A BLH* general purpose pressure cell type GP pressure transducer
with a maximum pressure rating of 20,000 psi was used for the cyclic

pressure fatigue tests.

2.2.3 Data acquisition system

A computer—controlled data acquisition system (Fig. 2.11) was used
to collect data from the strain gages, thermocouples, and LVDT instrumen-—
tation. This system consists of an Astrodata Model 2000 analog-to-digital
converter and an IBM 1620 data processing system. The Astrodata Model
2000 unit is a special~-purpose, random access, multiplexer and data
measuring instrument that is automatically controlled by the IBM computer
or manually controlled by its own front panel switches. The system is
designed to measure the output signal for any of 2000 channels.

During a typical test, all test results were punched on cards with
a limited number of the more important test results displayed on the IBM
1620 typewriter for test control. At the conclusion of a test, the
punched card data were transmitted to the CE Corporate Computer Center
via an IBM 7711 tape receiver and pelephone link. The complete sets of
test data were then processed on an IBM 370/165 computer. When specific
data plots were desired a Benson Lehner LTE magnetic tape X-Y drum plot-
ting system was used. This permitted completely automatic plotting for

all the desired information.

2.3 Elastic-Response Test Procedures

The elastic load tests performed on each tee consisted of internal
pressure and the series of 11 mechanical load conditions illustrated
earlier in Fig. 2.8, Prior to any of the tests, a loading schedule was
established to limit the nominal stress in the pipe to 15,000 psi. The
maximum load that was actually applied, however, was limited by the cap-
abilities of the test frame and hydraulic actuators and the yield strength
of the test models. During the tests, the most highly strained rosettes

were monitored to ensure that the yield strength of the test model was

*
Trade name.
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not exceeded at any location. Table 2.2 provides a summary of the maxi-
mum applied loads.

Initially, a sufficient number of load-unload cycles were run for
each of the 12 elastic-response tests to ensure "shakedown" to linear
elastic behavior as evidenced by 98% of the strain gages returning to
within £20 pin./in. of zero. The model was loaded in four equal steps,
which were then repeated in the unloading process, providing a total of
nine sets of data for each load cycle. To ensure repeatability in appli-
cation of the loads and measurement of the test data, at least 2 complete
load sets were run for each of the 12 elastic-response tests, and the re-
sults were compared for consistency.

As noted earlier, the raw data from the thermocouples, strain gages,
and deflection LVDTs were recorded for processing at CE corporate head-
quarters, with a small amount of the data processed in the laboratory for
test control purposes. The complete sets of processed data were reviewed
at the test site, punched on IBM cards, and transmitted to ORNL for more
extensive analysis. The destructive fatigue tests were not started until
after it had been established that (1) the elastic-response tests were

satisfactory and (2) all the required data had been obtained.

Table 2.2. Maximum loads® for elastic-response tests

Load T-10 T-11 T-12 T-13 T~-16
M3X 2.270 x 106 9,797 x 10° 4,290 x 105 1.290 x 10° 5.190 x 105
M3Y 2,261 x 108 —9,005 x 10 —6.,030 x 105 —~1,210 x 106 —7.720 x 105
M3Z 2,072 x 106 9,350 x 106 5.980 x 10° 9,350 x 105 7.480 x 105
F3Y 5.000 x 104 6.400 x 10% 4,000 x 104 4,000 x 104 2.400 x 104
F32 1.385 x 104 5.495 x 104 5.580 x 103 2.010 x 10 7.720 x 103
M2X 2.261 x 106 9,420 x 106 4,900 x 108 9.420 x 106 4,450 x 10°
M2Y —4.898 x 105 1,130 x 107 —7.,540 x 105 9,800 x 106 —1.200 x 106
M2Z 2.562 x 106 9,797 x 106 3,400 x 108  10.550 x 106 5,190 x 104

F2X —3.376 x 105 —7.473 x 105 —6.280 x 105 —6.280 x 105 —6.430 x 10%
F2Y 1.483 x 104 2.835 x 10% 2.010 x 10 2.840 x 104 3,090 x 103
F2Z 2.355 x 104 3,308 x 10 2,460 x 10% 2.840 x 104 1.070 x 104

P 600 1600 600 2800 120

%Moments in in.-1b, forces in 1b, and pressure in psi., For sign conven~-
tion, see Fig. 2.1.
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2.4 Cyclic Fatigue Tests Procedures

Two different types of fatigue loadings were investigated in this
program. For models T-10 and T-16 a completely reversed, deflection-
controlled, in—plane moment loading on the branch (M3Z), similar to the
fatigue tests of 12-in. tees conducted earlier,® was used. For these
tests a constant internal pressure equal to the nominal design pressure
of the run pipe was maintained throughout the test. The other three
models T-11, T-12, and T-13 were fatigue tested with a cyclic internal
pressure that ranged from near zero to about 90%Z of the nominal yield
pressure of the run pipe.

For all five models the probable location of fatigue crack initia-
tion and failure was assumed to be in the vicinity of the strain rosette
that gave the highest stress index in the elastic-response test. Pre-
liminary stress index values determined at the test site were used to
calculate the equivalent elastic stress ranges and to estimate the number
of cycles to failure using empirical fatigue-life relations. Fatigue
failure was defined as a through—-the-wall crack either in the body of the
tee or in one of the pipe-to-~tee welds, as evidenced by a leak of the
pressurizing fluid.,

Fatigue—~crack initiation and crack growth was monitored by means of
ultrasonic (UT) inspection techniques. Before each fatigue test the
model was inspected to obtain a baseline set of UT indications for com-
parison with later inspections. The model was then inspected periodi-
cally during the test to identify crack initiation and monitor crack
growth., These inspections were not completely reliable, however, because
of the complex geometry of the test models where the reflected wave pat-
terns were affected by variations in the curvature and wall thickness.
The procedure appeared to be successful for models T-10 and T-12, but not
for models T-11, T-13, or T~16 where failure occurred without prior UT
indication.

The UT inspections were conducted with a standard pulse-echo 45°
ghear wave at 2.25 MHz using a 1.4- by l.2-in, finger tip PZT crystal de-
tector, For T-10 the equipment was calibrated against a 1/16-in.-diam

hole in a piece of straight pipe whose wall thickness was approximately
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the same as that of T-10, For the other tees, calibration of the equip~
ment was obtained from the reflection of the corner of a l-in.-thick
plate with the amplitude set at 80% of screen height.

The fatigue test of T-10 was also monitored by acoustic emission and
fatigue gages, neither of which gave useful results. Six Micro-Measurement
brand 1/8-in. fatigue gages had been installed in the crotch region of
the tee at the same time that the model was instrumented for the elastic-
response tests, Unfortunately, however, they were not located in the
region of highest stress for the in-plane branch-moment loading and were
therefore of little value in predicting fatigue failure. »

The acoustic emission monitoring was conducted using four piezo-
electric transducers attached to the test model. The acoustic signals
were monitored during the test with an oscilloscope and recorded periodi-
cally on videotape. However, the available equipment was only capable of
monitoring one channel at a time, and it was not possible to establish
either the total number of acoustic emissions from each transducer or the
emission rates as the test progressed. Thus, very little useful informa-

tion was obtained.

2.4.1 In-plane moment tests

The in-plane moment fatigue tests of T-10 and T-16 were accomplished
by applying a cyclic force-couple to the outboard end of the modified
branch-pipe load cylinder shown in Fig. 2,12, Two hydraulically coupled
actuators located 187 in., apart, applied equal and opposite forces to the
horizontal I-beam shown in the figure. One of the actuators was equipped
with a load cell to measure the applied force and an LVDT to measure the
hydraulic ram displacement. Loading was controlled through a servo hy-
draulic valve and electronic feedback system that permit fatigue testing
under either controlled cyclic load or controlled cyclic displacement
conditions. These tests were controlled by the hydraulic actuator ram
displacement as measured by the LVDT, The ram displacement was periodi-
cally checked during the test using the MTS amplitude measurement panel.
Figure 2.13 is a schematic diagram of the in-plane-moment fatigue-test

loading and control system.
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where

Sa = equivalent elastic-stress amplitude,
Ne = number of cycles to failure,

A = an empirical constant equal to 490,000 for carbon steel,
562,000 for stainless steel,

Equation 2.1 gives S, = 83,400 psi for the carbon steel tee T-10; and S,
2 95,700 psi for the stainless steel tee T-16,

To determine the actuator displacement required to produce the de-—
sired value of S,, each test model was loaded with an in-plane branch mo-
ment in small loading increments well within the elastic response range.
The maximum stresses in this phase of the test were limited to 30,000 psi
for T-10, and 20,000 psi for T-16 to ensure linear elastic behavior. A
linear stress—-displacement relation was then established between the
actuator displacement measured by the moment-couple LVDT and the maximum
principal stress obtained from the strain rosette at the position of
maximum stress intensity. This relation was then extrapolated to the de-

sired value for Sa to obtain the maximum actuator displacements for the
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fatigue tests, The test controls were then set to maintaln constant
positive and negative displacements throughout the tests,

The constant internal pressure was set equal to the maximum Code
allowable working pressure of the run pipe obtained from Code Eq. (3),
NB-3641.1, using 87.5% of the nominal wall thickness and zero corrosion

allowance, that is,

2 Sm t
fa~D =08 T (2.2)
where

Sm = room—temperature deslgn stress intensity,
Sm = 20 ksi for carbon steel,

Sm = 16.7 ksi for stainless steel,

t = (0.875) (0.688 in.) for T-10,

t = (0.875) (0.250 in.) for T-16,
Do = 24,0 in. 1s the nominal outside diameter of the run pipes.

For T-10, Eq. 2.2 gives P, = 1025 psi, whereas for T-16 P, = 300 psi.

The first 22 cycles of the fatigue test for T-16 were performed with
the structural loading system in the manual mode. During this portion of
the test ~35 strain rosettes in the most highly stressed regions of the
test model were monitored. The same rosettes were monitored again after
435, 602, and 1201 fatigue cycles to ensure that the test was proceeding
as planned.

The fatigue test of T-10 was also initiated with the structural sys-
tem in manual mode. Complete sets of strain-gage data were obtained at
different actuator displacements to monitor the plastic deformations
(hysteresis effects). About once each day during the early portion of
the test, one fatigue cycle was performed slowly in manual mode and a
complete set of strain-gage and load-cell data were obtained at the maxi-

mum moment loads to monitor any long-term ratchetting effects,
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2.4,2 Cyclic pressure tests

Test models T-11, T-12, and T-13 were fatigue tested with a cyclic
internal pressure that ranged from near zero to a value corresponding to
~90% of the nominal yield strength of the run pipe. Although test pres-
sures this high are well above any value that would be permitted by the
Code for design, the highest pressures possible for the tests were con-
sidered necessary to achieve fatigue failures in a reasonable length of
time. The test pressures were set low enough to ensure against plastic
ratchetting in the pipe legs while still permitting the maximum stresses
in the body of the tees to be well into the plastic "low-cycle" fatigue
range. The maximum pressures for T-11 and T-13 were set at 7000 psi and
at 1800 psi for T-12. At these pressures the maximum apparent elastic
stresses in the tees, calculated using the preliminary stress indices ob-
tained at the test site during the elastic-response tests, ranged from
~75,000 psi for T-12 to ~132,000 psi for T-11,

Estimating the expected fatigue 1life for the cyclic pressure tests
was not as straightforward as for the cyclic moment tests, Because
Markl's fatigue relation, Eq. (2.1), was developed using only bending
moment fatigue data, it may not be valid for cyclic pressure loads. Never-
theless, fatigue-life estimates obtained by solving Eq. (2.1) for N; were
rmade for each of the three cyclic pressure tests. For T-11, the result
indicated a fatigue life of about 23,000 cycles, but for T-12 and T-13
the results seemed excessively high: ~370,000 cycles for T-12 and
~206,000 cycles for T-13. If the tests should have lasted that long, we
were concerned that the test models might outlast the test equipment.

Fatigue-life estimates were, therefore, also made based on the de-
sign analysils procedure introduced as subsubparagraph NB-3653.6 in the
1971 edition of the Code for the design of piping systems with apparent
elastic stresses larger than 3 S . According to this procedure the maxi-
mum stresses S, are to be multiplied by an "elastic-plastic” factor K
given by the following:

K = 1.0 ; for S <38 , (2.3)
e n m
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S
(1 —n) n
K =1,0 + —_ .
e n(m — 1) \3 S 1) for 3 Sp ¢Sy < 3m Sn
K -1, for S >3 mS ;
e n’ n m ’

where values of the material constants n, m, and Sm for our test models

are

Material Sm m n

Carhon steel 20,000 3.0 0.2

The number of cycles to fallure can then be estimated from the fatigue
failure curve glven in the Criterial? document upon which the design pro-
cedures of the Code are based. The number of cycles to failure can be

obtained from the relation:l!8

E 100
Ng = [4 (5, =B In (100 —A>:l > (2.4)

where

]

30 x 10%° is Young's modulus for carbon steel,

68.5 is an empirical constant,

B 21,654 1s an empirical constant,

S¢ = Ky (Sp/2) is the alternating stress amplitude.

Using this procedure the estimated fatigue life for models T-11, T-12,
and T-13 was calculated to be 1,900, 60,900, and 24,075 cycles, respec-
tively.

Because neither of the above methods have been checked against cyclic-
pressure fatigue test data, the fatigue life estimates were only used in
a supporting role to help plan the operation of the tests. Table 2.3
gives a summary of the fatigue-test loadings and expected fatigue life
for each of the five test models. Note that the moment loading tests for
T-10 and T-16 are also included.



Table 2.3, Summary of fatigue-test loadings and expected life cycles

Constant _ Maximum Apparent Expected
Test internal Fatigue Stress Preliminary Apparent Shakedown stress test
test stress load load
model  pressure loadingd location index? rangeC ranged amplitude life
(psi) a 8 (gage No.) g g (psi)® (cycles)f
T-10 1025 M3Z I-2R2-E 3.8 +6,270 +6,150 83,600 5,900
(575)
T-11 100 P I-2R5-E 3.7 100 to 100 to 65,375 23,650
7,000 7,000 (1,900)
T-12 5 P I-2R6-C 2.4 5 to 5 to 37,625 369,475
1,800 1,800 (60,900)
T-13 100 P I-2R6-C 2.4 100 to 100 to 42,400 205,960
7,000 7,000 (24,075)
T-16 300 M3Z I-2R2-E 2.9 +3,620 +3,085 95,700 6,985
(850)

aM3z7 is fully reversed displacement controlled in-plane moment on branch; P is controlled cyclic
internal pressure,

bDetermined at test site and used to establish apparent load range.

®Based on preliminary stress index and extrapolated elastic load-stress relation; units for
M3Z = 103 in.-1b; for P = psi.

dMeasured with load cell for M3Z (103 in.-1b); cyclic pressure (psi) controlled by test
equipment,

eEquivalent linear elastic stress amplitude based on preliminary stress index and apparent load
range.

FFirst number obtained from Markl's relation, second number, in parentheses, based on NB-3653.6,
using apparent stress range (i.e., twice amplitude) to compute Ko and the ASME fatigue failure
curves,

8¢
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The first few pressure cycles of the fatigue tests were conducted
with the test models still in the loading frame and with all the strain-
gage Instrumentation connected to the data acquisition system. The most
highly strained gages were closely monitored with readings taken at
several of the loading steps up to the maximum loads. A high-pressure
interlock and a low-amplitude Iinterlock on the MIS structural loading
system were used to ensure that both the high- and low-pressure limits
were reached but not exceeded. The low end of the T-12 pressure range
was set slightly above zero at 5 psi to activate the low-pressure inter-
lock system. After the first few pressure cycles the test models were
removed from the loading frame, placed in a test pit, and covered with a
2-in.-thick steel plate where the fatigue tests were completed. TFigure
2.14 is a schematic diagram of the cyclic-pressure fatigue-test loading

and control system.

ORNL-—-DWG 84--6267 ETD
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Fig. 2.14. Functional diagram of cyclic-pressure fatigue test
loading and control system.
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3. DISCUSSION OF ELASTIC-RESPONSE TEST RESULTS

In addition to the initial examinations conducted at the test site,
the strain-gage data were screened by two processes prior to final accep-
tance. The first was a computerized check based on the assumption of
linear elastic response. The second was more subjective, involving vi-
sual comparisons and the judgment of an analyst. After the data analysis
was completed, principal stresses and stress intensities (according to
the Code definition) were computed, tabulated, and plotted in two dif-
ferent graphical forms for further analysis. Complete sets of these data

are given in the appendixes.

3.1 Reduction of Strain-Gage Data

As part of the experimental stress analysis, a concurrent reduction
of data was performed at the test site using a CE program for calculating
engineering stresses and strains. This initial reduction was done to
monitor the data acquisition process so that faulty strain gages could be
pinpointed and corrected if possible. A subsequent phase of the data re-
duction used another CE program which computes, sorts, and lists all of
the results for all transducers. For strain gages, data corrections were
made for desensitization of the Wheatstone bridge due to lead wire length
and for transverse sensitivity. A listing was provided for uncorrected
strain, corrected strain, maximum and minimum strain, principal stress,
angle of priancipal stress, directed stresses parallel and perpendicular
to the gage line, and shear stress, The strain gage data, as corrected
by this program, were then sent to ORNL where they were reduced to
strains and stresses using the computer program I.INDA. The diagnostic
procedure implemented hy LINDA is summarized below in Sect. 3.1.1. A de-
tailed description of the program appears in Ref, 19. The output from
the LINDA runs was plotted on graphs of stress vs strain-gage location.
These plots were then checked for anomalous data points and adjusted when
necessary. This final adjustment of data is discussed in detail in Sect.

3.1.2.
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3.1.1 Evaluation of strain-gage data

The computer code LINDA implements a diagnostic procedure (sub-
routine NOSEY) for identifying and separating errors in strain measure-
ment and load application. The procedure depends on the hypothesis that
the strains obtained from the tests are proportional to the loads., 1In
this analysis, the data are subjected to three separate tests: the
linearity test, the variability test, and the load-adjustment test.

In the linearity test, the nine data points acquired for each gage
under each loading condition are fitted to a straight line by the method
of least squares. The program identifies and eliminates data that devi-
ate excesslvely from linear behavior, leaving only data lying within a
specified tolerance band. Since the procedure depends on the assumption
of linear bhehavior, any nonlinearity identified in this test must be due
either to an error in the strain data acquisition or to the recorded
value of the applied loads,

The width of the tolerance band is dictated by the accuracy required,
but it 1s also limited by the resolution of the strain—data-acquisition
system. For these tests, the larger of two values — 8 uin./in. or 15% of
the maximum strain at a given gage — was used as the tolerance limit.

Any gage for which more than 307 of the data were lost was flagged in the
computer output with an asterisk., A double asterisk was used to indicate
that no strain readings were recorded for that loading. This usually in-
dicates an open circuit in the data acquisition system., It 1s possible,
however, that the correct reading was equal to zero within the accuracy
limits of the system (e.g., for a gage on a neutral plane).

The variability test compares the response of all the strain gages
on the structure. This is done by normalizing the data from each gage to
the maximum load and the maximum strain recorded for that gage. After
normalizing, all the data for a given loading condition vary between a
minimum of 0 and a maximum of 1. In the ideal case, the normalized data
will all 1lie on the line passing through the origin and the point (1, 1).
If there is a large amount of scatter in the strain data for a given load
case, but the mean values lie on the ideal response line, then the varia-

tions are due to inaccuracies in the strain data acquisition (i.e.,
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strain gages, wiring, and/or data-acquisition system). If, however,
there is little variation in the values of the normalized strain but the
mean for a given load case 1is not on the ideal response line, then an er-
ror in the recorded loading is indicated.

The load-adjustment test selects the most consistent set of normal-
ized strains and uses these data to mathematically adjust the value of
the applied loads. If the adjustments are large, all three of the tests
are performed again using the new values of the loads.

Computer program LINDA, which uses NOSEY as a subroutine, was used
to reduce the strain data to calculated stresses in both local and prin-
cipal coordinates., A complete tabulation of these data is presented in
Appendix V. There 1s a separate table for each load condition on each
model, Each table presents measured strains, maximum and minimum prin-
cipal surface stresses, shear stresses, stresses along and normal to the
gage lines, and the angle in the counterclockwise direction from the gage
line to the maximum principal stress.

The value of the load for which LINDA computes and prints the strains
and stresses is controlled by the user. In the tabulations of Appendix V,
the indicated pressures and moments correspond to those loads that will
give a maximum principal stress of 1000 psi using the nominal dimensions
of the piping. The nominal force loads in the transverse shear directions
are equal to the value that will produce a bending stress of 1000 psi for
the nominal dimensions. Specifically, the nominal stresses are defined
by the following relations for the different loadings:

onom = 1000 psi,

= pDo/ZTr (internal pressure),

= M/Zr {(moment on run),

= M/Zb (moment on branch),

= FLr/Zr (transverse force on run),

= FLb/Zb (transverse force on branch),
= F/A_ (axial force on rum),

= F/Ab (axial force on branch).
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The nominal values for the geometric parameters Do’ Tr’ Zr’ Zb, Ar’ and
Ay were given earlier in Table 1.2. For the full-outlet tees T-10, T-11,
and T-16, the branch pipe and the run pipes have the same nominal dimen-
sions, and thus the values for the nominal stresses are independent of
whether the moment loadings were applied on the branch or the run. How-
ever, for the reducing tees T-12 and T-13 thé nominal dimensions of the
branch and run are different, For these the nominal stresses were calcu-
lated using the dimensional properties of the pipe on which the loading
was applied. For internal pressure the section properties of the run
pipe were used for all the tees. An elastic modulus of E = 30 x 108 psi
and Poisson's ratio of v = 0.3 were used to calculate the stresses given
in Appendix V. The results should, therefore, be adjusted by scaling to
the appropriate value of E for different materlials or operating tempera-
tures,

There are two advantages to this normalizing scheme. First, it pro-
vides an easy means for comparing the stress intensification effect of
different loads on the same tee and for identical loads on different
tees. Second, by scanning the tabulations for maxima, one can obtain
specialized stress indices. Comparing these values would be a first step
toward the development of generalized stress indices for use in design

codes and standards.

3.1.2 Final screening and reduction

The data reduction performed by NOSEY is geared toward establishing
a constant strain-to—load ratio for each gage and hence for each rosette.
If some of the data for one of the gages do not pass all the tests, the
confidence in the value of the calculated stress for that rosette is di-
minished. Therefore, the data were also subjected to a final screening
in which the response of each rosette (for which part of the data had
been rejected by the linearity test) was compared with the behavior of
adjacent rosettes. This was done by studying computer graphs of the
maximum and minimum principal stresses vs gage location. If an exces-
sively steep gradient was found to occur at a gage where part of the data
had been rejected, the plot was compared with those of other cases for

which similar stresses could be expected. The curve was then adjusted
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if necessary. These comparisons were based on certain similarities in
loading and symmetries in the test setup, which could be exploited in
predicting trends of the stress plots and identifying questionable data
points,

In this series of tests the transverse forces were applied to the
branch and the run at distances of either 77.0 in. or 173.0 in. (see
Table 2.1) from the center of the tee. 1If it is conservatively assumed
that the maximum nominal shear stress is equal to twice the applied shear
force divided by the cross-sectional area, then the ratio of the maximum
nominal bending stress to the maximum nominal shear stress will range
from about 6.5 on the T-16 run or branch to about 34.0 on the branch of
T-12. The factor of 2 comes from thin shell theory and represents the
highest shear stress solution for a beam with a circular cross section.
Furthermore, according to the usual assumptions of beam theory the shear
stress will be zero at the point of maximum bending stress. Therefore,
the stresses due to F2Y and M2Z should be very similar, and the maximum
principal stress in each case should be due primarily to bending. The
same holds for F2Z and M2Y, and for F3Z and M3X. (Recall that M3Z does
not have an equivalent transverse load since F3X was not run.)

The test models were symmetric about the plane formed by the inter-
section of the axes of the run and the branch (the longitudinal plane).
There was also geometric symmetry about the plane perpendicular to the
run containing the branch axis (the transverse plane). Since the —X end
of the run was fixed while the 4X end was free, the boundary conditions
are not symmetric about this plane. However, these ends were suffi-
ciently removed from the tee that the effect of end constraint can be ex-
pected to be negligible in the region of the tee. Thus, the elastic re-
sponse of each model to internal pressure and to loads applied at the
free end of the run should be similar for the two opposing quadrants on
which the strain gages were placed. loads on the branch end, however,
cannot be expected to give similar responses in opposing quadrants be-
cause there was no reaction at the free end and the symmetry breaks down.

The results of the final strain gage data screening are given in
Appendix VI, Table VI.l1 in terms of principal stress for the maximum

loads given in Table 2,2, A total of 317 stress values was adjusted, or
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about 2.5% of the 12,864 solutions which were obtained. Of the stresses
that were adjusted, 283 (89%) were on the inside surface, reflecting the
greater difficulty of installing strain gages on the inside of the tee.
Rosettes located on the welds accounted for 106 adjusted values or 33% of
the total. Since only about 17% of the gages were located on welds, this
indicates the difficulty involved in instrumenting the welds.

For T-13 all three of the gages in the rosette located on the inside
of the run pipe-to-tee weld for rows 5 and 6 failed to give readings.
For some of the load cases the analysts felt that it was possible to as-
sign a plausible value to the stresses which would occur at those points.
However, for the M3Y, M3Z, and M2Y loadings the recorded values were
simply left at zero. On T-12, gage line 6 on the outside surface of the
top gquadrant (+X, +Y, +Z) had so many faulty data points for the F2Z
loading that no basis for comparison or adjustment could be established,
and the stresses were simply reported as they were recorded. None of the

intermediate crotch line gages on T-12 or T-16 required adjustment.

3.2 Presentation and Discussion of Strain-Gage Data

The strain-gage data are presented in Appendixes V—VII for two dif~
ferent stages of reduction. Appendix V gives tabulations of the LINDA
output, The data in that appendix have not been screened by the proce-
dure of Sect. 3.1.2. Appendixes VI and VII contain computer plots and
tabulations, respectively, of the screened and adjusted data. The LINDA
output in Appendix V is based on calculations using E = 30.0 x 10® psi.
In Appendix VI the normalized stress intensities for T-16 have been
scaled by the factor 28.3/30.0 to correct for the lower Young's modulus
of stainless steel.

During the course of this test series the data reduction subroutine
NOSEY was updated several times, The data in Appendixes V—VII and Table
2.3 of Sect. 2.3 represent the output from several different revisions.
Therefore, there are some minor inconsistencies due to small variations
in the diagnostic parameters used in NOSEY at different stages of the

program's development.
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The tabulations given in Appendix V also include stress and strain
results for the seven rosettes located on each model on the side opposite
the branch. These gages are not located in regions of high stress con-
centration, and the data they supplied were considered of less importance
than that obtained from the other gages. These additional data points
were not screened in the manner described in Sect. 3.1.2 and, therefore,
are not included in Appendixes VI and VII,

The data given in Appendixes VI and VII have been checked and ad-
justed. These appendixes include a summary of the adjustments, tabula-
tions of normalized stress intensities for each loading, and contour
plots of the stress intensities for each quadrant of each of the tees,
The adjusted data points are flagged in the tabulations, and the maximum
value for each load case has been circled. In general, it may be ob-
served that none of the stress patterns are exactly symmetrical, due in
large part to small variations in the tee geometry. The stainless steel
tee T-~16 was perhaps more symmetric than the carbon steel tees, although
it had a significant amount of draw—-down at the pipe-to-tee welds. For
T-16 we have therefore identified two maximum stress values, one for the
body and one for the welds.

It may also be observed that the maximum stress from internal pres-
sure occurred on the inside surface at the crotch in the longitudinal
plane (gage row 1) for all five tees. For the three full outlet tees the
maximum stresses from the bending loads generally occurred in the crotch
region near, but not always in the transverse plane, although there were
several loading cases where the maximum stress occurred at the run pipe-
to-tee weld. For the two reducing tees, the maximum stresses from the
bending loads tended to occur in the branch near the crotch in either the
longitudinal or transverse planes, although again there were several load-
ing cases where the maximum stress occurred at the welds. The maximum
stress from torsion on the run for the two reduced outlet tees occurred
on the inside surface at about 45° on the branch.

Table 3.1 gives a summary of the locations (by gage number) and mag-
nitudes of the maximum normalized stress intensities (i.e., experimental
stress indices) for each of the 12 loadings on all 5 tees. The same in-

formation is shown schematically in Figs. 3.1-3.5 for each of the five
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Table 3.1. Location and value of maximum experimental stress indices

a
Internal Branch
pressure - e o
Tee load In-plane Out-of-plane Qut-of-plane Torsion Axial
P moment moment force M3Y force
M3Z M3X F3Z F3Y
T-10 cage?  I-1RS-E I-2R2-E 0-2R2-F 0-2R2-F 0-2R2-F 0~-2R3-L¢
St 2.908 3.796 3.661 3.493 3.599 6.576
11 Gage I-2R5~E 0~2R5-G 0-2R3-E 0-2R2-E 0-2R2-E 1-2R1-L¢
SI 3.694 2.130 2,255 2.240 2.116 6.404
T-12 Gage I-2R6-C 0-2R6-B 0-1R1-D 0-1R1-D 0~1R5-A 0~2R1-D
SI 2.390 1.272 2.017 1.811 1.144 3.720
-13 Gage I-2R6-C 0~-1R6~B 0~2R1-C 0-2R1-C 0-1R6~B 0-1R6-C
SI 2.425 1.594 1.355 1.163 1.131 2.338
_ Gage  I~1R6-D  I-2RZ-E 1-2CR-23° I-CR2-23% 0-CR2-12%  1-2CR-23°
T-16 (on tee) o 2.212 3.043 3.211 3,298 3,239 3.067
_ Gage I-2R5-A 0-2R3-L O-1R1-A 0-1R1-A 0-2R1-L 0-1R1-A
T-16 (on weld) o 1.985 3.158 5,100 4.198 2.859 7.400
Runa
In-plane In~plane Out-of-plane Out-of-plane Torsion Axial
moment force moment force M2X force
M2z F2Y M2Y F22 F2X
T-10 Gage 1-1R1-D 1-2R1-C 0-2R1-L° 0~2R1-L¢ I~2R2-D 1-2R1~C
SI 3.102 3.074 1.604 1.955 3.573 4.389
-11 Gage I-2R1-C I-1R1-C 0-2R2-L¢ 0-2R2-L¢ 0-2R5~G 0-2R2-L
SI 1.809 1.814 1.190 1.319 1.860 1.699
T-12 Gage  I-2R1-D  I-2RI-D 0-2R4-D° 0-2R4-D° I-1R3-C I-2R1-D
ST 2.350 2.290 1.051 1.179 1.688 2.277
13 Gage I-2R1-C I-1R1-C 0-1R4-D¢ 0~1R4-DC I-1R3~C I-1R1-D
SI 2.051 2.137 1.221 . 1.236 1.584 2.381
T-16 (on tee) Gage I-2R1-D 1-2R1-D I-2R1-D 0-2R2-F 1-2R2-D 1-2R1-D
on te SI 2.516 2.536 1.078 1.320 3.424 3.631
_ Gage 0-2R2-L 0-2R2-L 0-2R2-L 0-2R1-L 0~2R3-L 0-2R2-L
T-16 (on weld) o 3.011 3.174 1.927 2.379 2.562 4.794

See Fig. 2.1 for load direction convention.
Gage = location of rosette where maximum stress intensity occurred.

Located on pipe-to-tee weld.

ISV SN g~

SI = maximum normalized stress intensity, that is, experimental stress index.

Y

Located at intermediate crotch line position.

tees. The normalizing loads are given in Table 3.2. The figures show
that the maximum stresses from the different loadings do not generally
occur at the same locations. For some loadings (e.g., internal pressure
and out-of-plane bending) the maximum stress locations were widely sepa-
rated.

Table 3.1 is arranged so that results from the bending moment and

corresponding transverse force loadings (e.g., M3Z and F3X) can be easily
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O GAGE LOCATION

g » MAXIMUM FOR LOAD CASEn

LOAD LOAD STRESS
NO. NAME QUADRANT" INDEX
1 M3X 2 3.66
2 M3Y 2 3.60
3 M3z 4 3.80
5 F3Y 2 6.568
6 F3z 2 3.49
7 M2X 4 3.57
8 M2Y 2 1.60
9 M2z 4 3.10
10 F2X 4 4.39
11 F2Yy 4 3.07
12 F2z 2 1.96
13 PRES 3 2.91
*1=TOP OUTSIDE
2 =BOTTOM QUTSIDE
3 =TOP INSIDE
4 = BOTTOM INSIDE

Fig. 3.1. Location and magnitude of experimental stress indices
for T-10.

8%
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[ n MAXIMUM FOR LOAD CASE n

LOAD LOAD STRESS
NO. NAME QUADRANT” INDEX
1 M3X 2 2.26
2 M3Y 2 2.12
3 M3z 2 213
5 F3Y 4 6.40
6 F3z 2 2.24
7 M2X 2 1.86
8 M2y 2 1.19
9 M2z 4 1.81
10 F2X 4 2.78
11 F2Y 3 1.81
12 F2z 2 1.32
13 PRES 4 3.69
*1=TOP OUTSIDE
2=BOTTOM QUTSIDE
3 =TOP INSIDE
4 =BOTTOM INSIDE

Fig. 3.2. Location and magnitude of experimental stress indices

for T-11.

6%



Fig. 3.3.
for T-12.

O GAGE LOCATION

ORNL—DWG 846270 ETD

O n MAXIMUM FOR LOAD CASE n

LOAD LOAD STRESS
NO. NAME QUADRANT” INDEX
1 M3X 1 2.02
2 M3Y 1 1.14
3 M3Z 2 1.27
5 F3Y 2 3.72
6 F3Z 1 1.81
7 M2X 3 1.69
8 M2y 2 1.05
9 M2z 4 2.35
10 F2X 4 2.28
IN F2Yy 4 2.29
12 F2z 2 1.18
13 PRES 4 2.39
"1 =TOP QUTSIDE
2 =BOTTOM OUTSIDE
3=TOP INSIDE
4 =BOTTOM INSIDE

Location and magnitude of experimental stress indices

0s
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O GAGE LOCATION

[3 n MAXIMUM FOR LOAD CASE n

LOAD LOAD STRESS
NO. NAME QUADRANT™ INDEX
1 M3X 2 1.36
2 M3Y 1 1.13
3 M3z 1 1.59
5 F3Y 1 2.34
6 F3z 2 1.16
7 M2X 3 1.58
8 M2y 1 1.22
9 mM2Z 4 2,05
10 F2X 3 2.38
11 F2Y 3 2.14
12 F22 1 1.24
13 PRES 4 2.43
*1=TOP QUTSIDE
2=BOTTOM OUTSIDE
3 =TOP INSIDE
4 =BOTTOM INSIDE

Fig. 3.4, Location and magnitude of experimental stress indices
for T-13.

16
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O GAGE LOCATION

O n»MAXIMUM FOR LOAD CASE n

LOAD LOAD STRESS
NO. NAME QUADRANT™ INDEX
1 M3X 4 3.40
2 M3Y 4 3.43
3 M3z 4 3.23
5 F3Y 4 3.25
6 F3z 4 3.50
7 M2X 4 3.63
8 M2y 4 1.14
9 M2z 4 2.67
10 F2Xx 4 3.85
" F2y 4 2.69
12 F2z2 2 1.40
13 PRES 3 235
*1=TOP QUTSIDE
2 =BOTTOM OUTSIDE
3 =TOP INSIDE
4 = BOTTOM INSIDE

Fig. 3.5. Location and magnitude of experimental stress indices
for T-l16.
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Table 3.2. Normalizing loads for elastic-response data?

Moment Transverse Axial Moment Transverse Axial
Tee on force on force on on force on force on Pressure
branch branch branch run run run (psi)

(in.-1b) (1b) (1b) (in.-1b) (1b) (1b)
T-10 285,000 1,647 50, 300 285,000 1,647 50, 300 57.25
T-11 788,300 4,557 159,400 788,300 4,557 159,400 195,25
T-12 29,900 389 11,910 285,000 1,647 50, 300 57.25
T-13 74,200 964 34,000 788,300 4,557 159,400 195.25
T-16 109,700 1,424 18,650 109,700 634b 18,650 28.83

1,424

aSee Sect., 3.1.1 for nominal stress relations.

bFZY (nom) = 634 1b F2Z (nom) = 1424 1h,

139
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compared to verify that the maximum stresses for each pair are approxi-
mately equal for all five tees. The largest difference in such a pair
was for the in-plane bending on the run (M2X and F2Y) of T-16., In this
case the maximum stress intensities differed by about 18% on the body of
the tee and did not occur at the same location. The maximum stresses at
the weld differed by about 197%. As pointed out earlier, the ratio of the
hending stress to the shear stress 1s smaller for T-16 than for the other
models and thus results from pure bending and transverse force loadings
for T-16 should differ more than for other tees. Of the remaining 19
pairs of pure moment and transverse force loadings, 13 gave maximum
stresses within 157 of each other.

The above differences are due to at least three factors. First,
even though the effect of transverse shear is small, it is not negligible
and an influence of a few percent may be expected. Second, the nominal
bending stress for the applied transverse force was calculated using a
moment arm equal in length to the distance from the intersection of the
pipe and run axes to the point of load application., This will introduce
some errors, since the maximum bending will not always occur at this
point. Third, errors may be caused by faulty data that survived all the
screening procedures.

Because the maximum stress intensities given in this section are
normalized in the same fashion as the stress indices given in Table NB-
3681(a)-1 of the ASME Code, a direct comparison of the two can be made.
It must be emphasized, however, that the Code indices are intended to
represent maximum stress intensities resulting from any admissible com-
bination of loadings. Thus, firm conclusions regarding the adequacy of
the Code stress indices cannot be made until the experimental data are
studied in the proper context., A separate report on that subject is

being prepared.

3.3 Representative Data for Pressure Loads

For those readers who may not have ready access to a microfiche
reader or who may not be interested in all the strain-gage data given in

the appendixes, a portion of the data for the internal pressure loading
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case has been abstracted for full-size presentation and further discus-—
sions. Normalized values for the stress intensity determined for each
gage site in each of the two quadrants for both inside and outside sur-
faces are listed in Tables 3.3—3.7. Computer generated contour plots for
one surface of each tee are shown in Figs. 3.6-3.10.

The data in Tables 3.3-3.7 are arranged in four sets, one set for
each quadrant surface, and the maximum value in each set is circled. The
largest of those, along with the identifying gage number, was given
earlier in Table 3.1. A few of the values given in the tables have been
adjusted, as discussed in Sect. 3.1, and are identified by a solid tri-
angle (4). Values for the stress intensities for all the gage sites,
together with the XYZ coordinate location data given in Appendix III,
should provide valuable sets of experimental benchmark data for compari-

son with analytical solutions and/or photoelastic model studies.

3.4 Flexibility Factors

Flexibility factors are numbers used to modify the force-displace-
ment and/or moment-rotation relationships of the idealized "stiff line"
strength-of -materials analytical models used in piping system design to
calculate the force and moment distributions. In general, different
flexibility factors will be used for each type of piping system compo-
nent, just as different stress indices are used for the different com-
ponents. Whether or not a specific flexibility factor is actually de-
fined depends, however, on whether the component deforms substantially
more or less than predicted by the piping system design model., Elbows,
for example, might be modeled as a right—-angle intersection of two
straight beams, or as a single curved beam. In either case the displace-
ments and rotations of one end of the elbow with respect to the other end
will be substantially greater than predicted. Flexibility factors are
therefore used to correct for the deficiencies of the design model.

In present-day piping system analyses, flexibility factors are only
used to modify the moment-rotation relationships, and it is usually as-

sumed that the force—-displacement relationships of the strength-of-



Table 3.3.

Normalized stress intensities for T-10 with internal pressure

Stress intensity on top outside surface

Stress intensity on top inside surface

Gage Gage
Row 1 Row 2 Row 3 Row & Row 5 Row 1 Row 2 Row 3 Row 4 Row 5
A 1.5021 1.0386 0.5836 0.6694 0.7934 A 0.1707 0.6496 1.3198 1.5105 1.7775
B 1.4868 1.0249 0,7005 0.6667 0.6333 B 0.4351 0.5619 1.5190 1.8494 2.0851
C 1.4252 1.2307 00,8485 0.8059 0.7208 C 0.2981  0.4755 1.7112 2.2138  2.4320
D 1.4539  0.7907 0.7797 0.8904 D 0.1097  0.4331 1.6978 2.,4735 22,7899
E 1.6314 1.6367 0.8056 0.8881 1,0692 E 0.1424  0.5713  1.4864  2,4850
F 1.1375 1.7185 0.8899 0.7688 0.8667 F 0.4318  0.6415 1.2575  2.4409  2.5917
G 1.1383 1.5976 0.9174 0.7636 0.8185 G 0.4919  0.5025 1.3853  2.1900 2,4521
H 1.2487 1.2655 0.9113  0.6881 1.0141 H 0.6448 0.,1777 1.4500 1,7089  2.0034
J 1.2610 1.2167 0.8934 0,9757 1.2069 J 0.6196 (0.4141 1.4224 1.5172  1.6445
X 1.1519 1.1599  0.8200 0.0 0.0 K 0.4806  0.5753 1.3942 0.0 0.0
L 1.2622 0.9879 0.7968 0.0 0.0 L 0.39124 0.9376 1.3390 0.0 0.0
Stress intensity on bhottom outside surface Stress intensity on bottom inside surface
Gage Gage
Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 Row 3 Row 4 Row 5
A 1.6382 1.1196  0.6777 0,7287 0.8295 A 0.2172  0.8074 1.9879 1.5899 1.87024
B 1.,7451 1.0466  0.6174 0.6523  0.8094 B 0.2835  0.8183 1.6478  1.8690  2.1564%
C 1.7486 1.2369 0,7114 0,7156  0.9275 C 0.4020 0.8394 1.8559 2.2504  2.2554
D 1.7839 1.5115 0.7269  0.8059 0.9702 D 0.4194  0.6491 1,7270% 2.4829  2,53814
E 1.5690  1,7295 0.8788 0.8599 1.1714 E 0.0421  0.4823  1.6793% 2,.6130
F 1.1509 Nn.9185 0.8706 1.0290 F 0.4750  0.5686  1.5298 2.5088  2.4366
G 1.1111 1.6415 0.9027 0.8876 1.0707 G 0.4929  0.4529 1.6120  2,0753 2.,25184
H 1.2081 1.4235 0.9267 0.7806 1.1510 H 0.5763 0.2202 1.5853  1.4971% 1.7247
J 1.1267 1.3352  0,9170 1.1214 1.2566 J 0.5602  0.3467 1.4360  1.2223% 1,48858
K 1.0393 1.1895 0.8431 0.0 0.0 K 0.3700 0.6847 1.3690 0.0 0.0
L 1.1547  0.9950 0.8672 0.0 0.0 L 0.6020 0,9293 1.2589 0.0 0.0
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Table 3.4,

Normalized stress intensities for T-11 with internal pressure

Stress intensity on top outside surface

Stress intensity on top inside surface

Gage Gage

Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 Row 3 Row 4 Row 5
A 1.0120 0.9494 0,7414 0.5971 0.5214 A 0.6915 0.9661 1.4421 1.8272 2.26984
B 1.0753 1.0114 0.8079 0.5918 0.4853 B 0.6075 0.6964 1.5648 2.0405 2.3596
C 1.1068 1.2335  0.9006 0.5825 0.4717 C 0.5130 0.5822 1.5910 2.4295 2.7876
D 1.4204 1.3410  0,9965 0.5534  0.4961 D 0.4198 0.5044 1.3544 2.6130 3.1747
E 1.3064 1.0186 0.5421 0.4659 E 0.3674 0.2736 0.9842 2.5947
F 1.1098 1.4297 1.0785 0.5825 0.5254 F 0.4393% 0.1862 0.7865 2,6037 2.9555
G 1.0152 1.4207 1.0444 0,.6068 00,6076 G 0.5003% 0,1995 0,9018 2.3741 2.6871
H 0.9698 1.3675 1,0309 0.6081 0.5060 H 0.5485 0.1824 1.1283 1.9948 2.1654
J 0.9483 1.1914  0.9527 0.6476  0,5295 J 0.5817 0.5264 1.4191 1.7719 1.8750
K 0.8619 1.0393 0.8373 0.0 0.0 X 0.8158 0.8085 1.4262 0.0 0.0
L 1.0176  0.9572 0.7575 0.0 0.0 L 0.8516 0.9100 1.4433 0.0 0.0

Stress intensity on bottom outside surface Stress intensity on bottom inside surface
Gage Gage

Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 Row 3 Row 4 Row 5
A 1.0777 0.9300 N,6868 0.5528 0.5038 A 0.6834% 0.9574 1.5001 1.8991 2.1011
B 1.0604 1.0203  0.7727 0.5692  0.4826 B 0.6224% 0.9371 1.5759 2.2167 2.2902
C 1.1134 1.1259  0.8795 0.6157 0.4290 C 0.5128 0.8116 1.6071 2.4436 2.75794
D 1.4294 1.3114  0.9727 0.5415 0.3814 D 0.3963  0.5085 1.4298 2.6306 3.2237
E 1.2876 1.4761 1.1711 0.5768 0.3840 E 0.36614 0.3120 1.0754 2.5412
F 1.0606 1.1026 0.6088  0.4240 F 0.3316 0,2188 0.7681 2.5547 3.61214
G 1.0156 1.4428 1.0830 0.6260 00,5439 G 0.3051* 0.2600 0.8678 2.3905 2.7117
H 1.0156 1.3340 1.0537 0.5680  0.4551 H 0.3173% 0.2070 1.0432 2,0591 2.1696

0.9476 1.1447 1.0037 0.5738 0.4897 J 0.4393% 0.4778 1.3994 1.8556 1.9034
X 0.8459 1.0243  0.8558 0.0 0.0 K 0.5613* 0.7113 1.4162 0.0 0.0
L 0.9982 0.9929 0.7921 0.0 0.0 L 0.6834% 0.8041 1.5099 0.0 0.0
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Table 3.5. Normalized stress intensities for T-12 with internal pressure

Stress intensity on top outside surface Stress intensity on top inside surface
Gage Gage
Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 1 Row 2 Row 3 Row 4 Row 5 Row 6
A 1,1703 0.7997 0.8555 1.1175 1.0012 0.9485 A 0.7172 0.8771 0.9939 1.3529 1.,0508 0.9951
B 1.1570 0.9045 0.7143  0.6974  0.6987 0.7834 B 0.4843  0,8562 1.1923 0.6945 1.4651 2.0142a
[o 1,0032 0.9602 0.8497 0.7740 0,9285 1.0335 C 0.5482 0.8105 1.5631 0.7439 2.1386
D 1.1244 1.2365 1.1405 1.0315 1.0772 1.0977 D 0.5035 0.7915 1.3785 0.9028 1.9819 2.0905
E "1.3546 1.3231 0.0 1.0551 1.0144 E 0.5541 0.7400 1.0807 0.0 1.5697 1.6008
F 1.0077 1.2853  0.9227 0.0 0.6835 0.5773 F 0.4213  0.3417 0.7174 0.0 1.0189 1.1246
G n,8178 1.0157 0.8640 0.0 0.5862 0,4641 G 0.6554  0,5920 0.5265 0.0 0,.8618 0.8909
H 0.6414 0.8298 0.8323 0.0 0.6466  0.4841 H 0.8314 0,6940 0.6390 0.0 0.7879 0.7883
J 0.3888 0.5817 0.7191 0.0 0.7128 0.6494 J 1.0589 0,9439 0.7681 0.0 0.8723 0.8229
K 0.2649 0,4201 0.5277 0.0 0.9172 0.9482 X 1.1771 1.1417 0.9534 0.0 1.0476 0.9693
Intensities at crotch line gages Intensities at crotch line gages
Gage 12 Gage 23 Gage 56 Gage 12 Gage 23 Gage 56
1,4632 1.4073 0.9704 0.5563 0.8797 1.7464
Stress intensity on bottom outside surface Stress intensity on bottom inside surface
Gage Gage
Row 1 Row 2 Row 3 Row &4 Row 5 Row 6 Row 1 Row 2 Row 3 Row & Row 5 Row 6
A 1.2163 0.8451 0.8037 1.2272  0.9889 0.7976 A 0.6822 0.9587 1.0614 1.2819 1.0164 0.9947
B 1.1571 0.9335 0,7174 0.6588 0.7575 0.7616 B 0.6168 0.8876 1.2757 0.7885 1.5156 1.6279
C 1.0893 1.0279 0.8580 0.6749 1.0088 0.9452 [ 0.6088 0.9443 1.5691 0.7711 2,1032 2.3902
D 1.2196 1.3609 1.2909 0.9621 1.0812 0.9931 D 0,5547 0.8553 1.4049 1.0662 1.9931 2.2907
E 1.3630 1.2314 0.0 1.0815  0.9554 E 0.5564 0.7535 1.0432 0.0 1.5243  1.6305
F 0.9481 1.2007 0.8377 0.0 0.6998 0.5905 F 0.4056 0,4928 0.7869 0.0 1.0358 1.1331
G 0.6853 0.8696 0.7576 0.0 0.5803 0.4842 G 0,7830 0.7699 0.6736 0.0 0.8445 0.9347
H 0.5011 0.7177 0.6980 0.0 0.5657 0.5149 H 0.9517 0.8624 0.7224 0.0 0.7521 0.8273
J 0.3126 0.4462  0.5757 0.0 0.6858 0.6663 J 1.15454 1,1366 0,.8951 0.0 0.8730 0.8144
K 0.1861 0.2387 0.3711 0.0 0.8322 0.8282 K 1.2977 1.3413 1.1604 0.0 0.9629 0.9209
Intensities at crotch line gages Intensities at crotch line gages
Gage 12 Gage 23  Gage 56 Gage 12 Gage 23  Gage 56

1.4808 1.4078 1.0344 0.5330 0.9474 1.5098
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Table 3.6.

Normalized stress intensities for T-13 with internal pressure

Stress intensity on top outside surface

Stress iIntensity on top inside surface

Gage Gage
Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 1 Row 2 Row 3 Row 4 Row 5 Row 6
A 0.9159 0.9381 0.6822 0.9332 0.5709 0.5836 A 1.0326 1.1228 1.3807% 1.3982 1.9550 1.58994
B 1.0146 1.1091 0,7479 0.6608 0.6789 0,7109 B 0.8769 1,0978 1.5927 1.0447 1.9091 1,9854
C 1.1194  1.1472  0.8167 0.6618 0.6763 0.7316 o 0.6314 0.82288 11,6261 1.1483  2.2279
D 1.1255 1.0001 0.7303 0.8246 0,7748 D 0.3241 0.6938 1.4455 1.17154 1.7801 1.,9813
E 0.9650 1.1374  0.9641 0.0 0.8231 00,7684 E 0.3377 0.6647 1.2366 0.0 1.3022 1.3394
F 0.7166. 0.,9092 0.7466 0.0 0.6853  0.6381 F 0.5602  0.6244 1.0552 0.0 1.1337 1.2426
G 0,6003 0,7179 0.6693 0.0 0.6407 0.6333 G 0.9502 0.9685 0.9873 0.0 1.1638 1.1567
H 0.4601  0.5551 0,.6479 0.0 0.6338 0.6165 H 1.1696 1.1795 1.1543 0.0 1.13664 11,1394
J 0.3584  0,4495 0.5587 0.0 0.6667 0.6151 J 1.2698 1.2135 1.2127 0.0 1.1582 1.1237
K 0.2972 0.3724 0.4996 0.0 0.6716 00,7398 K 1.3926 1.4051 1.2986 0.0 1.1366% 1,17154
Stress intensity on hottom outside surface Stress intensity on bottom inside surface
Gage Gage p
Row 1 Row 2 Row 3 Row 4 Row 5 Row 6 Row 1 Row 2 Row 3 Row 4 Row 5 Row 6
A 0.8817 0.8353 0.6695 0.9185 0.6798 0,5940 A 1.31106 1,31106 11,3601 1.4125 1.79914  1,6374
B 0.9941 0.9135 0,7239 0.7016 0.6704 0.6896 B 0.9637 1.1023 1.5258 1.1061 1.9100 1.9842
C 1.0783 0,9916 0.8129 0.6266 0.6978 0.6826 C 0.6317  0.9434 1.6412 1.1503  2.2153
D 1.0706 1.0923) 0,9273 0.6752 0.R261 0.7484 D 0.48608 0.6420 1.4296 1.1848 1.9161 1.6917
E 0.9543 1.0801 1.0054 0,0 0.8289 0,7467 E 0,3724  0.7355 1.1640 0.0 1.2795 1.38074
F 0.6655 0.8547 0.,7684 0.0 0.7077  0.6448 F 0.5175  0.6863 1.0481 0.0 1.2288 1.,2782
G 0.5566  0,A910  0.6892 0.0 0.6316  0,6042 G 0.9585 0.9420 0.9795 0.0 1.1385 1.1994
H 0.4303  N.5475 0,5955 0.0 0.6206 0.6374 H 1.2486 1.1258 1.0919 0.0 1.1154 1.1314
0.3056  0.4321 0.5317 0.0 0.6695 0,7320 J 1.3508 1.2914 1.2055 0.0 1.1080 1.17154
K 0,3023  0.,3238 0.4422 0.0 0.6768 0.6697 1.3431 1.2694 1.1589 0,0 1.1440 1.1307
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Table 3.7.
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Normalized stress intensities for T-16 with internal pressure

Stress intensity on top outside surface

Stress intensity on top inside surface

Gage Gage
Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 Row 3 Row 4 Row 5
A 1.4150 0.8194 0,5664 0.5980 0.5406 A 1,2713 1,12856 1.1647 1.0821 1.6409
B 0.8610 0.4076 0.3891 0,3911 B 0.5521* 0.8571 1.1677 1.1891 1.7856
c 1.2458 1.0206  0,4347  0.4137 0,.5606 C 0,8458 0,5303 1.2432 1.5511 2.0200
D 1.1461  0.9984 0,4142 0.6814  0.8540 D 0.4361 0.2379 1.4309 1.6998
E 1.3994 1.0563 0.,5183 0.,9576 0.9780 E 0.2349 0.4380 1.2568 1.7068 2.2834
F 0.7021 1,2565 0,5320 0.6939 0.7473 F 0.3598 0.7734 1.0956  1.6197 1.8926
G 0.9169 1.1162 0.5648 0.6315 0.6261 G 0.3612  0.5048 1.2129 1.3788 1.5933
H 1.1903 1.0634 0,6100 0.5888  0.6888 H 0.6403  0.0466 1.1825 1.1771 1.1546%
J 1,1405 0.7989  0.6595 1.1011 1.7601 J 0.8028  0.4951 1.0345 0,9355 0.8872%
K 0.9941 0.6610 0,6847 0.0 0.0 K 0.3848 0.8008 0.899% 0.0 0.0
L 1.1363  0.9490 0.6199 0.0 0.0 L 0.7333 1.2138 0.8027 0.0 0.0
Intensities at crotch line gages Intensities at crotch line gages
Gage 12 Gage 23 Gage 34 Gage 45 Gage 12 Gage 23 Gage 34 Gage 45
1.3869 0.8836 0.7136 0.6582 0.8928 0.2477 1.4856 1.8460
Stress intensity on bottom outside surface Stress intensity on bottom inside surface
Gage Gage
Row 1 Row 2 Row 3 Row 4 Row 5 Row 1 Row 2 Row 3 Row 4 Row 5
A 1.0677 0.9121 0.8542 0.5919 A 0.6942  1.0147  1.1947  1.1486
B 1.6503  0.7353 0.3780 0,4992 0.4092 B 0.1072  0.9795 1.1033 1.1869 1.7648
C 1.4651 0.8184 0.4143 0,5831 0,6401 c 0.6173  0.9953 1.1721 1.5483 1.7474
] 1.3833 0.8986 0.4791 0.7350 0.9631 D 0.5875 0.6544 1.5355 1.8623 1.9545
E 1.3683 0.9715 0.5746 0,7180 0.9735 E 0.1517  0.2758 1.3265 1.8526  2.0477
F 0.8565 1.0980 0.5698 0,7273  0,7455 F 0.4913% 0,3970 1.2590 1.8551 2.0205
G 0.9455 0.9999 0,5470 0.5351 0.5323 G 0.59034% 0.2799 1.1667% 1,5671 1.7106
H 1.1079  0.9166 0.5174 0.4262  0,4895 H 0.6890 0,2410 1,0761 1.1800 1.4435
J 1.0041 0.7338 0.5398 1.4519 1.9352 J 0.5825 0.5386 0.8860 1.1310 1.3483
K 0.7808 0.6876 0.6617 0.0 0.0 K 0.3474 0.7153* 0.8962 0.0 0.0
L 0.8417 1.1222 0.8175 0.0 0.0 L 0.6920 0.9915 0.8829 0,0 0.0
Intensities at crotch line gages Intensities at crotch line gages
Gage 12 Gage 23 Gage 34  Gage 45 Gage 12 Gage 23  Gage 34 Gage 45
0.3423 0.2006 0.1738 0.5427 0.5978 0.7125 1,3248 0.8392
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Fig. 3.6. Internal pressure stress index contour plot for quadrant 1
inside surface of T-10.
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Fig. 3.7. Internal pressure stress index contour plot for quadrant 1
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materials model are sufficiently accurate for design purposes. Flexibil-
ity factors are also defined only for the average rotation of one end of
the component with respect to the other end. Information about warping
of planes perpendicular to the centerline(s) of the component or the ro-
tations of planes between the component ends are therefore not given by
flexibility factors.

Flexibility factors are defined in terms of the three orthogonal
components of the end-planme rotations (relative to a reference end) that
might be caused by any one of the orthogonal set of equilibrium moment
loads that might be applied. For two-ended components such as elbows,
reducers, and segments of straight pipe, one can therefore define as many
as nine flexibility factors — one for each of the three components of the
end-plane rotation that might be caused by each of the three end-plane
moment components, for example, in-plane, out-of-plane, and torsion. For
three—ended components, such as tees and branch connections, one can de-
fine 36 flexibility factors; there are 6 sets of static equilibrium mo-
ments and 3 orthogonal rotations for each of 2 end-planes relative to the
reference end.

These potential flexibility factors are defined as the ratio of the
rotation 6 of the i end-plane about the j axis due to the end-plane mo-
ment M‘le acting on the £ end in the m direction to the corresponding

nominal rotation enom, by the relatively simple expression

9,. i=2,3,...,n j = x,¥,2
ijfm
ijem "0, ’ (3.1)
nom” ijfim £ =2,3,.0.,m m = X,y,2

where n is the number of component ends with i,f = 1 representing the
reference end. In this form the flexibility factors are nondimensional
scalars in the same sense that stress indices are nondimensional. In the
same manner it is also important to explicitly define the normalizing
term (6 )

nom” ij2m
model that will be used in the piping system analysis.,

from a strength-of -materials analysis of the component

Fortunately, many of the flexibility factors defined by Eq. (3.1)

are so close to 0.0 or 1.0 that they can be ignored in design.
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Generally, if the component is symmetric, then

kijlm =0;j+*m,
(3.2)

]
=]

#0 3 3

b]

because one would not expect a given moment component Mzm to produce end-
plane rotations in directions perpendicular to the direction of the mo-
ment., The flexibility factors kijlm; J = m are called primary, and the
others are called secondary,

For two-ended symmetric piping components, Eqs. (3.1) and (3.2) with
n=2=1 =4 give nine flexibility factors, six of which are zero, that

is,

2X2X

(3.3)

k
kojom = |0 kovay
0 0 2222

for the three moment components Mlm =M, , M M2z’ and the associated

2X 2y?

rotations erZm'
One or more of the flexibility factors given by Eq. (3.3) will equal
1.0, 1f the end-planes of the piping component actually rotate as pre-
dicted by the strength-of-materials model. All three equal 1,0 for a
span of straight pipe that is longer than ~3 pipe diameters when the pipe
is modeled as a cylindrical beam. For a 90° elbow that is modeled as a
curved beam, the flexibility factor for the torsional rotation of the end
caused by the torsional component of the end-moment is usually taken as
1.0. The other two, for in-plane and out-of-plane moments, are different
from 1.0 and have been determined experimentally and/or analytically by a
number of authors.
For three-ended components, such as ANSI B16.9 tees, Eq. (3.1) with
n = 3 gives 36 flexibility factors, 24 of which are probably zero [Eq.
(3.2)]. The 12 primary flexibility factors with i, = 2,3 and j = m = 2,3
are listed in Table 3.8 along with the associated end-plane rotations and
moment loads shown schematically in Fig. 3.11.
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Table 3.8. Flexibility factors for
three-ended piping components

End moment loads Mzm

End~plane
rotations
MZX M2y MZz Msx M3y M3z
erlm k2x2x 0 0 k2x3x 0 0
eZylm 0 k2y2y 0 0 k2y3y 0
e2z2m 0 0 k2zZz 0 0 k2zsz
e3x2m k3x2x 0 0 k3x3x 0 0
e3y2m 0 k3y2y 0 0 k3y3y 0
e3z£m 0 0 k3zZz 0 0 k323z
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Fig. 3.11. End-plane rotations for moment loading flexibility

factors.
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As noted earlier, the determination and use of flexibility factors
for piping system design requires a commonly accepted strength-of-
materials flexibility analysis model. Prior to about 1975 the ASME Code
defined the flexibility model for ANSI Bl16.9 tees in Class 1 piping as
follows [NB-3687.4]):

«ss the load displacement relationships shall be obtained by

assuming that the run pipe and branch pipe extend to the in-

tersection of the run pipe center line with the branch pipe

center line. The imaginary junction is to be assumed to be
rigid.

NB-3687.4 was subsequently revised by changing the last sentence to read:

The imaginary junction is to be assumed rigid, and the imagi-

nary length of branch pipe from the juncture to the run pipe

surface is also to be assumed as rigid.

Changing that sentence changes the flexibility model from the one shown
in Fig. 3.12(a) to the one shown in Fig. 3.12(b). Because the Code does
not specify the associated flexibility factors, we may assume that all 12
of the primary flexibility factors are to be taken equal to 1.0 and the
others equal to 0,0.

The ASME Code does not give an explicit definition of the flexibil-
ity model for Class 2 or 3 piping tees, but from the wording in footnote
2 of Fig. NC/ND-3673.2(b)-1 it can be inferred that the model shown in
Fig. 3.12(a) is intended. For Class 2 or 3 piping tees, the Code simply
says that the flexibility factor equals 1, From that we infer that all
12 of the primary flexibility factors are assumed equal to 1.0 and the
secondary flexibility factors equal 0.0. This means, of course, that the
flexibility factors are ignored in conducting the piping system design
anélyses.

The experimental determination of flexibility factors for ANSI B16.9
tees requires the measurement of each of the six end~plane rotations
listed in Table 3.8 for each of the six moment loads. Ideally, these ro-
tations should be measured between the pipe-to-tee welds, However, be-
cause those end-planes can be expected to warp slightly as the test model
is loaded, the reference planes for the LVDT hardware (discussed earlier

in Sect. 2.1.1) were placed about halfway between the pipe-to-tee welds
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Fig. 3.12, Flexibility analysis models for ANSI Bl16.9 tees in ASME
Class 1 piping systems.

and the loading flanges where distortion of the planes perpendicular to
the pipe axes would be minimal. The measured rotations were then "cor-
rected” by subtracting the rotations of the length of pipe between the
LVDT hardware attachment points and the pipe-to-tee welds calculated
using simple beam theory and the actual (measured average) pipe dimen—

sions. This is consistent with both of the flexibility models shown in
Fig, 3.12.
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The primary pipe-to-tee weld-plane rotations for the maximum moment
loads given earlier in Table 2,2 are listed in Table 3.9. Comparable ro-
tations for the transverse force loads (plus the axial load F3y on the
branch) are listed in Table 3.10., Measured secondary rotations were
generally one or two orders of magnitude smaller than the primary rota-
tions. The associated flexibility factors would therefore be essentially
zero as expected. The original data are given in Refs. 8—13,

Primary flexibility factors based on the data in Tables 3.9 and 3.10
for the pre-1975 Class 1 flexibility model [Fig. 3.12(a)] are given in

Table 3.9. Primary end-plane rotations?

for moment loadings

Load? Rotation T-10  T-11 T-12 713  T-16
M () 1.271  0.295 0.847° 0.589° 0.343
2X 2xX2x%
9 0.440 0.221 0.529¢ 0.221° 0.145
3Ix2x
2y 2y2y
) 0.651 0.544 0,752 0.471 0.230
3y2y
M ) 2,300 1.532 1,017 1.142 0.118
2z 222z
) 1.150 0.707 0.452 0.571 0.059
3z22
M ) 0.785 0.536 0,046 0.003¢ d
3x 2x3x
9 1.302  0.677 2.576 0.861 6.538
3x3x
M ) 0.338 0.381 0.050 0.044 0.130
3y 2y3y
9 1.383  0.375 0.763° 0.615° 0.809
3y3y
M ) 0.930 0.674 0.078 0.051 0.819
3z 2z3z
) 2,136 1.349 1.742 0.492 2.254
3z3z

aAngular rotations in rad x 1073,
bMoment load magnitudes given earlier in Table 2.2.
cInaccuracies in data measurement make this number

suspect.,

dMeasured value too small to be reliable,
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Table 3.10. Primary end-plane rotations?
for force loadings
Load?  Rotation® T-10  T-11  T-12 T-13  T-16
F This case not run
2X
F2X (sz) ezyzx 1.219 0.551 0.991 0.473 0.259
0 0.853 0.289 0.519 0.217 0.526
3y3x
F2y (Mzz) ezzzy 2.133  0.767 0.925 0.591 1.220
aszzy 1.119 0.340 0.485 0.310 0.512
e
F3z (Max) 62x3z 0.777 0.520 d 0.048% 0.529
6 1.255 0.514 2.345 1.125 0.733
3xX3z
F3y ezzsy 0.113 0.019 d d d
] 0.212 0.033 d d 0.139
3z3y
F3X (Msz) This case not run

%Angular rotation in rad x 1073.
Force load magnitudes given earlier in Table 2.2.

cSubscripts on 6 rotation of i plane about j axis

ijzm:
from force load on % plane in m direction.

dMeasured value too small to be reliable.

e . . .
Inaccuracies in data measurement make this number
suspect.

Table 3.11., Table 3.12 contains the corresponding flexibility factors
for the post-1975 Class 1 model [Fig. 3.12(b)]. The only differences are
for the branch-end rotations caused by loadings on the branch, for ex-

ample, k for the out-of-plane moment on the branch M3x' The numbers

3x3x
in Tables 3.11 and 3.12 are also arranged for easy comparison of the

flexibility factors obtained from the transverse force loadings with

those obtained from the corresponding moment loads, for example, k2y2y

from FZZ with k2y from sz . In most cases these numbers are essenti-

2y
ally equal. The largest difference was for the out-of-plane moment on

the run of T-16 where k3y2y (for FZZ) = 1,2, whereas k3y2y (for sz) = 0.4.
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Table 3.11. Primary flexibility factors
for pre-1975 tee model

Flexibility ANSI B16.9 tee
Type of 10ad% factor

T-10 T-11 T-12 T-13 T-16

Torsion on run M k 1.3 0.2 0.4 <0.4 0.7

2X 2x2x
3x2x 0.9 0.3 0.5 <K0.3 0.6
Ogg-zi;plane moment sz k2y2y 0.7 0.8 0.7 0.8 0.4
k3y2y 0.8 0.8 0.6 0.8 0.4
F2z (sz) k2y2y 0.9 0.8 0.7 0.8 0.3
k 1.2 0.8 0.7 0.7 1.2
3y2y
Ig—ﬁlane moment on M2z k2z2z 2.7 1.3 0.9 0.9 2.5
v k 2.7 1.2 0.8 0.9 2.5
3z2z
F2y (MZZ) : kZzzz 2.5 1.3 0.8 1.0 2.5
k 2.5 1.1 0.8 1.0 2.0
3z2z
Qut -of -plane moment M k 1.6 0.7 <0.5 <0.3 b
on branch 3x 2x3x
1.5 0.5 1.8 0.5 1.2
3x3x
F3y (M3x) k2x3x 1.5 0.7 b 0.4 1.5
1.4 0.4 1.8 0.6 1.2
3x3x ]
Torsion on branch May k2y3y 0.9 0.7 0.5 0.6 0.4
k 1.6 0.3 <0.3 <0.3 1.0
3y3y
I;-plage moment on Maz k2z3z 2.7 1.2 0.8 0.9 2.4
ranc Kk 3.1 1.2 0.9 0.4 3.3
3z3z
st (Maz) k2735 This case not run
k3232
Axial force on F3y k2z3y 1.6 0.6 b b b
branch k 3.0 1.0 b b 1.5
323y

“Moment load corresponding to indicated force load in parentheses.

b

Data measurements too small to determine flexibility factors.



Table

3.12.

74

Primary flexibility factors
for post-1975 tee model

ANST B16.9 tee

Type of load? Fle:i:iiity
T-10 T-11 T-12 T-13 T-16
Torsion on run M2x kzsz 1.3 0.2 0.4 <0.4 0.7
3x2x% 0.9 0.3 <0.5 <0.3 0.6
Ozz—iigplane moment sz k2y2y 0.7 0.8 0.7 0.8 0.4
[3 0.8 0.8 0.6 0.8 0.4
3y2y
FZz (sz k2y2y 0.9 0.8 0.7 0.8 0.3
k 1.2 0.8 0.7 0.7 1.2
3y2y
Iz;glane moment on M22 k2222 2.7 1.3 0.9 0.9 2.
k3z2z . 1. 0.8 0.9 .5
F2y (MZz kzzzz 2.5 1.3 0.8 1. 2.5
kszzz 2.5 1.1 0.8 1. 2.0
Out—:f—pline moment M3x k2x3x 1. 0.7 <0.5 <0.3 b
on branc . 0.7 7.1 2.0 1.7
3x3x
F3z (M3x k2x3x 1. .7 b 0.4 1.5
1x3x 2.0 . 6.6 2.2 1.7
Torsion on branch M k 0.9 0.7 0.5 0.6 0.4
3y 2y3y
k . 0.5 <1.3 <1.3 1.
3y3y
Ig—plage moment on Msz k2z3z 1.2 of 0.9 2.4
ranc k . 1.9 . 1. 5,1
3z3z
F3x (Maz k223z This case not run
k3232
A§1a1 :orce on F3y k2z3y 1.6 0.6 b
ranc k 3.0 1.0 1.5
3z3y

I%oment load corresponding to indicated force load in parentheses.

h

Data measurements too small to determine flexibility factors.
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Our guess is that k3y v (for Fzz) for both T-10 and T-16 are probably too

high because all the ither numbers for the out-of-plane moment on the run
are less than 1.0.

It may be noted that of the 93 flexibility factors listed in Table
3.11 slightly more than half (58) are less than 1.0 and the rest (35) are
equal to or greater than 1.0, with an overall average of 1.1, This in-
dicates that the general practice of ignoring flexibility factors for
ANST B16.9 tees in plping system design is essentially correct. The data
also show that the two reducing tees T-12 and T-13 as well as the sched.

160 tee T-11 were somewhat more rigid than the flexibility model (k

mn

ave
0.75). The lighter schedule full-ocutlet tees T-10 and T-16 were somewhat

more flexible (kave 2 1,6). These differences are not large enough,
however, to be significant in most design situations.

Changing the flexibility model from the pre-1975 model [Fig. 3.12(a)]
to the post-1975 model [Fig. 3.12(b)] essentlally doubled the affected
flexibility factors (k3x3x’ k3y3y’ and k3z3z

~1.2 to about 2.5. This indicates that the pre-1975 model is more cor-

) from an average value of

rect for this particular set of 24-in. tees. A much larger study would
be needed to support a general conclusion. However, in neither case are
the flexibility factors different enough from 1.0 to make much difference

in design,
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4, DISCUSSION OF FATIGUE TESTS

As discussed in Chap. 2, each tee was fatigue tested to failure fol-
lowing the 12 elastic response tests and verification of data. Two of
the tees, T-10 and T-16, were tested with a fully reversed displacement
controlled in-plane bending moment on the branch superposed on a constant
internal pressure. Fatigue failure for these tees was expected in about
7000 cycles. The other three, T-11, T-12, and T-13, were tested with a
cyclic internal pressure that ranged from near zero to about 907 of the
nominal yield pressure of the pipe legs. Various failure estimates
ranged between 1,900 cycles for T-11 and 370,000 cycles for T-12 as dis-
cussed earlier in Sect. 2.4, Fatigue failure for all five tees was de-—
fined as a through-the-wall crack in the body of the tee or in one of the
plpe-to-tee welds as evidenced by a loss of pressurizing fluid.

The fatigue failures for four of the tees occurred, as expected, in
the vicinity of the highest stresses; T-16 failed at one of the pipe-to-
tee welds. Table 4.1 gives a summary of the number of test cycles to
failure and the predicted cycles, These data will be used in a later
study of general design rules.

At the conclusion of each test the Bl16.9 tee was cut out of the test

model and examined metallographically. The tee was then returned to ORNL

Table 4.1, Summary of predicted and
experimental fatigue-life cycles

Tee Loadinga Predictorb Experimental
Markl Sect, 2.4.2 results
T-10 M3Z 5,900 575 18,532
T-11 P 23,650 1,900 2,875
T-12 P 369,475 60,900 76,620
T-13 P 205,960 24,075 15,084
T-16 M3Z 6,985 850 2,344

ASee also Table 2.3.
bSee Sect. 2.4 for prediction method details.
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for ultimate disposal. The fatigue test of each tee is discussed indi-
vidually below,

4,1 Cyclic Moment Test of T-10

The T-10 model was fatigue tested with an in-plane cyclic moment on
the branch of approximately 6.2 x 106 in.-1b and a constant internal
pressure of 1025 psi. Loading conditions were given earlier in Table 2.3.
For the first few cycles the model was tested with the structural loading
system in the manual mode and with all the strain gages connected to the
data acquisition system. Pseudostresses, calculated directly from the
strain-gage data using elastic reduction formulas, indicated maximum
principal values of 83,600 and —83,500 psi for the positive and negative
displacements of the branch pipe, respectively. These values are in
excellent agreement with the extrapolated values used to establish the
test conditions (Sect. 2.4.1).

Figure 4.1 shows the maximum pseudostress as a function of actuator
displacement, From this figure and a similar curve of load vs actuator
displacement (not shown), it was evident that some hysteresis occurred
during each cycle. A small amount of plastic deformation occurred during
each loading cycle that required a small amount of force to return the
branch pipe to the initial neutral position before starting the next
cycle.

The initial baseline UT inspection of T-10 gave five indications
from the body of the tee and the pipe-to-tee welds. One of these showed
appreciable growth during the fatigue test, although it did not produce
the final failure. Several new UT indications also occurred during the
test. Of chief interest was one located at the position of strain-gage
rosette I-2R2-E, This was the position of the highest principal stress
on the inside surface measured during the elastic response tests. The UT
indication first appeared at 3,700 cycles and continued to grow until a
through-the-wall crack occurred at 18,532 cycles. Crack growth is shown
in Table 4.2. The location and orientation of the fatigue crack is shown
in Fig. 4.2. This crack was centered at the intersection of the XZ and

YZ planes and oriented at about 45° from the branch and run axes. It was
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Fig. 4.1. Maximum principal pseudostress as function of actuator
displacement for T-10 in-plane moment-fatigue test.

about 6 in. long at the inside surface and about 1-1/2 in. long at the
outside surface., The as-measured surface finish in the region of the
crack ranged from about 60 to 250 uin./in.

Approximately once each dayrduring the early part of the test, one
fatigue cycle was performed slowly in manual mode and a complete set of
strain-gage and load-cell data were recorded at maximum load. The data
given in Table 4.3 indicate that essentially constant test parameters

existed throughout the test.
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Table 4,2. Ultrasonic examination
indicated fatigue-crack
growth for T-10%

Indicated crack

ngle length
’ (in.)

12,250 1

12, 500 2-3/8

12,790 3

13,212 3-1/4

13, 464 3-1/2

13,664 4-1/8

13,856 4-1/4

14,118 4-1/4

14,350 4-1/2

14, 541 4-3/4

15,129 5

15,435 5-1/8

15,748 5-1/4

16,009 5-1/2

16,359 6

16,640 6-3/4

16,959 7-1/8

17,276 8

17, 587 8

17,900 8

18,532 8-1/2 (failure)

%Crack initiation and growth
at rosette position I-2R2-E,

Table 4,3. Pseudostress range
for T-10 fatigue test

C Maximum Average load Calculated

ycle pseudostress X

No. range? cell reading moment
(ksi) (1b) (in.-1b)

1 +83.6 32,900 6,150,000

700 85,9 32,800 6,130,000

1,300 +86,.5 31,700 5,930,000

2, 500 +86.3 32,000 5,980,000

3,717 +85.,3 32,300 6,040,000

5,300 +85,8

6, 500 186,7

8,000 +86.3

10, 500 33,000 6,170,000

12,587 31,700 5,930,000

%Calculated directly from strain-gage readings
using elastic stress-reduction formulas.
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4,3 Cyclic Pressure Test of T-12

The T-12 model was fatigue tested with a cyclic internal pressure
from 5 to 1800 psi. (A minimum pressure of 5 psi was needed to activate
the low-pressure controls.,) For this test all the strain gages remained
connected to the data acquisition system for the first 21 pressure cycles
after which the test model was removed from the loading frame and placed
in the test pit. Table 4.4 gives a summary of the cumulative strains re-
corded for two of the gages in the highest stressed regions of the tee:
gage No, 477 at rosette I-1R6-C and gage No. 648 at rosette I-2R6-C,
Figure 4.5 shows the elastically calculated stress for rosette I-2R6-C as
a function of internal pressure for cycle 21. The maximum value of

~86,500 psi is somewhat greater than the maximum equivalent elastic value
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Fig. 4.5. Maximum principal pseudostress as function of internal
pressure for cycle 21 of T-12 fatigue test.
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Table 4.4. Cumulative strains for
T-12 pressure fatigue test

Cycle Pressure  Gage 477 Gage 648
No. (psi) (yin./in.) (uin./in.)
0 0 0
1 1800 1462 4277
0 —425 1546
2 1800 7600 4338
0 —306 1724
3 1800 1698 4397
0 —228 1763
4 1800 1817 4457
0 —-91 1803
5 1800 2013 4515
0 184 1882
6 1800 2268 4536
0 224 1921
7 1800 2288 4594
0 244 1980
8 1800 2346 4751
0 283 2119
9 1800 2386 4869
0 322 2197
10 1800 2445 4948
0 381 2256
11 1800 2563 5027
124
0 519 2354
13 1800 2656 5114
0 529 2398
14 1800 2671 5124
0 544 2418
15 1800 2681 5144
0 544 2438
16 1800 2685 5163
0 549 2452
17 1800 2700 5178
0 568 2482
18 1800 2700 5198
0 563 2487
19 1800 2735 5242
0 588 2521
20 1800 2749 5267
0 593 2521
21 1800 2752 5355
0 657 2619

%Data not taken for cycle 12,
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of ~75,000 psi calculated using the elastic-response data, indicating a
substantial amount of plastic deformation. The figure also shows that
shakedown had not occurred after 21 cycles.

This tee was originally scheduled for fatigue testing with a cyclic
moment on the branch pipe. For that type of loading there would be es-
sentially no stresses in the pipe extensions beyond the loading flanges.
Therefore, no special care was taken in the design or fabrication of the
end closures, However, after the elastic-response tests were completed
it was decided to fatigue test T-12 with a cyclic internal pressure. For
this loading, stress concentrations at the end closures caused several
premature failures. Although these premature failures were annoying and
prolonged the test, they apparently did not affect the primary results.
They did, however, graphically illustrate the reduction in fatigue life
of a structural component that 1is not properly designed or fabricated.

The first premature failure occurred at 22,357 cycles when a
through-the-wall crack developed in the weld that attached the hemi-
spherical cap to the A end (end "A" corresponds to the fixed end in the
static load tests, while end "B" is the free end) of the tee. This crack
developed because the backing rings (see Appendix IV) were not removed
after welding the end caps on. The cracked area was ground out and re-
welded. 1In an effort to decrease the stress in the weld area, weld ma-
terial was built up ~1/2 in. beyond the OD of the pipe in the area of the
crack. The corresponding weld on the B end of the tee assembly was mag-
nafluxed to a depth of ~3/16 in., and no indication of cracking was
found.

At 24,250 cycles a similar through-the-wall crack developed in the
B end of the tee assembly. The crack was ground out and rewelded. Ad-
ditional weld buildup was added in the area around the crack as was done
on the A end.

At 27,883 cycles another through-the-wall crack developed at the B
end of the tee. The crack propagated completely through both the origi-
nal weld and the weld buildup. At this time all of the extension pipes
were cut off to remove the flanges and excess nozzles, and the caps were
welded back on with full penetration welds. These welds were not stress

relieved.
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At 47,890 cycles a crack occurred at the weld joining the cap to the
run piping (see Appendix IV). New heads were welded on both ends of the
run pipe at this time. After replacing the end caps, the assembly was
successfully loaded until a through-the-wall crack developed in the tee
at cycle number 76,620 in the vicinity of rosette I-2R6-C. The crack
(Fig. 4.6) was about 3/8 in. long and required almost 600 psi internal
pressure before leakage could be observed.

The tee was initially given a baseline UT examination to ensure that
it was free of imperfections. After initiation of the test, the tee was
UT inspected periodically every 400 to 500 cycles until at 63,851 cycles
when the first indication was located; UT inspection was then adjusted
to every 100 to 200 cycles. Appendix VIII shows the location of the UT
indications and their respective lengths and amplitudes as a function of
the number of cycles.

Of special interest is the fact that ~9000 cycles prior to failure,
UT examination showed indications of crack initiation. Appendix VIII
contains copies of the log sheets from this test. These log sheets
clearly show the way in which the UT indications grew and coalesced until

a crack finally propagated through the tee.

4.4 Cyclic Pressure Test of T-13

The T~13 model was fatigue tested with a cyclic internal pressure
from 100 to 7000 psi. For this test, as well as for some of the others,
all of the strain gages remained connected to the data acquisition system
during the first 18 cycles, with the model resting in the loading frame.
Complete sets of data were recorded at several pressure steps up to the
maximum of 7000 psi for the first 13 cycles. A considerable amount of
plastic yielding occurred in the crotch region during the first cycle,
but subsequent cycles indicated shakedown to a consistent cyclic be-
havior. After 13 cycles, all but the 6 most highly strained gages were
disconnected, and 4 more pressure cycles were run. At that time it ap-
peared that there was no significant increase in the cumulative strains

for any of the gages from one cycle to the next. Table 4.5 shows the
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Table 4.5. Cumulative strains for
T-13 pressure fatigue test

Cycle Gage 477 Gage 648
No. (Rosette I-1R6-C) (Rosette I-2R6-C)
1 13057 13729
2 13393 13869
3 13626 14044
4 13806 14166
5 14020 14360
6 14045 14347
7 14063 14364
8 Deleted Deleted
9 14142 14404
10 14203 14446
11 14260 14483
12 Deleted Deleted
13 14341 14565
14 14319 14545
15 14378 14563
16 14378 14563
17 14418 14583

maximum cumulative strains for the 2 most highly strained gages for each
of the first 17 pressure cycles.

For pressure cycle 18, the six strain rosettes were rezeroed and the
strains were recorded at every 100-psi increment in the 7000-psi loading-
unloading cycle. Since the gages had been rezeroed, and since shakedown
was essentially complete, these readings gave the cyclic strains for the
remainder of the test. At rosette positions I-1R6-C and I-2R6-C the maxi-
mum strains were ~3580 pin./in. Figure 4.7 shows the strain readings
for rosette I-1R6-C converted to pseudostress as a function of internal
pressure for cycle 18. The maximum value at 7,000 psi pressure is 107,100
psi as compared with an extrapolated apparent elastic stress of 86,000 psi
based on the elastic-response data. The difference (21,100 psi) as well
as the hystersis in the curve of Fig. 4.7 shows that a considerable
amount of plastic strain occurred during each cycle, although no apparent

plastic distortion of the tee occurred after the first cycle.
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Fig. 4.7. Maximum principal pseudostress as function of internal
pressure for cycle 18 of T-13 fatigue test.

After cycle 18, the test model was moved to the test pit., The six
rosettes were reconnected to the data acquisition system and monitored
periodically during the remainder of the test., There was no significant
increase in the cumulative strains during this portion of the test.

In addition to the initial baseline UT inspection, 16 UT inspections
were made between cycles 500 and 14,000 with no indication of fatigue-
crack initiation, At 15,084 cycles, however, a through-the-wall crack
developed at the crotch in the longitudinal plane of the tee, near
rosette I-2R6-C as shown schematically in Fig. 4.8. The crack was about
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Fig. 4.8. Fatigue-failure crack location on T-13 after 15,084
pressure cycles.,

5-1/2 in. long on the inside surface (Fig. 4.9), but only about 5/8 in.
long on the outside surface and required over 1400 psi internal pressure
to produce visible leakage. Results of the posttest metallurgical

examination are given in Appendix VIII.

4,5 Cyclic Moment Test of T~16

The T-16 model was fatigue tested with an in-plane cyclic moment on
the branch of approximately #3.6 x 106 in.-1b and a constant internal
pressure of 300 psi. Loading conditions were given earlier in Table 2.3.
For the first 22 cycles, the model was tested with the structural loading
system in the manual mode with all the strain gages attached to the data
acquisition system. Approximately 35 of the most highly strained rosettes
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were monitored continuously. The same rosettes were monitored again at
cycles 435, 602, and 1201, Figure 4.10 shows the maximum pseudostress
measured at rosette position I-2R2-F (see Fig. 2.2) as a function of
actuator displacement for the first four cycles and again for cycle 22.
b x 187) as a
function of actuator displacement for cycles 1, 4, and 435. Note that

Figure 4.11 shows the applied load Ly, in pounds (M3Z = L

for this test the maximum actuator displacement was constant at +2.5 in.,
but the required load increased from 13,650 1b (2,552,550 in.-1b) to
17,000 1b (3,179,000 in.-1b) within the first four cycles. Thereafter,
it remained essentially constant, although some work hardening of the
material continued for several hundred cycles,

At cycle 2344 a through-the-wall crack developed in the branch weld
near the top of the tee in the vicinity of rosette 0-1R2-A, as shown
schematically in Fig. 4.12. This is near the neutral axis of the branch
pipe and opposite the fixed end of the test model.

The crack was ~2-1/2 in., long on the outside surface. It was
obviously very tight because there was no transformer oil leakage when
the moment loading was removed (equal to zero) even though the internal
pressure was held constant at 300 psi. However, as soon as the moment
was increased slightly, transformer oil leakage was evident.

No completely satisfactory reason for the fatigue failure having
occurred at the weld could be developed, although there was a consider-
able amount of "draw down"” in the model. X rays taken at the time the
model was fabricated showed a small area of porosity less than 1/32 in.
in diameter in the region of the failure. However, a simllar area was
located ~90° around the branch, in a region of higher stress, with no fa-
tigue-crack initiation. UT examinations conducted periodically through-
out the test did not reveal any fatigue crack initiation.
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Fig. 4.12., Fatigue-failure crack location on T-16 after 2344
cycles of in-plane moment on the branch.
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5. SUMMARY AND CONCLUSIONS

This report, along with the materials contained in the appendixes,
is a complete documentation of a series of experimental elastic-response
stress analyses and low-cycle fatigue-to~failure tests of five 24-in, NPS
ANSI Standard Bl16.9 forged piping tees made by one of the major suppliers
of piping products to the nuclear power industry. The objectives of the
study were to provide sufficient baseline structural response-to-load in-
formation to enable us to evaluate and/or propose improvements to the
current ASME Code design rules and criteria.

The test assemblies for each of the five tees were constructed by
attaching, with nuclear quality welds, subassemblies made of standard
size 24~in. pipe, end-closures, loading flanges, and various nozzles for
filling and venting the model and for instrumentation wire access to the
inside surface of the tees, Each test model was instrumented with about
225 three-gage strain rosettes and 6 LVDTs and loaded with 12 different
loadings in the elastic response range, including internal pressure and
direct force and bending moment loads applied to the pipe extension sub-
assemblies. We have attempted to present the experimental results in a
manner that will serve the needs of research workers with various inter-
ests. For those interested primarily in experimental techniques, we have
included complete sets of specifications for constructing and testing the
models as well as complete documentation of the materials and procedures
used in the tests,

For those readers needing experimental benchmark data for compari-
sons with either theoretical or other experimental stress-—-analysis studies,
we have included detailed listings of the measured strains and calculated
principal stresses, directed stress components, and stress intensities,
as well as precise strain-gage location data in the appendixes. The
strain—gage location data may also be used to provide a rather detailed
description of the model geometry. For those readers concerned primarily
with Code-related design calculations, we have normalized and summarized
the results for direct comparison with Code values.

Results from the elastic-response tests are also presented graphi-

cally-in the form of normalized stress-intensity contour plots. These
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figures give a detailed description of the elastic-stress distributions
over the body of each tee as well as showing the locations and magnitudes
of the maximum stresses for each of the 12 different loadings.

Results from the elastic-response tests of these particular five
24~in. ANSI Bl16.9 tees support the following observations. In general,
the stress distributions for all the loadings were smooth and without
steep gradients or sharp discontinuities. Thus, the maximum stresses
were located either at or very near one of the strain gages. This, in
addition to the detailed analyses and numerous tests of the data, justify
a very high confidence in the accuracy of the reported results.

As expected, the elastic response to internal pressure was essen—
tially symmetric with respect to the transverse plane, with the maximum
value located in the crotch on the inside surface at the longitudinal
plane for all five tees. Minor differences between the stresses in the
different quadrants may be ascribed to small nonsymmetries in the tee
geometries. Also as expected, the maximum stresses from the different
moment loadings tended to occur in the crotch but at different locations
around the tee. Exceptions, however, make it impossible to state a gen-
eral rule,

The highest experimental stress indices for all the tees resulted
from axial loads on the branch. A direct comparison between the numbers
from axial loads and bending loads is misleading, however, because of the
different normalizing factors. Transverse-force loads and bending-moment
loads gave comparable results for both the branch and run loadings* to
within 10 to 15% except for out—-of-plane loadings on T-10 and T-16, for
which the difference was ~227%., These results support the current prac-—
tices of ignoring transverse shear in the stress-—index method of the Code
for qualifying piping system designs, but suggest that axial thrust loads
should be considered. Firm conclusions regarding the adequacy of the
stress indices given in the Code for piping system tees cannot be made
until the experimental data are studied further and data from other tests

are included. This will be done in a separate report.,

*
Note, however, that in-plane force loadings on the branch were not
run because of loading-frame limitations.
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After the elastic~response tests were completed and the data were
reduced and examined for acceptability, each tee was fatigue tested to
failure with either a displacement controlled in-plane moment load on the
branch or a cyclic internal pressure. Models T-10 and T-16 were tested
with a cyclic in-plane moment load with a constant internal pressure
equal to the nominal design pressure., Models T-11, T-12, and T-13 were
tested with a cyclic internal pressure up to about 907 of the nominal
yield pressure of the attached pipe subassemblies.

Before each fatigue test, the test models were UT inspected to ob-
tain a base line set of indications for comparison with later inspec-
tions. The model was then periodically inspected throughout the test to
identify fatigue—crack initiation and monitor crack growth. This proce-
dure appeared to be successful for models T-10 and T-12, but not for
models T-11, T-13, or T-16 where fatigue failure occurred without prior
UT indication.

During the first few loading cycles the maximum strain ranges were
measured for all five tees. Shakedown to essentially elastic behavior
occurred for the two cyclic-moment tests within the first four or five
cycles. A small amount of plastic ratchetting at the location of maximum
stress was observed for the 3 cyclic pressure tests after 20 cycles.
However, none of the test models were visibly distorted even after fail-
ure.

The sizes of the fatigue-fallure cracks were small for all five
tees, and usually a considerable amount of load was required to produce
leakage., Three of the tees were also given a posttest metallurgical
examination. Results, including photographs of the failure surfaces, are
included in Appendix VIII,

For all of the test models except T-16 the fatigue—failure crack was
located in the region of the tee with the highest maximum stresses deter-
mined during the elastic-response tests, For T-16, the fatigue crack was
located in one of the pipe-to-tee welds in a region of apparent low
stress. For this stainless steel model, however, there was an appreci-
able amount of draw down at the welds; it is postulated that this may

have been a contributing factor.
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For the two in-plane moment tests (T-10 and T-16) the number of

loading cycles to failure agreed reasonably well with life-cycle predic-

tions based on Markl's empirical correlation, even though the failure lo-

cation for T-16 was anomalous. The life prediction for T-10 was con-
servative by a factor of 3, whereas for T-16 it was unconservative by a
factor of 3. For both tees the experimental result is well within the
ASME Code design margin of 20,

For the three cyclic pressure tests, Markl's correlation (based on
moment loading fatigue data) did not provide good life-cycle predic~
tions., Those predictions were unconservative (high) by factors ranging
from about 5 to 1l4. Better life-—cycle predictions were obtained with a
procedure based on the 1971 Code Class 1 design method for low-cycle
fatigue. These predictions were within a factor of #l.6.

In addition to the fatigue failure data, some information was ob-
tained on crgck initiation, plastic deformation, and shakedown strain
range that may be of value for further study. The fatigue test results
as well as the elastic-response test results will be used in a separate
study to assess the current ASME Code design procedures for nuclear power

plant piping systems.
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JOB SPECIFICATION Number: JS-115-231
Date: Feb. 10, 1969
UNION CARBIDE NICLEAR COMPANY Revised:
DIVISION OF UNION CARBIDE CORPORATION Page 1 of 8

ORNL, Oak Ridge, Tennessee

Subject: Experimental Stress Analysis of ASA Standard B16.9 Tees

Project: Design Criteria for Nuclear Serv1ce Piping, Pumps, and Va.’es
(AEC Activity No. Ok 60 80 0% 1)

1.

SCOPE:

This specification covers the experimental stress analysis (strain- -gage
tests and brittle lacquer tests) and fatigue-to-failure tests that are to
be conducted on four ASA standard B16.9 tees. The tees, fabricated from
ASTM 106 Grade B carbon steel, will be supplied by the Company for testing.
They are:

Item 10, Task 1, 24 x

2 -in. Sch. kO
Item 11, Task 1, 2k x 2

2

2

4 x 24

b % 24-in. Sch. 160
i x 10-in. Sch. 4O

4 x 10-in. Sch. 160

Item 12, Task 1, 24 x
Ttem 13, Task 1, 2k x

The required tests are a portion of the joint AEC (ORNL) — PVRC program
to develop stress indices and flexibility factors for piping components.
Task No. 1 of the PVRC report, "Program and Request for Proposals for
Development of Stress Indices and Methods for Analysis for Piping, Valves,
and Pumps,” dated July 1, 1967, is included for reference and information.

Two quadrants of the 24 x 24 x 2hk-in. Sch. 40 (Item 10) tee shall be ex-
tensively strain gaged on both inside and outside surfaces to obtain the
surface strain data necessary for the analysis. The remaining three tees
are to have a minimum instrumentation, the extent of which is to be de-
termined by the Company from the results of the elastic loading of -the -
Tirst or heavily 1nstrumented tee. The Seller is also to weld pipe stubs
on each of the three connections to transmit force and moment loadings to
each tee and to pruvide end closures for each of the three pipe stubs.
Deflection or angular rotation measuring devices are to be installed in .
sufficient quentlty and positions to determine the flexibility of each tee
relative to & pipe of the same  schedule and length as the tee. The brittle
lacquer tests will be conducted prior to the strain-gage tests. Strain
measurements will be taken with intérnal pressure loading and with 12- dlf—
ferent moment and force loadings for the Tirst tee test, as shown in Fig. 1
of the PVRC task description. The three remaining tees may or may not be -
subjected to transverse shear loads at the discretion of the Company. The
results of the strain-gage tests will be the basis of selection of the

lozding to produce fatigue failure in the low-cycle range (500 to 100,000
cycles) .

All strain-gage readings, deflection measurements, load or force measure-
ments, and an analysis of the data shall be submitied to the Company.
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APPLICABIE SPECIFICATIONS, STANDARDS, AND OTHER PUBLICATIONS:

2-1. General

The latest revision of the following documents shall form a part of this
specification to the extent stat~d in subseguent sections.

2-1-1. Unnumbered PVRC report, “Program and Request for Proposals
for the Development of Stress Indices and Methods for Analysis for
Piping, Valves, and Pumps," dated July 1, 1967.

2-1-2. USAS B31.7, "Nuclear Power Piping," dated February 1968.
2-1-3. "Section IX, ASME Boiler ard Pressure Vessel Code."

REQUIREMENTS :

3-1. It is the intent of this specification to describe work to be done
to achieve the objectives of Phase B, Tesk No. 1, outlined in the reference
under Section 2-1-1. A copy of Task No. 1 is included in Section 6-2 for
reference information only. VWhere specifie differences and requirements
exist between this specification and those indicated in Task No. 1, con-
siderations shall be given to this specification only.

3-2. Specimen,and Test Assembly

3-2-1. Materials. TFour tees, as indicated in Section 1, will be
supplied by the Company. Pipe extensions of the same materials and
of sufficient length to meet loading requirements shall bz welded to
the tees and the ends shall be closed for pressure containment. All
end closures may be of carbon steel. Pipe legs shall be purchased
to A106 Grade B with a certified mill test report. The minimum and
maximum inside diameter, outside diameter, and wall thickness at both
ends of each leg and the weight of each leg shall be measured, re-
corded, 2nd submitted as part of the data.

3-2-2. Alignment. Proper alignment limited Aly by irregularities
in the geometry of the tee and pipe legs shall be malntalned during
welding of test assembly.

3-2-3. Welded Joints. The gas tungsten arc welding meth: i shall bhe
used in making the root passes for all welds in the fabrication and
assembly of the test piece; that is, the tee-to-pipe stub welds and

" the attachment of the end closures. The remaining filler passes of
the welds may be made by the submerged arc welding method provided
that the root passes made by the gas tungsten arc method shall be a
minimum of 1/k in. in thickness or greater as necessary to prevent
any burn-through of the root passes during the submerged arc welding.
Mzterials shall comply with Chapter 1-III:of USAS B31.7, "Nuclear
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Power Piping," dated February 1968. The requirements of Chepter 1-V,
USAS B31.7 for Class 1 Piping Systems, shell apply in the fabrication
and assembly of the test piece.

Qualification of the welding procedures to be used and of the per-
formance of the welders and welding operators shall comply with the
requirements of Section 9 of the ASME Boiler and Pressure Vessel Code.
These procedures are to be inspected and approved by gualified repre-~
sentatives of the Company. Radiographic, dyepenetrant, ultrasonic,
and metallerraphic examination of welds shall be performed in addition
to the requirements of Section 9 of the ASME Boiler and Pressure Ves-
sel Code, in the qualification of the weld procedures and in the
qualification of the welders. The type and extent of the weld exami-
nation and the test of the welds in the test assembly shall cor"orm
to Table A.T7 (2), A.7 (b), and A.T {c) of Apvendix A of USAS B31.7.
The inclusions and porosity allowed shall not be greater than one-
half in size and one-half in number of those amounts listed in
Appendix B, Paragraph B-1-140, USAS B31.7. The three pipe-to-tee
welds of the test assembly shall be ground smooth with the walls on
the inside of the assembly and also on the outside so as to produce
no surface discontinuities. Undercutting resulting from these welds
will not be permitted.

3-3%. Loadings and Loading PFixtures

3-5-1. Fixtures and Frame. It shall be the responsibility of the
Seller to design and provide adequate loading facilities to properly
apply loads as specified herein.

5-3-2. Loadings. Thirteen different loadings shall be applied to
each test assembly as indicated in Fig. 1 of Task No. 1 (Section
6-2) . A1l forces to accomplish these loadings (except internal pres-
sure) shall be applied at a distance of four pipe diameters from the
pipe-to-tee weld. The magnitude of the loadings shall be proposed
by the Seller and approved by the Company. Strain shall be limited
to 1000 pin./in. at any gage point. The order of the loadings is
discussed under Test Procedures (Section 3-10).

3-I, Instrumentation

Two full quadrants of the first tee (Item 10) plus other discrete points
on the assembly shall be instrumented, inside and outside, wiih a total :
of 225 three-gage strain rosettes. Two quadrants of each subsequent tee

shall be instrumented with fewer rosettes, the exact number to be deter-

mined by the Company from a study of the results of the first test. The

Company will provide the guidelines to be used by the Seller in making the

gage layouts based upon the objectives of the program and the requirements
dictated by other enzlyses with vhich the data will be compared. Gage
positions shall be arproved by the Company prior to installetion. The
type of gage may be chosen by the Seller with approval of the Company.

S e
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Since gages may be reguired on or very close to the welds at the ends of
the tee, the Seller shall be prepared to weld short stubs to one or more
of the tee outlets if necessary, prior to final placement of these inside
zZages. -

3-5. Dial Gage Locations

Minimum reguirements for dial gage locations are shown schematically in
Section 6-3. Eight deflection measurements at each of two ends (Nos. 2
and 3) of the assembly shall be mzasured for each loading with respect to
the fixed enu (No. 1).

5~5-1. The lever arm, length L, should be such that with expected
dial gage accuracy, the expected rotation can be measured with
reasonable accuracy (*10%).

3-5 2. The reference frame to which the gages shall be attached
should be comnected to the pipe rear end No. 1. The frame should
be sufficiently rigid so that changes in dial and gage forces do
not significantly affect the readings. While this force change may
be only a2 few cunces, the frame will necessarily be quite long and,
unless sufficiently rigid, may deflect significantly.

3-5-3. The measurement cross bars should be attached to the pipe
at locations where local deformations of the pipe cross section

are negligible. These attachments to the pipe should be as short
as feasible (distance A, Fig. 6-3) because in evaluvating the tee
flexibility it will be necessary to subtract out the displacements
due to the pipe; therefore it is necessary to know the pipe lengths
accurately. )

3.6. Plaster Molds

Plaster of paris molds replicating the inner and outer surfaces of each
tee shall be made. The molds may be used by the Seller in making detailed
strain-gage layouts. A complete set of castings will also be preserved
for use by the Company as dimensional references.

5-7. Brittle Coating Tests

After installation of inside gages and completion of the test assembly,

a brittle coating test may te performed at the discretion of the Company
to determine the location and orientation of outside principal stresses.
The location and number of the outside gages will then be subject to re-
view and possible adjustment. The procedure for the brittle coating tests
shall generally conform to the following outline.

3-7--. Each loading shall be applied successively to one-third
the maximum scheduled lozding to minimize the effects of residual
stresses. ’




5.8.

Number: JS5-115-231
Date: Feb. 10, 1939

Revised:

Page 5 of g

3-7-2. Brittle lacguer with a sensiti of approximately 500
pin./in. shall be applied to at least one-half of the tee.

3-7-3. Branch moments and branch forces shall be applied in suc-
cession beginning with Msx' Each l1oad shall be applied in incre-
ments until cracks occur in the brittle coating or until a previous
crack pattern is intersified. Under no circumstances shall the
load exceed one-half of the maximum scheduled loading level.

3-T-4. The second half of the tee shall then be coated and the run
moments and run forces applied in the same manner beginning with Max‘

3-7-5. The above procedure may be adjusted during testing if mutu-
ally agreed on by the Seller and Company representative.

Data Requirements

The following data and data analysis shall be submitted as indicated in
Section 5. :

3-9.

3-8-1. The linear response of each gage in units of inches per inch
per unit load determined by least squares fitting the data from each
of the loading increments.

3-8-2. Elastically-calculated stresses and strains in the direc-
tion, and transverse to the direction, of a row of gages.

3-8-3. Elastically-calculated principal stresses and strains and
their directions, ¢P, relative to a2 row of gages.

5-8-k. Graphical plots of the above quantities as a function of
gage position.

3-8-5. The data analyses required in Sections 3-8-1, 3-8-2, and
3~0-3 shall be made available to the Company in machine readable
form, either punched cards or magnetic tapzs, in addition to the

submissions required in Seetion 5.

Data Acguisition

3-9-1. Strain readings shall be taken from all gages and dial in-
dicators at the beginning of each run and after each loading and
unloading increment.

53-9-2. Strain readings at successive zero loads shall not differ
Tran each other by more than 215 pin./in. or 5% of the maximum
strain reading for that gage during that loading, whichever is
smaller. In the event this requirement is not met for specific
gages during the required number of lcadings, additional loadings

shall be run for these gages until compliance is met. If internal
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unrepalirable gages persist in erratic or unsatisfactory behavior,
a Company representative will determine when a mzaximvm effort has
been made to cbtain data from these gages.

3-10. Test Procedures

Following the brittle coating tests and the attachment of external instru-
mentation, the first tee (Item 10) shall be tested with the prescribed
lpadings. The first load to be applied shall be M_, followed by the re-
maining branch moments and branch forces. The same order shall apply for
the run moments and run forces, beginning with M »x- The internal pressure
test may be interjected into the above order at any convenient time. The
testing of the subsequent three tees will be similar but the order of the
various loadings may be varied for convenience in planning the fatigue
tests. For each loading the procedure used shall be as follows.

3-10-1. ZEach loading shall be applied to one-half of the programmed
maximum load and a set of data tzken. This data shall be scanned
for points of maximum strain. In the event any strains indicate
that, on maximum loading, the value of strain at that point will
exceed the 1000 uin./in. limit, the programmed maximum load shall
be adjusted accordingly.

5-10-2. After confirming the adequacy of the maximum load, the test
piece shall be loaded and unloaded until linear elastic behavior is
achieved. Complete data need not be taken during this shakedown
process; however, it provides ample opportunity to evaluate the
stability of instrumentation.

3-10-3. The test piece shall then be loaded to the maximum load in
Tour incremental steps. These steps shall be repeated on the un-
loading process making a total of nine sets of data for each load-
ing, taken as indicated in Section 3-9.

3-10-4. The above test {3-10-3) shall be repeated and data for the
two runs examined for compliance with requirements described in
this specification. :

-

3-11. Fatigue Tests . .-

Fach tee shall finally be tested to failure by fatigue loading. The
Company will select the loading to be used in the fatigue test upon com-
pletion of the elastic testing of each tee. For Items 10 and 12 of Task
No. 1 the locading will probably be a moment applied to the branch; how-
ever, a Gecision on the direction, M, or M, ,, will not be made until suf-
ficient data zre received fram tne elastic tests. In any event, the load-
ing shall be made in a fully reversed cycle, maintaining a constant maxi-
mum displacement in ezch direction. The tee shall be hydraulically pres-
surized to 1175 psi internal pressure. Thic pressure shz11l be held
constant during the entire fatigue test.
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The fatigue test loading of ITtems 11 and 13 shall be internal pressure.

The Company will confirm the loading after reviewing the results of the
elastic tests of the tees. The tees will be hydraulically pressurized

to a predetermined value and then the pressure released to complete one
cycle.

The magnitude of the loading shall be proposed by the Seller and epproved
by the Company, and should be sufficient to cause a fatigue failure in
the range between 500 and 100,000 cycles. Failure in this instance is de-
fined as the first indication of a leak and shall cause the test to be
terminated.

The test shall be interrupted at freguent intervals and inspected for
cigns of a developing fatigue crack. Dyepenetrant or fluorescent-magnetic
particle inspections as applicable will be made to detect cracks on the
outside surface. Suspected areas are to be photographed during each in-
spection and these photographs are to be considered a portion of the
records of the test.

INSPECTIONS:

L 4-1. The Company shall have access to the test site as necessary for
observation of test preparations and tests.

4-2. The Company shall be advised of the schedule of preparations and

tests in sufficient time to allow an observer to be present for activities
of interest.

REPORTING OF RESULTS AND RETURN OF SPECIMENS:

5-1. The following reports shall be submitted covering the work described

herein.

5-1-1. Monthly Status Reports. These reports are due at the Company
on the first day of each month. They should cover the month's activ- -
ities in sufficient detail so that portions can be abstracted by the
Company for inclusion in a program report to the AEC. Three copies
of 8 1/2 x 11-in. glossy print photographs should be included as
‘appropriate. A projection of the planned activities for the next
month is to be included. The format for the report may be a letter
or memorandum.

5-1-2. Quarterly Progress Reports. These reports are due at the
Company on the 10th day of each quarter, that is, January 10,
April 10, July 10, and October 10. Fifteen copies are required.
They are to be a generzl surmary report covering the preceding
three-month pericd; the first report may necessarily cover a shorter
period. They need not contain all the specific details contained
in the monthly reports but should present & clear description of
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the work, since these reports will be passed on unedited to AEC
Headquarters and others on a limited, official use only, distri-
bution. The format of the report is left to the discretion of the
Seller, but should contain an introduction and conclusions.

5-1-3. Pinal Topical Reports. Formal summary reports shall dbe
submitted upon completing the elestic straip-gage anzlysis ef-each
~tee and upss-completing-—each fatigue test’” Data shell*ve included
as both tabulated summaries and graphical plots. Fifty (50) copies
of each are reguired. Drafts of the final reporis shall be sub-
mitted to the Company for approval and comment. The work shall be
deemed completed upon receipt by the Company of the final reports.

5-1-4. Informal Submission of Data. Data for each of the described
. loadings, including data obtained during test setup, shall be made
available to the Company immediately upon complecion of acguisition
and processing. The Company is to be notified, in writing, that
such date are available. However, transmittal tc the Company shall
be made only upon reguest.

5-2. Following the completion of the fatigue tests, the extensions of
the tees shall be cut and removed approximately 3 in. from the weld
leaving the weld and tee intact. Gages and a portion of the lead wires
shall be left on the specimen. The tees shall then be returned to the
Company for final disposition. -

NOTES AND REFERENCES:

6-1. Suggested Contractual Features

6-1-1. Revised Loadings. It is anticipated that certain loadings
may be repeated with combinations of moments and forces, for example,
Féy-i May; Féz x Maz; Fsz * Maz3 and Esx * Msx' The Seller shell

be prepared to perform these additional_tasks if required.

6-1-2. Addition or Deletion of Gages. The Seller shall be prepared
to add or delete three-gage ros ttes from the number indicated in
this specification.

6-2. Reference

Task No. 1 from reference listed in Section 2-1-1 (attachment).

6-3. Reference

Schematic sketch of dial indicator requirements (attachment).



ing conditions.

TASK NO. 1

MEASUREMENTS OF SURFACE STRAINS AND
FATIGUE TESTS OF ASA B16.9 TEES

Scope

3

Table 1 lists the specific tee test specimens and fatigue test load-

Phase A consists of a thorough investigation of Items 4, 6, 8, and

15 of table. Phase.B includes the remainder of the items of Table 1.

Detailed test procedures for Phase B will be guided by the results of

Phase A tests and possibly by the results of the theoretical analysis of
tees performed under Task L.

Table 1. ASA B16.9 Tee Test Specimens and
Fatigue Test Loadings
Item Nominal Nominal Fatigue Manufac-
R Material Test Phase
No. Size Wall N turer
Loading

1 6x6x6 Sch 40 TP 304 or 304I, Moment T B

2 6x6x6 Sch 160 A-106-B Pressure I B

3 6x6x6 Sch 4o TP 304 or 304L Moment I B

L 12x12x12 Sch 80 A-106-B Moment I A
5 12x12x12 Sch 80 A-106-B Pressure IT B

6 12x12x12 . Sch 80 A-106-B_ .. Moment . . III A

T 12x12x12 Sch 160 _TP 304 or 304L Moment II B

8 12x12x6 Sch 40 TP 304 or 304L,  Moment IT A

9 12x12%6 Sch 160 TP 304 or 3041, Pressure IT B
10 - 2bxohy2l Seh 40 A-106-B Moment IIT B
11 2hx2kx2h  Sch 160 A-106-B Pressure IIX B
12 2lx2hx10 Sch 40 A-106-B Moment IIT . B
13 2hy2bx10 Sch 160 A-106-B Pressure IIT B
14 12x12x6  Sch 40 TP 30k or 3041 Undecided I B
15 12x12x6 Sch 40 TP 304 or 30LL Moment IIX A




Part of the objective of this program is to determine the extent
of the differences in stresses in tees of different manufacturers. Tees
from three differen: manufacturers are to be.included, indicated by I,
ITI, and III of Table 1. The bidder shall specify the specific manufac-
turers. The tees purchased for the program should be typical of the
manufacturers' products. .

Strain measurements are to be taken with internal pressure and with

the moment and force¥* loadings shown in Fig. 1.

M?f)'n F;Y
. May F
/1732, €Z T
B .
3 - L
Y, ' 'le’; Fay -
/ ' 23 ;)‘—"' Mzx, Fix
/"zz"/;éz <.

Fig. 1. Test Loadings for Strain-Gage Tests

Pressure and each of the six indicated moments are to be applied
separately (seven separate loadings). ZEach test shall include strain- -
gage readings at a minimum of three lcad increments up and down through
at least three cycles to insure that elastic states of strain are ob-,
tained. The bidder shall indicate what maximum loads he proposed to
apply. Items 4 and 8 of Table 1 (Phase A) shall be thoroughly strain-
gage instrumented and subjected to all indicated test 1o§ds to determine

the critical areas where stiresses due to the possible independent loadings

*
Force loadings are to be applied to Items 4 and 8 of Tzble 1. If

stresses due to force loads are sm2ll coopared to those due to momer
. lozds, subseouent test models do not need to include force loads.



can combine. It is expected that ceveral hundred strain-gage elements
will be required on each model, but the specific number and location of
gages are to be specified by the bidder. The results of this investi-
gation shall be used to locate critical regions on the other 11 models
so that a smaller number of strain gages may be used.

For vressure fatigue tests, the pressure range will be determined
on the basis of the strain-gsge results. For moment-loading fatigue
tests, voth the mament (whether M, My, Mz’ or some combination thereof
and whether applied to branch or run) and its magnitude will also be
determined from the strain-gage results. The aim point will be beiween
500 to 100,000 cycles to failure. The fatigue tests shall be interrupted
periodically for visual inspection to attempt to identify any crack
inltiation on the outside surface. All moment-loading fatigue tests
shall be pressurized to the nominal design pressure, except Item 3 which C e e—e e
shall be pressurized about 2 to 5 psig. All fatigue tests shall termi-
nate upon the beginning of leakage.

A1l tests shall be run at rocom temperature.




(1)
(2)

(3)
(L)

(5)

DESIRED RESULTS

Inspection datu on test specimens.

Strain-gage data converted to principal stresses, tabulated
against load steps.

Fatigue test loadings and cycles-to-failure.

Description of the fatipue failure and crack initiation, if the
crack initiation is detected on the outside surface.

Description of test procedures and discussi n of accuracy of the
test results.
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APPENDIX IX

"AS-BUIL{" DIMENSIONS FOR T-1¢, T-11, T-12 and T-13




This appendix contains the "as-built" dimensions calculated
by ORNL for 1-10, T;ll, T-12 and T-13 and a set of pertinent drawings.
These are placed in sub-appendices IL.l thru IX.4 respectively. The

following C.E. drawings are included in the sub-appendices.

Sub-Appendix CE Drawing No, Drawing Name

I11.1 SA-10704-00 ORNI. As Fabricated Dimensiomns. 24" x 24" x
24" Sch. 40 Tee

IT.1 SE-10706-0 As—~Built Dimensions of ORNL Tube Turm
24 x 24 x 24 Sch. 40 Tee

I1.2 SA-10704-1 ORNL As Fabricated Dimensions 24" x 24" x
24" Tee

11.2 §D~-10963-1 As-Built Dimensiomns of "T-11"

1.3 A-62872-040-1  ORNL As Fabricated Dimensions. 24" x 24" x

}‘0‘" HT___lzll & HT__13H
1.3 E~-62675-036-0 As-Built Dimensions of "T-12"

I11.4 D-62872-039-0  As-Built Dimensions of "T-13"




APPERDIX II.1

"AS BUILT" DIMENSION FOR T-10 TEE




(1)

DATA SHEET FOR RECORDING "AS BUILT" DIMENSIONS

Tee Size E?é’#i?ffyz?ﬁf Set Lo Toos Jelnd
(2) ORNL Serial No. oLl
{3) Reference Dwg. for Co-ordlnate Locations 5.7~ /=704 v
(4) Reference Diameter .Zs. Z&35 Reference Radius /%, /0/%

Plane No. /< Plane No. 5 _
Circumf. Radius Wall Circumf, Radius Wall
Location Variation | Thickness | |Lccation Variation | Thickness

/ -, 550 |/ ZO08 /

Z — &85 | oDz 2 AT | L B3B8
= - 70 Yo~ 7 ¥4 Y -.390 ,/,Efé?i?
F —.H&S | [ 185 d ~. LSS | L 280
= = &3 veS) S — FEO [ EE3
& . . &
7 - 770 [/, Oro - 7 — L7 SO
& . &
S —&CS | L. D40 9 —- 75§ | fose
/0 /0
V/4 = 70 | L. D52 V4 -t | AL/
/Z /Z
2 -5 | LS /Z =SEo | 4182
/7 ~.Bos | /. O0%8 /F §£5 | L/Bo
/& -85S |0 243 /s - 453 | /SO0
/o ~7/S L OHS /e +. 525 | /. 492.

- NOTES (1) Tee aligned vertically based on ID centerline
(2) Increase in radius is +, decrease




-

@)

D£TA SHEET FOR RECORDING ™MAS BUILTY DIMENSTONS

Tee Size FFwPEx TR Sl 0  Tiuwss Sesnd
(2Z) ORNL Serial No. Lot/
(3) Reference Dug. for Co-ordimate Locations /7 — /&7 725
(4) Reference Diameter Z&. 220X Reference Radius /=..=/5"
Plane No. < Plane No. -~
Circumf, Radius Wall Circumf, Radius Walil
Location Variation | Thickness | {Location V.riation | Thickness
/ /
Z -z
3 #8557 | L B2 =g _
el — 255 | L 275 “ 7075 | L2EZ |
S -, 225 | L 270 3 - /PO | L 2sE
& & :
7z - 530 | L. /O 7 —~ Z7Z | LE2TF
& | =
2 <6 Z /- /D8 2 -, 554 | /. 2o5
/0 /O |
|/ -.552 | 1.2/0 /7 - AZS | L.22/ |
’Z /2
/Z ~. E7S | [ 2sS = ~. Z&Z | LEZEF
A -, S&53 . EFL £ F - O7& /. Z5e
AS 7, 35| /L B2z sy
75 /&

- NOTES (1) Tee aligned vertically based on ID centerline
(2) .ncrease in radius is +, decrease




)

DATA SHEET FOR RECORDIRG "AS BUILT" DIMENSIONS

Tee Size ZFXZFx2F Swpy F0 Tors <)
(2) ORNL Serial No. Ll
(3) Reference Dwg. for Co-ordinate lLocations < » 2777
(4) Reference Diameter Z 2. 223 Reference Radius /3 /775"
Plane No. £ Plane Wo. A~
Circumf. Radius Wall Circumf, Radius Wall
Location Variation | Thickaess | |{Location Variation | Thickness
/ /
Z Z
L \Z =z
4 F
5 A O0S | [ 24 <) A0 | LZFO
& &
7 - Z88 | L/50 7 =, 258 | L /4T
& Vo7 |
= - P | L2008 2 — oo | L E2O7
/o /0
Y -.235 | /28 || W ~. Foo | /.2/5
/2 /Z _
/3 — 702 | /252 /3 c 00 | S Z3F
/¢ /£
/S s
/& /&

NOTES (1) Tee aligned vertically based on ID centerline
(2) Increase in radius is +, decrease




DATA SHEET FOR RECORDING “AS BUILT'" DIMENSIONS

3 (1) Tee Size F7FrPefs Fd Tis /(0 JIAEE J el
{(2) ORNL Serial No. Lo L
(3) Reference Dwg. for Co-ordinate Locations <747~/ 70
(4) Reference Diameter Z¢H, 705 Reference Radius /z, /o/&"

Plane No. &7 Plane No. .~/
Circumf, Radius Wall Circumf, Radius Wall
Location Variation | Thickness | |Lccation Variation | Thickness
/ /
Z Z
=z 3
< 7 ALOZO | L P7F
) L L0 /. 255 =3 -/ e85 /. 258
) & & 3
7 - 2585 | LS50 7 257 | 1157
& ' s
2 -G | [ EZ/2 2 — 570 | 1.2/5°
70 /D
// — JZ L 27Z v - #7E | L 228
7z /Z
Az —. 5 F /L E37 rE —. 238 | L 224
il /7 - 075 | /L2557
~ <
/o /¢

_ NOTES (1) Tee aligned vertically based on ID centerline
(2) Increase in radius is 4+, decrease -




DATA SHEET FOR RECORDING "AS BUILT" DIMENSIONS

(1) Tee Size ZZxPH xZA Spu AL Toes [t
(2 ORNL Seriai No. LoLl/
(3) Reference Dwg. for Co-ordinate Locations < <7- /27 0%
(4) Reference Diameter 72/, £ Z Reference Radius /=, /o/5"
Plane No. _7 Plane No. v
Circumf. Radius Wall Circumf, Radius Wall
Location Variaticn | Thickness | |Location Variation | Thickness
/ / .
4 Z A 2L | L322
T 7 S0 S T F - B850 | /.20
vl —. 25/ | S 22O “# — L35 | L E52
=3 —. 325 | L2772 =3 — F20 | /.75
& @ g
7 — SO L SDE 7 — /5 | [ 2e0
a3 &
D — &Z5 | L/T7S = —. 7080 | L 25D
/0 /o A
/7 —. 550 | /2L 74 —. 95 | [ /20
2 ’Z
[z —Fos | 1255 || /3 | =520 | Lr20
o = FES | L Z7F || M ~. 8280 | LIEZ
=3 F Y | L Boo S | — Ao | L BZFO
/& /e |\ Am&ss | /s

NOTES (1) Tee aligned vertically based on ID centerline
(2) Increase in radius is +, decrease




(1)

DATA SHEET FOR RECORDING "AS BUILT" DIMENSIONS

) Tee Size JFw 2Ty 2 S0 s S et T
(2) ORNL Serial No. ey
(3) Reference Dwg. for Co~ordinate Locations 5 ,& /2 FOF
(4) Reference Diameter L. Z2%  Reference Radius /=2, /»/5"

Plane No. gf Plane No. 4
Circumf, Radius Wall Circumf. Radius Well
Location Variation | Thickness | |Location Variation | Thickness
/ ~320 | [ AoZ /
z -, S5 /2220 Z
= ~.OF5 | L/Z8 =
s —. 43 | [./0%5 =
5 — H6Z | L IOZ ~3 —~o¢8 | L7252
& &
7 — 788 | LO0/5 7
& ' =
2 ~.8/F | L. D34 2 )
/D /0
4 ~. 775 | O DD a
/Z. 4
A= —. 70 | LOZ& £z . ZZ5 | L2FS
/S —-. 720 | 2. .28F A
s -~ 775 | J po# s
/& - pGd | /) SFS Yz

NOTES (1) Tee aligned vertically pased on ID centerline
(2) Increase in radius is +, decrease
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DATA SHEET FOR RECORDING "AS BUILT" DIMENSIONS

(1) Tee Size Zufix FFe Lo S D T e s
(2) ORNL Serial No. LoL/
(3) Reference Dwg. for Co-ordinate Locations.s g7 /0 7.0~
(4) Reference Diameter 7 /». 72 Reference Radius /=./ /5%
Plane No. /427 Plane No. 4/$//
Circumf, Radius Wall Circumf, Radius Wall
Location Variation | Thickness | |Location Varxiaticn | Thickness
/ /
Z &
F .y — B3E | LT3F
7 | -3ze7| 1280 2 | ~o30 | Lr82
S -~ B/ | L2720 3 - &33 | LZO0
& ~Zo0 | L2865 & —sop | //D2
7 7 _ \|-~=z57| s=Zc0
= &
2 > )
/0 /0
4 /f - Fo0 | L.2D7
/Z ~. G0 | S 2O /Z. - Bl | /. 008
r A5 — /S | D2 1 -, G55 | 2295
/E | =785 | 1250 A | o5 |<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>