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FOREWARD

The work reported here was done in the Nuclear Components Department
Testing Laboratory, Combustion Engineering, Inc., Chattanooga Works,
under Union Carbide Corporation Nuclear Division Subcontract No. 3310
as part of the ORNL Piping pProgram - Design Criteria for Piping, pPumps,
and valves. This program is being carried out for the U.S. Energy
Research and Development Administration (ERDA) by the oak Ridge
National Laboratory under the direction of W. L. Greenstreet, Technical
Director, Solid Mechanics Department; and S. E. Moore, Program '
Coordinator. Ben Wei of the ERDA Division of Reactor Research and
Development is the Cognizant Engineer.

The ORNL priping Program is funded by the Division of Reactor Research
and Development as the ERDA supported portion of a cooperative

effort with industry for the development of design. criteria for
Nuclear power plant piping components, pumps, and valves. This
cooperative effort is coordinated by the Pressure Vessel Research
Committee (PVRC) of the Welding Research Council.



ABSTRACT

This report describes the experimental stress analysis and low cycle
fatigue test of one 24" X 24" X 24" schedule 10 stainless steel, ANSI
B16.9 tee performed by Combustion Engineering, Inc. The tee was
instrumented with 230 rectangular strain gage rosettes. Elastic
data was obtained for 12 loading conditions consisting of internal
pressure and orthogonal pure moments and orthogonal direct forces
applied individually to the free branch and run ends of the tee.
"One of the run ends of the tee was "built in" throughout the test.
All loads were applied through pipe extensions welded to the tee.
The tee was fatigue tested to failure by applying a cyclic in-plane
moment to the branch of the tee assembly. A through-the-wall
fatigue crack occurred at 2344 cycles. Significant test results’
are summarized and compared with design values tabulated in the
ASME Boiler and pressure Vessel Code, Section III, 1971.
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NOMENCLATURE

C ' = primary plus secondary stress index

Do = oﬁtside diameter, in.’

K = "local stress index

S = elastic stress amplitude in piping for fatigue

consideration, psi; or stress intensity, psi

L

p = nominal section modulus, in.

T = shear stress .

-0 = rotation,. radians
AOEEX = most positive principal stress, psi

Omin = léast positive principal stress, psi

imax - normalizéd principal stress (most positive)
imin = normalized.principél stress (least positive)
ig = normalized'stress intensity

Subscripts

b = branch

r = ©run

1,2,3 = ' ﬁlanes for the three ends of the fée pipiné

configuration
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1

INTRODUCTION

In early 1969 the Oak Ridge National Laboratory (ORNL) issued a
contract to Combustion Engineering, Inc. to conduct experimental
stress analyses and low cycle fatigue tests on four 24-inch
diameter ANSI B16.9 carbon steel tees. This experimental work is
part of the ORNL piping program to develop design criteria for
nuclear service piping components. The program is the U.S.
Energy Research and Developmernt Administration supported portion
of a joint ERDA-Industry program to develop design information
for nuclear service piping components, pumps, and valves. ORNL
later added two 24-inch diameter ANSI Bl6.9 tees to the contract.

The Combustion Engineering tests are for tees numbered T-10
through T-13,T-16, and T-17 supplied by the oak Ridge National
Laboratory from a series of 17 ANSE B16.9 tees being studied
under the ORNL riping program (1). The tees in the C-E test
series are as follows: '

Tee Number Nominal Size
T-10 (carbon steel) 24" X 24" X 24" sch 40
T-11 (carbon steel) 24" X 24" X 24" sch 160
T-12 (carbon steel) 24" X 24" X 10" sch 40
T-13 (carbon steel) 24" X 24" X 10" sch 160
T-16 (stainless steel) 24" X 24" X 24" sch 10
T-17 (stainless steel) 24" X 24" X 10" sch 10

The test results from the T-10 tee, T-11 tee, T-13 tee, and the
T-12 tee are presented in Ref. (2), Ref. (3), Ref. (4), and
Ref. (5), respectively. 1In this report the test results from
the 7-16 tee, which was the fifth tee to be tested, are presented.
Also covered is a detailed description of the test procedures,
test equipment, test tee assembly, elastic response tests,
computer programs, data acquisition equipment and low cycle
fatigue tests. A comparison is made between the normalized
stress intensities determined from the test data and the design
values tabulated in the ASME Boiler and rressure Vessel Code,
Section III, 1971.

Numbers in brackets designate References at end of paper.
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In regard to the fatigue test, a comparison is also made between
the actual number of cycles that caused a fatigue failure and
the number of cycles calculated using the Simplified Elastic-
vlastic Discontinuity Analysis in Section III of the ASME

Code (6).



2.0

‘LABORATORY EQUIPMENT

2.1

Load Frame. The test frame consists of an assembly of wide
flanged beams bolted to foundation anchor points at eight
places (7). The test frame was designed for the following
loading conditions: -

Bending moment 9,600,000 in-1bs
Torsional moment 9,600,000 in-lbs

Axial load . 800,000 1bs
The foundation consists of four large rectangular beams of °
steel reinforced concrete arranged in a "rectangular donut"
configuration. Approximately 126 cu. yds. of concrete and
7300 l1lbs. of reinforcing steel were utilized in the foundation.
Each anchor point was designed to resist a load combination
of 57.1 kips upward or downward and a resultant force of
70.7 kips horizontally.

To apply bending moments, torsional moments, and axial loads,
three load cylinders were designed with large rectangular A
flanges located at one end. These load cylinders are bolted
to special 24-inch weld neck flanges welded to the outside
diameter of the run piping components. Figure 1 shows a

tee in the load frame.

Various hydraulic jack assemblies are used to apply the
different loads to the test tee assembly. Most of the jack
assemblies were provided with swivels containing ball bearings
at each end (Fig. 2). Each jack assembly has been calibrated
on a hydraulic universal testing machine. A hydraulic system
capable of accurate pressures up to 10,000 psi is employed

to provide necessary pressure for all jacks. Special ball
bearing and roller bearing type supports were designed to
support the test tee assembly (Fig. 3).

Data Acquisition and Processing Equipment. A computer

controlled data acquisition system was employed for the
strain gages, thermocouple, and LVDT instrumentation (7).
This system consists of an Astrodata Model 2000 analog-to-
digitdl converter and an IBM 1620 data processing system.
The Astrodata Model 2000 unit is a special purpose random
access multiplexer and data measuring instrument which 1is
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. ‘



Fig. 1 View of a Tee in the Load Frame
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Fig. 2 View
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of 100 Ton Jack Assembly with Swivels



Fig. 3  View of Roller Bearing Supports



During a typical test, all tests results are punched on cards
with a limited number of the more important test results
displayed on the 1620 typewriter. At the conclusion of a
test the punched cards are transmitted to .the Corporate
Computer Center via an IBM 7711 tape receiver and telephone
link. The test data is then processed on an IBM 370/165
computer. -

When it is desired to plot specific data, a magnetic tape
X-Y drum plotting system is utilized in Windsor. This
permits completely automatic plotting of all desired
information. -

Fatigue Test Equipment. The fatigue test equipment utilized
for pressurizing the tee consists of an MTS closed-loop
servo control system, a hydraulic power supply, five
intensifiers, a Heise pressure gage and a pressure transducer.
Title to the MTS system, hydraulic power supply, and the
five intensifiers is vested in the U.S. Govérnment. The
arrangement of the fatigue test equipment is shown in
Figure 17. A brief description of somé of these items will
be presented below:

MTS System - This system is primarily designed for structure

and materials testing. It is a single-channel system that
utilizes 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
transducer. :

with this system it is possible to apply pressure to the test
components at various cyclic rates, depending on the capacity
of the hydraulic system, and using different functions. An’
"inverted haversine" function is generally used for pressure
cyclic tests. The MTS System has various interlocks to
ensure proper test program operation. These are listed below:

(A) Limit Detector (prevent excess pressure rise)

(B) Low Amplitude Measurement (prevent undershoot during
pressure cycle) .

(C) PpPressure Relief Valve on Hydraulic power Supply (can
be adjusted to limit maximum pressure attainable by
MTS System)



Hydraulic Power Supply - The hydraulic power supply consists
of a variable volume pump capable of delivering up to 35

gpm of hydraulic oil. It is a self-contained unit, containing
an oil reservoir, oil-water heat exchanger, safety relief
valve, pressure regulator, various indicators, and filters.

It is designed for providing a hydraulic pressure of 3000 psi.

Intensifiers - One to five o0il to o0il intensifiers are used
with the MTS System to provide sufficient oil volume to
achieve the desired pressure in one stroke. of the intensifiers.
The intensifiers have an intensification ratio of 3.31

and were manufactured by Ortman-Miller.

Pressure Transducer -~ A BLH General Purpose pressure cell
type Gr is used for fatigue tests. It has a maximum pressure
of 20,000 psi.




3.0 TEST MODEL

3.1

Fabrication Details of Tee. The test tee was provided by

ORNL. The tee is considered a wrought fitting fabricated
from ASTM A-240-70, 304L stainless steel.plate. The lot. .
number and mill heat number of the material are P-6453

and 500281-1A respectively. The tee was fabricated in
accordance with ASTM Specification A-234 which is required
by the ANSI B1l6.9 specification for wrought fittings.
Physical properties of the material were obtained from the
plate mill test report and are listed below:

Yield strength - 38,000 psi
Tensile Strength - 83,000 psi
Percent Elongation - 53.0

"As-Built" Dimensions of Tee. Before welding pipe extensions
to the tee, plaster of paris casts were made of the inside
and outside of the tee. Several contours traced from these
casts are shown on C-E Dwg., E-62873-003 in Appendix "A".

The surfaces on the tee which were to be instrumented were
polished and the centerlines of the strain gages established.
For future reference the X-Y-Z coordinates of each strain
gage centerline were established. This was accomplished

by first establishing centerlines for the tee and then
machining the weld preps perpendicular to these centerlines.
By using the weld prep to position the tee on a marble
table, the desired coordinates would be readily acquired
using a vernier height gage.

The actual measurements which were made are shown on C-E
Dwg. B-62675-041 in Appendix "A". Also, the equations -
which were used to establish the X-Y-2 coordinates from the
centerline of the tee are shown on this drawing.

The X-Y-Z coordinate dimensions for the center of each
strain gage rosette are tabulated on data sheets in Appendix
"A". The dimensions not shown on the data sheets could
not be established since these strain gage rosettes were _
located at the weld centerlines. After the welds were made
it was not feasible to establish these dimensions. '

Test Assembly. Fifty-inch long pipe extensions of

SA-312 Type 304 stainless steel material, with ellipsoidal
caps attached, were welded to the tee. It was necessary to



weld the extension run piping assembly after the remainder
of the tee assembly had been completed and all interndal
instrumentation had been installed. All welding procedures
were qualified in accordance with Section 9 of the ASME
Boiler and Pressure Vessel Code and all welds were of nuclear
quality. The root passes were made using the gas tungsten
arc welding method. Both the gualification welds and the
actual pipe welds were examined, by magnetic particle tests
and by radiography. 1In addition, the qualification welds
were subjected to tensile tests, bend tests, and Charpy
impact tests. '

Special weld neck flanges were welded to each piping extension
to make provision for the application of load to the tee
assembly. The mating surface of the flange was positioned
75%-inches from the centerline of the tee to fit properly

in the load frame. Nozzles were provided in the pipe
extension for filling, venting, and pressurizing of the tee.

. Nozzles were also provided for special glands used for

sealing approximately 1000 lead wires connected to the internal
strain gage instrumentation. Special anchor pads were also
provided for attachment of LVDT hardware used for determining
flexibility factors. The completed tee and pipe extension
sub-assembly and the extension run piping sub—assemblles and
final tee assembly were heat treated at 1150°F. ~ see Dwgs.
SE-11559 and sD-11558 in Appendix "B" for drawings of the
sub-assemblies and final tee assembly.

The strain gage glands were prepared by installing
polythermalese coated 26 gage copper wire in special

pipe fittings and potting the glands with an eépoxy material.
The glands were hydrostatically tested before being
installed in the tee'assembly.



ELASTIC RESPONSE TEST:

Elastic data were obtained for twelve loading conditions;
internal pressure, six pure bending moments, and five direct
force loadings.

4.1 Instrumentation. Two basic types of instrumentation were
used; strain gages to measure strain distributions and
LVDT's to measure displacements.

Approximately 230 Micro-Measurement Type 'EA-09-125RA-120
rectangular rosette strain gages with a grid length of
0.125-inch were cemented on the tee assembly. Coordinate
axes from the tee were assigned as follows:

The X axis coincided with the run centerline. The positive
Y axis coincided with the branch centerline. The Z axis
was mutually perpendicular to the X and Y axes and the
positive direction was chosen-such as to provide a
conventional right-handed system as shown in Figure 4.

The tee was heavily instrumented in the +2, +Y, +2 region
and the =X, +Y, -2 region on both the inside and outside
surfaces. The instrumentation in each of these regions

was arranged in five rows as shown in the instrumentation
drawings in Appendix "B". ‘

To establish the row lines 22%° increments were marked off

on inside and outside diameters of all three ends. of the

tee. The tee was then positioned with the weld prep on one
of the runs of the tee flat on a marble table. As indicated
in Section 3.2 the weld preps were all machined perpendicular
to the axis of the tee. Then, using the 22%° increments,

row lines were constructed by sc¢ribing appropriate horizontal
lines on the branch and vertical lines on the run. The
"crotch line" was constructed by connecting the intersections
of these horizontal and vertical lines.

Gage location on each row line were determined by using
dividers. Thus the true surface distance between gages may
vary. This was not considered detrimental as.actual X, Y,
and Z coordinates of each gage were measured. In addition
to the gages that were on the row lines four gages were
mounted on the "crotch line" midway between adjacent rows.
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This same procedure was used to lay out both the inside and
outside surfaces of the two regions that were heavily
instrumented. Because of the method employed in locating
the gages, correspondlng gages on the inside and outside

of the tee may not be exactly opposite each other.

once the tee was laid out in this manner the actual

"X, Y, and 2" coordinates for each gage were measured and

are tabulated in Appendix "A“. Five instrumentation drawings
.showing the locations of the inside and outside strain gage
instrumentation are provided in Appendix "B".

Figure 4 shows a typical arrangement of instrumentation in
one quadrant of the tee. The highest stressed rosettes for
particular loadings have been identified in this view. All
strain gages were moisture proofed. A three lead-wire system
was employed in wiring the strain gages to the data
acquisition equipment to prevent temperature changes in the
lead-wire from causing inaccuracies in the strain gage data.

As stated earlier, the pipe assembly for the run of the tee
was welded after installation of internal strain gages. The
temperature of the tee was monitored during the welding
operation by utilizing three chromel-alumel thermocouples .
which were located adjacent to the rosette strain gages
nearest the weld. The thermocouples were read frequently

to ensure that the temperature of the material in the region.
where the strain gages were located did not exceed 150
degrees F.

Six LVDT's with special support hardware were employed to
measure the relative displacements and rotations of the run
and branch ends of the tee. These data were utilized to
calculate flexibility factors for each type of loading. The
instrumentation and data acquisition equipment can determine
displacements to the nearest 0.0001 inch. Fig. 5 shows the
arrangement of the LVDT support hardware. Specific dimensions
at assembly, LVDT numbers, and LVDT support arrangements,
and physical locations, utilized in the test program are
shown on C-E Dwg. D-62874-027 ‘in Appendix "B". Complete
computer listings of all the measured displacements, the
rotations calculated from these displacements and the
calculated flexibility factors have been sent to ORNL.



Fig. 5 View of LVDT Support Arrangement




4.2 Test Procedure. It is possible to load a tee with any of the
twelve mechanical loadings shown in Fig. 6 or with internal
pressure. The "right hand rule" is used as the moment vector
convention in Fig. 6. The mechanical loadings may be visualized

- ‘ by considering one of the run ends of the tee extension

' piping as built in. Three orthogonal pure moments and three
.orthogonal direct forces may then be applied individually to

-~ _ , either the free branch end or the free run end to create the
total of twelve mechanical loadings. Superposition may then
be used to obtain any combination of mechanical loadings and
internal pressure. All of these loadings were imposed
separately on the tee except F3X which was omitted due
to limitations on the strength of the test frame. Table 1
provides a summary of the maximum applied loads and resulting
stresses.

Initially, a sufficient number of load-unlocad cycles was
imposed on the tee for each of the twelve elastic response
tests to assure "Shakedown" to linear elastic behavior as )
evidenced by 98 percent of the strain gages returning to zero
within +20 microin./in. The component was then loaded in
four incremental steps which were repeated in the unloading
: process, providing a total of nine sets of data for each

. load cycle. To assure repeatable application of load and

measurement of test data, a minimum of two load cycles were

applied for each of the twelve elastic response tests and

the results compared for consistency. The most highly

stressed strain gages were monitored during the loading

process to assure that the yield strength of the tee was not

exceeded.

4.3 Data Acquisition and Evaluation. Fig. 7 illustrates the six
steps involved in the data acquisition and evaluation scheme.
The actual data acquisition and monitoring of the most
essential data is done in the first step. The remaining
five steps, identified herein as rhase 1~5, are essentially
the computation of all of the engineering parameters of
interest, screening of the data for validity, and preparation
of output as both hard copy listings for documentation and:
computer plots to facilitate rapid comprehension of the test
results. The function of each major phase is discussed
below:

At the time of data acquisition the'temperature, strain,
stress, and deflections are computed on the IBM 1620 and all
of the results punched on cards. The company program permits
input of limits on strain, normal stress, and shear stress
which enables monitoring only the most significant results on




Plane 1 ——— :
, \\:\
L.C. - Load condition ~
. i /,/f’o\
> \\/
P ~ \,
Fracture -7 L !

Plane 2

;7777777777

’V//f-____ Plane 3

M3Z L.C. 3
F3Z L.C. 6

M2Z L.C. 9
F2Z L.C. 12

e

M3X L.C. 1 M3Y L.C. .
F3X L.C. 4 F3Y L.C.

.
~J

M2Y L.C. 8
F2Y L.C. 11

2
[
00
o
(&}

=K

Figure 6 Schematic View of Moment and Force Loadings for Tee Test Model



TABLE 1 Summary of Maximum Loads and Stresses

Load Maximuml Nominal Maximum Stress
Condition Applied Load Pipe Stress Intensity in Tee
1. M3X 518.874 in-kips 4.7 ksi 15.2 ksi
2. M3y 772.070 in-kips 7.0 ksi 22.5 ksi
3. M3z 748.000 in—k%ps 6.8 ksi 19.8 ksi
5. F3y 24.000 kips 1.3 ksi 4.0 ksi
6. F32 7.720 kips 5.4 ksi 17.9 ksi
7. M2X 444.672 in-kips 4.1 ksi 13.8 ksi
8. M2y 1200.997 in-kips 11.1 ksi 12.1 ksi
9. M2Z 518.784 in-kips . 4.7 ksi 11.8 ksi

10. F2X -64.339 kips -3.4 ksi ~12.4 ksi
11. F2y 3.088 kips 4.9 ksi 13.2 ksi
12. F2z 10.723 kips 16.9 ksi 22.0 ksi
13. P © 120 psi. 5.8 ksi 12.7 ksi
1

Because the maximum stress intensities were limited to 35 ksi

loads were selected to achieve a maximum stress intensity in

the tee of approximately 30 ksi.

magnitude of the
load frame.

The stress intensity in the tee was small for this. load. The
load was limited due to the strength of the
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the console typewriter. These limits are raised as the load

is raised to keep output on tle typewriter to an acceptable
level. Additionally, specific instrumentation may be preselected
and monitored on the typewriter irrespective of whether it
exceeds the specified limits. The capability of a computer-
cortrolled data processing system to allow real time evaluation
of the most critical instrumentation is an invaluable aid in
assuring a good test. All the remaining data processing is
performed on the IBM'370/165 computer at Corporate Headquarters.

The Phase I program computes, sorts, and lists all of the
results for all transducers. For strain gages, data corrections
are made for desensitization of the Wheatstone bridge due

to lead wire length and for transverse sensitivity. A listing
is provided for uncorrected strain, corrected strain,

maximim and minimum strain, principal stress, angle of
principal stress, stress in direction of and perpendicular

to "ray" line, and shear stress. For LVDT's the

displacements and flexibility factors are computed.

The Phase II program screens all of the strain gage data

for linear response of strain to applied load. It is
essentially divided into two portions. The load adjusting
portion uses a technique based on the assumption that -all of
the strains should be directly proportional to the applied
_load (8). . '

Hydraulic jacks, previously calibrated on a hydraulic

universal testing machine, were used to apply the load :
to the tee. Load cells are not used due to physical limitations
of the frame. Therefore, there was a possibility of some

slight inaccuracies in application of the loads. On a
statistical basis, the strains from a large number of strain
gages were a nore accurate reflection of the applied load

and represented a logical means for adjusting the applied

load to obtain the best linear relation between strain

and applied load. Basically, the technique consists of
"normalizing" the strain for each gage indicating significant
strain by dividing the strain at maximm load. At each load
increment an average'is obtained for the normalized strains

and this is used as the basis for adjusting the numerical

value of the applied load. An iterative technique is used

in which gages are excluded whose normalized strain differs
significantly from the average normalized strain. The '
iteration is continued until the applied load adjustment

between successive iterations is insignificant. The applied
load adjustments are usually less than 2 percent.



The second portion of Phase II checks the linearity of strain
readings against adjusted applied load for each gage for the
nine data points in the load-unloaded sequence. A least
square linear curvefit is used and a tolerance band is
established above and below the curvefit line. The
"tolerance band criteria" limits the data points to a
deviation of +20 microin./in. for strains up to 300 microin./in.
The data points having strains larger than 300 microin./in.
are limited to a deviation of 6.66 percent of the strain.

If all data points lie within the tolerance band, the data
are accepted. Otherwise, the datum point which falls
farthest outside the tolerance band is excluded and another -
linear curvefit performed. This procedure is continued

until the data either pass the tolerance criteria or until
three of the nine data points are excluded, which constitutes
~total rejection of the data for that gage. Usually no more
than three active strain gage elements were rejected out of
the 700 total using this procedure. Gages which were constantly
rejected as the test program progressed were changed to an
inactive status. At the conclusion. of the test program

these gages numbered approximately 21 out of 700. The slope
for all gages having an acceptable curvefit was retained

for use in pPhase III.

The phase I11I program uses the slopes from the linear curvefits
of phase II to compute the normalized stresses.

The Phase IV program uses the output of phase III and plots
24 graphs (twelve for internal gages.and twelve for

external gages) which completely describe the stress
distribution along the 20 instrumented ray lines for each

load case. For easy visualization of the stress distribution
the normalized principal stresses and twice the shear :
stress were plotted. The abscissa established the physical
location of the stresses on the tee as a non-dimensional
distance ratio. They may be further clarified as follows:

Referring to Fig. 4, the dashed line representing the inter-
section of the branch and run is used as the origin. The
distance ratio for gages on the run which are furtherest

from the dashed line is -1. For points between the dashed
line and the furtherest gages on the run the surface distance
ratio is computed by dividing the surface distance from the
dashed line to thée gage by the surface distance from the
dashed line to furtherest gage for the particular ray line



in question. 1In a like manner, gages on the branch weld
are identified by a surface distance ratio of +1. The
surface distance ratio for gages between the dashed line and

‘the branch weld is similarily computed by dividing the surface

distance from the dashed line to the gage by the surface
distance from the dashed line to the branch weld for the
particular ray in question. As noted in paragraph 4.1 actual
surface distances are not measured. Surface distance ratios
were established by using dividers.

One typical plot of "Normalized Principal Stresses vs
Surface Distance Ratio" for the M3X loading is shown

in Fig. 8. For additional clarity the relative locations
of the stresses have been graphically presented in this
figure. This is typical for all plots generated for this
tee test program.

The phase V program also uses the output from rhase III

and sorts on the absolute value of either the maximum
normal stress or twice the maximum shear stress, whichever -
is greater, and orders the output from the most highly
stressed gage to the least stressed gage.

Elastic Data Test Results

Stress Data. A very large amount of computer data was acquired

during the test program. To more easily visualize the
stress distribution in the tee and to provide a basis for
comparison of test results for various tee sizes, it was
considered advantageous to normalize the stresses. The
nominal stress to be used in the normalization is, to a large
extent, arbitrary. For this program it was decided that the
nominal principal stress would be established for all
loadings by calculating the stress that would exist at the
outermost fiber of an idealized 24-in. sch 10 pipe. For
transverse force loadings the pipe was assumed to have a
length from the load application point to the branch-run
centerline intersection.

Based on the aforesaid, the nominal stress intensity is
calculated as twice the value of the nominal shear stress.
This value is used as the nominal stress to provide
correlation with the shear stress theory of failure generally
used for ductile materials. Specifically, the following
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three equations are used as definitions in the preséntation
of results:

. 2
ig = T meas = Smeas '
2T nom Snom

. {
Normalized principle stress

. = O—min) Meas
inin {C min)

S

nom
. me as
h = O max
max L <)

- S
nom

Table 2 shows the maximum value of the normalized stress
intensity, (ig) max, for twelve loading conditions. The
nominal stress intensity and nominal pipe properties are
also included in Table 2. As previously mentioned, the
F3X test was not performed. The F3Z loading was applied
77 in. (3.2 pipe dia.) from the branch-run intersection
producing an M3X moment. The stresses due to the bending
force and the results were essentially in agreement with
those for the M3X moment loading. The F2Y and F2Z loadings
were applied 173 in. (7.2 pipe dia.) from the branch-run
intersection producing M2Z and M2Y moments respectively.
Again the stresses due to the moment dominated and the
results were essentially in agreement with the moment
loadings.

For reference purposes all of the plots generated for each
load case are included in Appendix "B". -

Figs. 9 through 16 show the stress distribution on the
inside and outside surface for the ray whiclt includes

the highest normalized stress intensity from Table 2.
These curves were essentially traced from the computer
plots developed by prhase IV computer program. The curves
for the F3Z and F2Z loadings are not presented because
they are essentially identical to the curves for

M3X and M2Y loadings, respectively.

Flexibility Factors. Basically a flexibility factor is a
relationship used to correlate deflections and rotations
calculated using nominal pipe dimensions and elementary




TABLE 2

Sumnary of Normalized Stress Intensity and Compariéon

with the ASME Code Stress Indices

Applied

Load Case Norm. Strain I,D.S.Nominal ASME Code
and Name Loads Stress Gage No. Stress CK Index
‘ Inten. no. Intensityl
(ls)max
1. M3X 5.19%X10%in-1b 3.2 694 1(i)% M3x/z, 8.75
2. M3Y -7.72X10%in-1b 3.2 535  3(i) M3Y/z, 8.75
3. M3z 7.48X10°in-1b 2.9 541  2(i) M3z/z, 8.75
5. F3Y 2.40x10%1b 3.1 694 1(i) F3v/A,
6. F3z(mM3x)3 7.72x1031b 3.3 694 1(i) 77(F32)/2, 8.75
7. M2X 4.45%10%in-1b 3.4 535  4(i) M2X/Zp 8.75
8. M2y -1.20x10%in-1p 1.1 502 5(i) M2Y/z, 8.75
9. M2z 5.19X10°in-1b 2.5 502 5(i) M2z/2, 8.75
10.  F2X -6.43x10%1b 3.6 502  5(i) F2X/A,
11. F2y(M2z)3  3.09x1031p 2.7 537 5(i) 173(F2Y)/2, 8.75
12. F2z(m2y)3 1.07x10%1n 1.3 214  3(e) 173(F22)/2, 8.75
13. p 120 psi 2.2 463  6(i) PDo/2ty 6.0

to

Nominal pipe properties using dimensions from ASA B36.10-1959 for

24 in. sch

rressure

edule 10 pipe

Cl = 1.5
Kl = 4.0
ClKl = 6.0

o = 24.0 in.
r = 0.250 in.
. = 109.6 in.3
= 18.7 in.?2
r
o - 2/3
Moment C = C2 = 0.67(Rm/Tr) =
c = VC2K2 = 3.75

These forces produce moments indicated in parenthesis.

Identifies whether high stress in on the exterior (e) or the interior
(i) of the tee T

See Figure 4 for location
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strength of naterials equations with measured rotations and
deflections. A single flexibility factor is normally

not sufficient to describe all of the load-displacerent
relationships for a conponent. For symmetrical tees 42
non-zero indepe-dent flexibility factor have been
hypothesized (9).

Flexibility factors can be defined in seVerai different
ways. The most obvious definition ard the one used in
the ASME Code (6) ‘is:

K= —eéb/ghom
where S5p = ﬁhe measured rotation of end, a, of a
‘ piping component with respect to end, b.
~Btiom = Value calculated using nominal pipe dimensions

and simple beam theory.

Another definition of flexibility factor given in Ref. 10
is: '

K = 6., =--6

ab nom
-6-
D
where —0— =. 1s the relative rotation oh a one-diaheter

D
length of pipe.

Reference 10 describes each of these flexibility factors
in detail and compares numerical values obtained using each
of these definitions.

A problem. common to both of these definitions is that to
experimentally determine K, -Bup must be measured. In
most cases both plane a, and plane b, do not remain
plane after deformation. Therefore the definition used
for flexibility factors in this study was:

K = -Brea -

-o—
. nom

Ecorr




where - ®ea = the measured rotation between LVDT
support hardware attachment points.

the rotation correction computed by
simple beam theory for the length of

. pipe between the tee weld lines and the
attachment point for the LVDT hardware.
Actual pipe dimensions were used for
this correction.

© =
corr

—Ghom = the nominal rotation computed by simple
beam theory between weld lines on the tee
using nominal pipe dimensions. Nominal
length for the branch is measured from
the branch weld line to the branch-run
centerline intersection. '

The dimensions used in these calculations are given on

C~E Dwg. D-62874-027 in Appendix "B". It should be noted
that using this definition negative values of K are possible
whereas this is not the case when K is defined as in the
ASME Code (6). '

The subscript on the flexibility factor identifies

the axis about which the rotation is taken and the two
planes of relative rotation as shown in Figure 6. For
example, Kx3] is the flexibility factor representing
rotations about the X axis of the "3" plane with respect

to the "1" plane. In all instances the "1" plane represents
the built-in end which is used as the reference plane.
Table 3 summarizes thre flexibility factors for nine loading:
conditions. It is interesting to note that many of the
flexibility factors are larger than one.  previously tested
tees with heavier walls did not exhibit this type of behavior.

An overall check of the loading and gage accuracy can be
obtained from the reciprocal deflection theorem (7). This
theorem, for this application, states that if a moment, Ma

is applied to a linear elastic system at point A and produces.
a rotation-ﬁh at some point B, then the same moment (magnitude
and direction) applied at point B will produce a rotation at
A of Bp=8y. - ‘
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TABLE 3 Summary of Flexibility Factors

RUN BRANCH

K - K K K
Load Subscript ‘ Magnitude Subscript Magnitude
7. M2X X21 0.65 Xx31 " 0.55
8. M2y Y21 0.37 Y31 1 0.42
9. M22 721 2.5 z31 ' 2.5
10. rF2xt 721 231
11. F2y(M2z)3 221 | 2.5 231 2.0
12. F2z(M2y)3 21 - 0.31 v31 1.2
1. M3X x21 ‘ X31 1.2
2. M3y Cy21 0.37 ~ T y31 . 1.0
3. M3z - " 721 2.4 - 231 3.3
5. F3y2 z21 . / z31 1.5
6. F3Z(M3X)3 X21 1.5 X31 1.2

1 ‘The flexibility factors for the F22Z loading can not be defined:;
consequently only the rotation for the maximum load are presented
"in Table 4. :

2 .The magnitudes of the stresses and deflection due to this load are
small. Consequently, it is felt the flexibility factor,22l, for this
load is unreliable. ‘ :

3

These forces produce moments as indicated in parenthese.

P £l
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The following tabulation indicates how the test data compare
with the reciprocal deflection theorem in two of the instances
where cross-checks were possible. Good agreement exist

in all of the comparisons. '

Load Condition k subscript K magnitude

8. M2y Y31 0.42

2. M3y . Y21 0.37
9. M2z - z31 2.5

3. M3z - z21 2.4

A few comments, relative to rotations that are due to a moment
but that are in a direction different from .the direction of -
the moment, .seem appropriate. Several of these measurements
were made and their magnitudes were found to be negligible.
Since no formal definition of a flexibility factor based on
these rotations has been agreed upon, most piping flexibility
analyses are not able to include these rotations. Table 4
summarizes the measured secondary rotations resulting

from these moments. The secondary rotations for the end
forces and internal pressure are also presented in Table 4.
All secondary rotations are for maximum loads.
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' TABLE 4

Summary of Secondary Rotations cemea)l

appropriate length as given on C-E Dwg. D-62874-027-0 of
Appendix "C".

~These forces produce moments as indicated in parenthesis.

‘géorr can be calculated using nominal pipe dimensions and_the

: o RUN ‘ BRANCH
Load Case Applied Magnitude . Magnitude
‘and Name Load Subscript (Radians) Subscript (Radians).
7. M2X 4.45%10%in-1b 231 0.4115x10° 4
8. M2Y —l.ZOxlogin-lb 721 0.7392x10” % / a
9. M2z 5.19X10%in-1b  ¥21 0.1341x10” X31 —.3384X10
10. F2X -6.43x10%1b v21 ~0.9455X10 g |
10. F2X -6.43%x10%1b 221 0.9918x10” 231 0.5265%10" >
11. F2y(M2z)2  3.09%10°1b . y21 0.4325X10" x31 0.2610X10"
12. F2z(M2v)2  1.07x10%1b z21 0.3245X10 -
1. M3X 5.19X10°in-1b 231 0.82226x10" %
2. M3y -7.72X102in-1b 221 0.3078x10™4 L
3. M3z 7.48X10%in-1b  v21 0.5241X10 X31 0.1067X10
5. F3y 2.40x10%1p v21 0.1205x10" 4 X31- 0.5362X10"
6. F3z(M3X)2' 7.72X10°1b 231 0.7424X10
1



5.0 LOw CYCLE FATIGUE TEST

l

A low cycle fatigue test of the tee was performed by applying-
a completely reversing displacement, +6 to the branch of the
. tee. The tee was pressurized to the design pressure of 300 psi
throughout the fatigue test. A special loading assembly bolted
to the tee assembly was used for this test as shown in Figure 17.
. Two actuators located 187 inches apart applied equal and opposite
forces to the loading assembly.: One actuator was equipped with
a load cell to measure the applied force and an LVDT to measure
the. displacement, 8, of the ram. The dlsplacement of the ram
was also checked using a dial indicator. :

The magnitude of the loa&ing was based on an expected fatigue
failure within the range of 500 to 100,000 fully reversed
controlled-displacement cycles. The loading was choosen so as
produce a failure in approximately 7000 cycles which is the
log-mean value between 500 and 100,000 cycles. Using MarKl's
equation for austenitic stainless steel at room temperature
(11) the maximum stress amplitude,; CyK;S, can be calculated as

. follows:
-2 ,
CpKps = 562,000 .N ‘ _
where C2K2 " are stress indices as used in Section NB-3653 6 of
Ref 6
S 1s the nominal stress amplitude (not range) occurrlng

in the component

and N is the number of cycles required to produce a
through-the-wall failure
Thus using 7000 as the required number of cycles to failure

.2

C,K,S = 562,000 (7000) "° = 95,700 psi

.Fatigue life calculations were also made using the Simplified
Elastic-Plastic Discontinuity Analysis from the ASME Code, Section
III (6). In these calculations both the value of C,K, specified
in the Code and the experimentally determined value of CyK, were
used. The calculationg can be found in Appendix "C" and the
results are summerized below: :

Ne = '5
N, = 360

Ny /No = 469



Fig. 17 View of Structural Loading System  5-2



where N is the design life calculated using the code value

for C2K2

N, is the design life calculated using experimentally
determined values for CoKy

N 'isbthe life of the tee as measured in this test

To determine the displacement that would be required to produce
this maximum stress amplitude a plot was made of the actuator
dlsplacemeng versus the maximum stress. The value of E used

was 28.3X10° psi and Poisson's ratio was assumed to be 0.3.

The maximum stress was limited to 20,000 psi to ensure that the
tee was not plastically deformed. Once this curve was established
it was extrapolated to find the deflection required to produce

an apparent maximum stress amplitude of 95,700 psi. By "apparent.
maximum stress" is meant the stress that would be calculated
"assuming linear elastlc behavior. :

_The first 22 cycles of the fatigue test were performed with
the structural loading system in the manual mode. During these
cycles approximately 35 rpsettes in the highest: strained areas
of the tee assembly were monitored. These gages were also
monitored for cycles 435, 602, and 120l. The complete computer
listings for these cycles have been sent to ORNL.

Figures 18 and 19 summarize the response of the tee assembly
during the fatigue test. Figure 18 is a plot of Actuator
Displacement versus Applied Load for several cycles. The Applled
Load was measured using the load cell.. To calculate the magnitude
of the moment applied to the branch the applied load can be
multipled by 187 inches. Figure 19 is a plot of Actuator
Displacement versus the Maximum Apparent Stress. These plots
indicate the -amount of "shake-down" that occurred during the test. -

At 2344 cycles a through-the-wall crack developed. With 300 psi -
.pressure applied to the tee and no moment loading transformer

fluid did not leak through the crack. However, as soon as the’
moment loading was ‘increased slightly leakage was evident. From
the outside of the tee the crack appeared to be approximately 2%
inches long. The crac¢k location is shown in Fig. 6. The crack
occurred in the branch weld near the top of the tee in the vicinity
of strain gage rosette no. 34. This is near the neutral axis

of the branch and opposite the fixed end of the tee. ' At present
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- no satlsfactory explanatlon for why the tee falled in thls
location can be given. X-rays taken-at the time the weld was
- made showed an area of porousity less than 1/32 in. in diameter
in this region. Similar indication were noted in a region
approximately 90 away from the point were failure occurred.

It should be noted that although this tee was ordered as a

Sch 10 tee, the manufacture indicated that it is standard
practice to manufacture these tees as Sch 20 tees and bore out
the stralght sections to mate with Sch 10 pipe. - :

It is assumed that metallographlc examlnatlon of the fracture
will provide insight as to why the failure occurred in this region.

During the performance of the fatigue test ultrasonic inspections
were performed periodically. No significant indications were
detected. ' '
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COMPARISON OF RESULTS WITH ASME CODE, SECTION III.

The methods used to obtain the normalized stress intensity are
in agreement with the definition of stress indices in the ASME
Code (6). In the Code the secondary stress indices are represented
by "C" and the peak stress indices by "CK" where "K" is a local
stress index. 1If the sensing element of the strain gage is
small with respect to the strain gradients, as in the present
tests, the gage indicates peak strains and it is not possible to
seperate the C and K indices without supplementary information.
Therefore, it is appropriate to compare the maximum normalized
stress intensity from the present tests with the CK index in

the Code as shown in Table 2.

Next, the flexibility factors are compared to the ASME Code. The
Code states that the load displacement relationship for ANSI B16.9
tees shall be obtained by assuming that the run pipe and branch
pipe extend to the intersection of the run pipe centerline with
the branch pipe centerline. The imaginary junction is assumed

to be rigid. This is equivalent to defining the flexibility
factor as 1.0. The flexibility factors can easily be compared

to 1.0 by referring to Table 3.
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CONCLUSIONS

1.

The normalized stress intensity values for all loadings

were determined to be less than those found by using the
ASME Code (6). This indicates that the Code values are

conservative for the loadings as applied to this tee.

Many of the flexibility factors were determined to be
greater than 1.0. Flexibility factors ranged from 0.31
to 3.3. ‘

A low cycle fatlgue test was run by loadlng the tee
assembly with a cyclic in-plane bending moment of +3,085, 500
in-1b -and the total number of cycles, Ni, until a through-

- the-wall crack developed was determined to be 2, 344.

Indications were not detected by ultra sonic examination.
ASME Code (6) calculations yielded a design life, No, of

5 cycles. similar calculations were made using experimental
values of CyK; and yielded a design life, N, of 360 cycles.
The ratios of these Qesign lives to the measured life are:

Nt/Né = -469

N./Ng 6.5

Detailed experimental stress analysié data were acquifed
for this tee for numerous loading operations. The coordinates
of each strain gage rosette were accurately established.
The test data have been documented and organized in an orderly

fashion for easy reference. This experimental data, therefore,

should be quite beneficial in establishing the reliability of
new- analytical methods such as the three-dimensional finite
element analysis for determining the stress dlstrlbutlon in
tees.

The fatigue failure that occurred was in an. unexpected location.

X-rays of the weld in this are showed indications of less

than 1/3 inch diameter. Similar indications were noted in
other areas of the weld. It is recommended theé metallographic
examination be performed to learn more about the failure.
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APPENDIX A

X-Y-Z Coordinate Measurements For
Strain Gage Rosette Centerlines
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APPENDIX B
Fabrication Dwgs. for T-16 Tee
Instrumentation Dwgs; for T-16 Tee

Plots of Stress Intensification versus
Surface Distance Ratio for Each Load Cas2
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SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
ROW 3 QUAD. -=X,+Y -7 (1) ROW 4 QUAD. ~X,+Y ,—7Z (E> ROW 4 QUAD. —-X+Y =7 (1)
3 3 3
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. SURFRCE DISTANCE RATIO SURFACE DISTANCE RATIO - SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (M32Z>
.LORD CASE 3.
INTERVAL 3

LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
C(I>)-INTERNAL
(E>-EXTERNAL

M3Z-ROWS '3 anad



ROW 5 QUAD. +Xs+Y s+Z (D

ROW 5 QUARD. +X,»+Y+7Z C(ED
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SURFACE DISTANCE RATIO _SURFACE DISTANCE RATIO
ROW 5 QURD.er,+Y,—Z'(E) ROW'5 QUAD. —-Xs+Y—-7Z (1)
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SURFHCE DISTANCE RATIO

SURFACE. DISTANCE RATIO -~

ORNL' TEE'TEST PROGRAM
T-16 TEE (M32>

LOAD CASE 3
INTERVAL 3

LEGEND _
+ — SIGMA MAX
X = SIGMA MIN
0 - 2 TAU MAX
C(I>-INTERNAL
(E>-EXTERNAL




ROW 1 QUARD. +X,+Y +Z (ED ROW 1 QUAD. +X+Y,,+7Z (1) ROW 2 QUAD. +X+Y»+Z C(ED ROW 2 QUAD. +Xs+Y,+Z7 (1)
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* SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE -RATIO SURFACE DISTANCE RATIO
ROW 1 QUAD. -X,.+Y =7 (E> ROW 1 QUAD. =X ,+Y -7 <1 ROW 2 QUAD. —X*Ys=Z (E) ROW 2 QURD. ~X+Y ;=7 (1)
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SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO

. F3v-ROWS | 2
ORNL TEE TEST PROGRAM |
T-16 TEE (F3Y)
. LOARD CASE 5
’ INTERVAL 1

LEGEND
+ - SIGMAR MAX
X - SIGMA MIN
0 - 2 TAU MAX
¢ 1Y- INTERNAL
(E>-EXTERNAL



ROW 3 QUAD. +X,+Y s+Z CED

ROW 3 QUAD. +X,+Ys+Z (1)
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‘ SURFACE DISTANCE RATIO
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SURFACE DISTANCE RATIO

ROW 3 QUAD. =X ,+Y =7 C(ED

STRESS INT.

O =N W DH YO

-lo-8 -6-4-2 02 4 6 8

10

STRESS INT.

ROW 3 QUAD. -X,+Y -7 (1)
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SURFHLE DISIHNLE RHILU

SURFACE DISTANCE RATIO

ROW ¢ QUAD. +X+Ys+Z C(ED

ROW 4 QUAD. +X+Y »+Z (1)
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SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
ROW 4 QUAD. —X+Y,~Z CE) ROW 4 QUAD. =—=X+Y =7 (1)
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EURFACE DISTANCE RATIO

JURCNCC DISTNNCC RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (F3Y)D
LOAD CASE ©

- INTERVAL

LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
(1>-INTERNAL
(E>-EXTERNAL

1

F3Y-ROWS 3 wnsdh



ROW 5 QUAD. +X+Y s+Z C(E) ROW 5 QUAD. +Xs+Y,+Z (1)
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_ ' SURFACE DISTANCE RATIO ’ SURFACE DISTANCE RATIO
ROW 5 _QUAD. —X»+Y -7 (E> ROW 5 QUAD. =X +Y =7 (_I)
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SURFACE DISTANCE RATIO - SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (F3Y)>
LOAD CASE 5
INTERVAL 1

LEGEND
' + - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
(1)-INTERNAL
(EY~EXTERNAL




ROW 1 QUAD. +X,+Y s+7Z (E) ROW 1 QUAD. +X s+Y +Z2 (1) ROW 2 QUAD. +X+Y s+Z (E)> ROW 2 QUAD. +X,+Ys+Z (IO
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SURFACE DISTANCE RATIO ' SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
RO 1 QUAD. -X.+Y,~7 (E) ROW 1 QUAD. —-X,+Y =7 (1) ROW 2 QUAD. -X:+Y =7 C(E) ROW 2 QUAD. —X+Y,-Z (ID
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F3Z-ROWS |2
ORNL TEE TEST PROGRAM '

T-16 TEE (F32Z>
LOAD CASE 6
INTERVAL 2

‘LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
¢I>-INTERNAL
(E>-EXTERNAL



PRAES. I

ROW 4 QUAD. +X s+Y+Z (ED
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SURFACE DISTANCE RATIO

SURFACE DISTANCE RATIO

ROW 4 QUAD. =X .+Y -7 (E)

SURFACE DISTANCE RATIO

ROW 3 QUAD., +Xs+Y s+Z C(E)D ROH 3 QUAD. +X+Y »+Z (1)
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* SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
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SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (F32)
LOAD CASE 6
INTERVAL 2

LEGEND
+ - SIGMA MAX
X = SIGMA MIM
0 - 2 TAU MAX
(I>-INTERNAL
(E>-EXTERNAL

ROW 4 QUAD. +X+Y ,+Z (1)
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SURFACE DISTANCE RATIO
ROW 4 QUAN. =X .+Y =7 (1)
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F3Z-ROWS 3 onad




ROW 5 QUAD. +Xst+Y s+7Z (ED ROW 5 QUAD. +X+Y s+7Z (1)
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ROW 5 QUAD. =-Xs+Y =72 (E) ROW 5 QUAD. -X+Y -7 (DD
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‘ SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
I-16 TEE (F32ZD

LOAD CASE - 6
INTERVAL 2

LEGEND
+ — SIGMA MAX
X — SIGMA MIN
0 - 2 TAU MAX
(I>-INTERNAL
- (E>-EXTERNAL




. . ) : . A '
ROW 1 QUARD. +X,+Y s+Z C(ED ROW 1 QUAD. +X+Ys+Z (1) - ROW 2 QUAD. +X,+Y+Z CE) ROW 2 QUAD. +X+Y,+Z (1)
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- SURFACE DISTANCE-RATIO ' . SURFACE DISTANCE RATIO ‘ SURFACE DISTANCE RATIO ' SURFACE DISTANCE RATIO .
ROW 1 QUAD. -X,+Y,-Z (B> ROW 1 QuUAD. -X,+Y =27 (1) ROQ 2 QUHD. X s+Y =7 (E) ROW 2 QUAD. =X,+Y =7 (1)
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o . S M2 X~ ROWS | ang?
ORNL TEE TEST PROGRAM ' .
T-16 TEE (M2X)

LOAD CASE 7

INTERVAL 3

LEGEND
+ - SIGMA MAX
X - SIGMH MLIN
0 - 2 TAU MAX
¢1>-INTERNAL
(E)-EXTERNAL



ROW 3 QUAD. +X,+Y»+Z CED ROW 3 QUAD. +X s+Y »+Z (1) ROW_4 QUAD. +X »+Y ,+Z (ED ROW 4 QUAD. +Xs+Y ,+Z (1)
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© SURFACE DISTANCE RATIO SURFACE DISTANCE ‘RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
ROW 3 QUAD. -X+Y =7 CE)D ROW 3 QUAD. -Xs+Y -2 (1) ROW 4 QUAD. -X,+Y =7 (E)> ROW 4 QUAN. =X +Y ,=Z (1)
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SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO

M2X-ROWS 3 anedh
ORNL TEE TEST PROGRAM '

T-16 TEE (M2XD
LOAD CASE 7
INTERVAL 3

LEGEND
¢ SIGMN MNX
. X ~- SIGMA MIN*
0 - 2 TAU MAX
. (1>-INTERNAL -
¢ED-EXTERNAL |



ROW 5 QUAD., +Xs+Y s+7Z (E) ROW 5 QUAD. +X5+Y+Z (1)
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ORNL TEE  TEST PROGRAM
T-16 TEE (M2X>

. LORDU CRSE 7
INTERVAL 3
LEGEND ;

%+ - SIGMA MAX
. X - SIGMA MIN
0 - 2 TAU MAX
(1>-INTERNAL
- (E)-EXTERNAL




ROW 1 QUAD. +X»+Y s+7Z (E) ROW 1 OUHD. +X Y 7 (1) : ROW 2 QUAD. +X:+Ys+Z (ED ROW 2 QUAD. +X,+Y,;+7 (1)
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* SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
ROW 1 QUAD. ~Xa+Y:—Z'(E) ) ' ROW.1 QUAD. =X .+Y =7 (1) ' ROW 2 QUAD. =X s+Ys~7 (E) ROW 2 QUAD, —-X,+Y¥ =7 (1)
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, . } M2Y-ROWS lana?
ORNL TEE TEST PROGRAM '

T-16 TEE (M2Y>

LOAD CASE 8
CINTERVAL 3

LEGEND o
+ - SIGMA MAX
X SICMN MINM
0 - 2 TRU MAX
CI>-INTERNAL
(E>-EXTERNAL



ROW 3 QUAD. +X,+Y ,+Z (E)-

ROW 3 QUAD. +X,+Y,+Z .C1) ROW 4 QUAD. +Xs+Y+Z (E)
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SURFACE DISTANCE RATIO

STRESS INT
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SURFACE DISTANCE RATIO

ROW 3 QUARB. —Xs+Y =7 (E)

STRESS INT.
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SURFACE DISTANCE RATIO
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STRESS INT.

ROW 4 QUAD. X, +Y ,-7 (1)
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SURFACE DISTANCE RATIO

©

ORNL TEE TEST PROGRAM oo
T-16 TEE (M2Y)
LOAD CASE 8
INTERVAL 3

LEGEND
+ - SIGMR MAX
X - SIGMA MIN
0 - 2 TAU MRX
¢1)-INTERNAL
(EY-EXTERNAL

M2Y -ROWS 3 unsé



ROW 5 QUAD. +Xy+Ys+Z (1)
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" SURFACE DISTANCE RATIO
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z N - z
[9)] 0 v V%é 9]
0 »n
Y )
s ' &
= -5 =
» »
-0
-15
-20 - '
=10 —.8 -6 -4 -2 0 2 4 6 8 .0
. SURFACE DISTANCE RATIO

~0-8"-6 -4 =2 0°2 4 6 8 I0

SURFACE DISTANCE RATIO

ORNL TEE TEST.

PROGRAM

T-16 TEE (M2Y)

LOAD CASE
INTERVAL
LEGEND

.+ = SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
(1)- INTERNAL

. (E>-EXTERNAL

8
3




STRESS INT.

ROW 1 QUAD. +X,+Y +Z (E)

1\
]
fi
S

4

N

-4 _
-0 -8 6 -4

2 0 2 4

6 8.

- SURFACE DISTANCE RATIO

10

ROW_1 QUAD.

=X s*Y 5=

Z CED

STRESS INT.

v

108 6 =4 2 0O ? 4

5 8

SURFACE DISTANCE RATIO

10

ROW 1 _QUAD. +Xs+Y y+Z- (1) ROW 2 QUAD. +Xs+Y s*+Z CE) -
4 4
3 3
2 2
N e
z z
— — |
(9] L‘/.A/ w o =1 ]
4 ~ & - - s
& -1 ] ] . [ B | / A
& 3\ i ® / -
-2 N1 S
D -t i
-3 -3 ’
-4 4 . —a . J -
08 6 %2 0.2 4 6 8 10 -0-8 6 4 2 02 4 6 8 10
SURFACE ‘DISTANCE RATIO SURFACE DISTANCE RATIO
ROW 1 QUAD. ~X,+Y,-Z (I ROW 2 QUAD, =-Xs+Y,-Z (ED
4 4
3 3
2 2
o L e
z =
- - I
ﬁ Og s e A - Lmu ° Pl
E i) =8 - ~ [ P—tg
) \R - S w - _7
-2 -2
N - /
-3 -3
- : -4
0-86-4-2 0.2 4 6 8. 10 108 -6 42 0 2 4 6 8 10
SURFACE OISTANCE RATIO SURFACE DISTHNUE RHI1U

ROW 2 QUAD. +X+Y ,+7 (1>
4
3
2
. (3
@ . ° ] B
g -1 e 8, n//v
& ki
| w»
-2
-3
"0-8 6 4 2 024 6810
SURFACE DISTANCE RATIO
ROW 2 QUARD, -Xs+Y =7 (1)
4
3
2
I
O i 24
é | ™ ,M/X‘Qt):g
9_:' -1 ] A
w
-2
-3l

0-8 -6 -4 -2 0 2 4 6 8 10

SURFArF NISTANCGE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (M22)

LOAD CASE 9
INTERVAL 1
LEGEND '

+ - S1LMA MAX
X - SIGMA MIN
0 - 2 TAU MAX

¢1)-INTERNAL

CEY-EX IERNFL

M2Z-ROWS [ana2



ROW 4 -QUAD., +Xs+Y,+Z (1)

ROW 3 QUAD. +X +Y,+Z CED

ROW 3 QUAD. '+X»+Y»+Z (1) ROW 4 QUAD. +X+Y 7 (E)

-STRESS INT.

a » E
08 ©-4 -2 0.2 4 6 8 10

il

SURFACE DISTANCE RATIO

4 — 4
3 3 3
2 2 T .
. . .
3 R IR 5 — g
= o \ - o g —xﬂ_)(—-—x’—*ﬂé::ﬁ — o ]
A /1 = S S & ~l7. o = B
e _ 1/ A & _. & T e D .
= = =
2] / w w
9 ..
-2 -2 -2
-3 -3 -3
_ql : : 4 . L - ‘ -4 ; - '
-0-8 6 -4 2 0 2 4 6 8 10 -0-8 6 -4 -2 0 2 4 6 8 10 . -<l0-8 6 4-2 0 2 4 6 8 10
* SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO ' - SURFACE DISTANCE RATIO )
ROW 3 QUAD. =X +Ys=Z (F) ROW 3 QUAN. =X 1+Y =7 (1) ROW'Y QUAD.. =X »+Y =7 (E)
4 4 4
3) 3 3 ;
2 2 2
£ K g ! —Y e !
= \ E - LR=—T1"% - S E \
(4] o / A e v Iy W OQ/ o e w—
o ] " o * o & =4 =] ;
o ] =~y
£ L £ &y :
w / w w
-2 / -2 -2
-3 -3 -3

-4 —
-10=8 6 -4 -2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

- 4
o8 % 4 2 02 4 6 8 10 -l08-6 4 2 0 2 4 6 8 10

SURFACE DISTANCE .RATIO

STRESS INT.

4
-0-8 6.-4-2 0 2 4 6 8 10

ROW 4 QUAD: =X ,+Y -7 ¢13)

SURFACE DISTANCE RATIO

SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (M22Z)
LOAD CASE 9
INTERVAL - 1

LEGEND
+ - SIGMA MAX
¥ - STRMA MIN
0 - 2 TAU MAX
CI)-INTERNAL
(E>-EXTERNAL

M2Z-ROWS 3 .nad



ROW 5 QUAD. +X,»+Y »+Z (E) ROW 5 QUAD. +Xs+Ys+7 (1)
LR o . :
4. 4
3 3
.2 2
oo . | S
IE E O B Ly [ 87—
= 5 O =
n T w S .
P e - 8
[0 -1 [h -1
- —
” : w
_2 -2
-3 -3
-4 —— — - - =
. .-10-8 -6 -:4 -2 0 2 4 6 8 10 -08 %6°'-4 =2 0 2 4 6 8 |0
SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
ROW 5 QUAD. =X ,+Y .’_Z Ed ROW 5 QUAD. =X,+Y =7 (1)
4 Vo4
3 -3
2 2 AR
. | . |
}E E o N 1t —%€
— - [~
w O o Of/—w
o s - @
'3 _' - Lo 1 bl & -1
. - e .
[02] w
=2 -2
-3 -3
-4 ' ' -4
-0-8 6 4 2 0 2 4 6 8 10 " -10-8 -6 -4 -2 0 2 4 6 8 O
SURFACE DISTANCE RATIO l SURFACE DISTANCE RARTIO

ORNL TEE TEST PROGRAM
T-16 TEE (M22Z)
LOAD CASE -9
INTERVAL 1

LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MPX
(1>-INTERNAL
(E>-EXTERNAL




ROW 1 QUAD. +X+Y »+Z C(ED ROW 1 _QUARD. +X,+Y +Z (1) ] . ROW 2 QUAD. +Xs+Y,+7 (ED ROW 2 QUAD. +X,tY:+7 (1)
5 5 5¢ 5
4 4 4 4
3 3 3 \ 3
\ \
\ A\
2 2 . 2, 2
’ —
R i 2 \‘ R R, \ ™y
z — \ z & z N z /7 Sed ]
—_ ~ I g— - b =1 - - I =
{w -0 N A w 0. (] o \/x\\kzeﬁé o 0 . ] \
w (2] v v
w BN A ] w L 4%
e -| N @ - e -tf @ -
& 5 5o 7
* N -2 -2 . -2
-3 -3 -3 ' -3
-4 -4 -4 -4
5 . : -5 -5 S .
-l0-8 -6 -4-2 0 2 4 6 .8‘ 10 -0-8-6-4-2 0 2 4 6 8 10 -0-8-6-4 -2 0 2 4 6 8 10 -10-8-6-4-2 0 2 4 6 8 10
'SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO SURFACE DISTANCE R-T1D
ROW 1 QUAD. -X.+Y -7 (k) ROW 1 QUAD. =X +Y -2 (1) . ROW 2 .QURD. “XstY =7 (E) ROW 2 QUAC. - X" 7 12
5 5 5 5
4 4 4 4
a, \
3 3 o] 3L 3
o \
20N 2 / o 20 i SN 2 :
- | v sy = | sl ] ML —a Nk = _ .
z I N z Il z e N z L T e N
= - ] - — i = i - — T s W
»w O - y o O Y ] o O B !
® R » n »
o 3 N\ A w w ul
e - x - x - e -~
& ga o o o
-2 -2 -2 A -2
-3 -3 - -3 -3
-a -4 . T -4l ' -4
-5 -5 -5 -5
~-0-8 -6-4 -2 0 2 4 6 8 10 -0-8-6 -4 -2 0 2 4 6 8 10 -10-8-6 -4 -2 0 2 4 6 8 |0 . -0-8 -6-4 -2 0 2 4 6 8 10
SURIMNCE DISTANRCE RNTIO SURFNCC DISTANCC RNTIO ’ SuRrncC B1E6TNMCC NNTIO - SURFACE DIETHAMCE RATID

: F2X-ROWS luma2
ORNL TEE TEST PROGRAM

T-16 TEE (F2X)
LOAD CASE 10
INTERVAL 2

LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
¢1>-INTERNAL
(E>-EXTERNAL



ROW 3 BUAD. +Xs+Y s+7 () * ~ ROW 4 QUAD. +Xs+Y s+7 (E)

ROW 4 QUAD. +X,+Y»+Z (1)

-0-8 -6 -4-2 .0 2 4 6 8

SURFACE DISTANCE RATIO

10

-5 : 4 -5

ROW 3 QUAD. +Xs+Y s+Z- CED
5 5 5
4 4 q
3 3 3
2 2 2
= = [~ =
z A 4 z & o 'S
w. O = RS =S AN o O —
g - & -1 B g -
;0—: - B i, =
72} w w,
-2 -2 -2
-3 -3 A ' : -3
-4 -4 : . : -4
-5 - -5 -5 - o
-0-8 -6 -4 -2-0 .2 4 6 8 10 -0 -8 —:6 -4 -2 0 2 4 6 8 10 -0 -8-6 -4-2 0 2 4 & 810
SURFACE, BISTANCE RATIO SURFACE DISTANCE RATIO SURFACE OISTANCE RRATIO
ROW 3 QUAD. =X +Y =7 CE> ROW 3 QUAD. -Xs+Y =27 (1) ROW 4 QUAD. —X+Y =7 (ED
5 5 S
‘4 4 4
3 3 3
2 AN - 2 2
=S e = [ 1z ¢ ~ e U
— o > —— TR - O'C& - H 1% |
2 2 2 =
L w [T
x - « - N — e -
- = : ~
» » »
-2 -2 -2
=3 -3 - . -3
-4 -4 -4
-5

-0-8-6-4-2 0 2 4 6 8 10 40-8 6-4.-22 0.2 4 6 8 10

SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (F2X)
LOAD .CASE 10
INTERVAL 2

LEGEND
+ - SIGMA MAX -
X - SIGMA MIN
0 - 2 TAU MAX
(1>~ INTERNAL
(E>-EXTERNAL

5

4t

3

2
Zz ! N
= =
3 — . N —
w : -
e - B
@
w

-2

-3

-4

-5 .

--0-8-6-4 -2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

"ROW 4 QUAD. —X,+Y,=Z ¢ID |

5

4 —

~} - =
3t
J.

2
=
g -
= =g
a — . —— -
w T
e -I y= =@
4
wn

-2

-3

-4

-5

08 -6 4-2 02 4 6 8 IO
SURFACE DISTANCE RATIO

F2X-ROWS 3.4



ROW 5 QUAD. +Xs+Y,+Z (ED ROW 5 QUAD. +X,+Y,+Z (1D
5 5
4 4
3 3
2 2
= ‘n\ S - P % \ﬂ’%\%ﬁ z
o o 5 = — O<N
w w A
x® - e -l o—— s el
= - . . = .
w w
- -2 -2
-3 - -3
-4 : R ' -4
-0-8 =8 -4 =2. 0 2 4 6 8 10 -i0-8 -6 -;4 -2 0 2 :4 6 8 10
SURFACE DI‘STHN'CE RATIO . - SURFHCE DIéTHNCE RATIO
‘ROW 5 QUAD. =X +Y,-Z (ED "ROW 5 QUAD. -Xs+Y,=Z (1D
5 5
4 4
3 3
. 2 - 2
= S e
z ol B z. [ .
— 04/ % — 04\‘
i 2 b = -
@ -l & -1 g = 7 =
= = .
Jo - 7
1 -2 -2
-3 -3
. - . . '
-0-8 -6 -4~2 .0 2 4 6 8 |0 B -i0-8-6 =4 2- 0 2 4 6 8 10
SURFACE DISTANCE RATIO SURFHUE ULSITHNLE RHI11U

ORNL TEE TEST PROGRANM
TS16 TEE (F2X)

LOAD CASE 10
S INTERVAL 2

LEGEND ‘

" % - SIGMAR MAX

X - SIGMA MIN

0.- 2 TAU MAX
C(1>-INTERNAL

(ED>-EXTERNAL




ROW 1 QUAD. +X s+Y ,+Z CE)

STRESS INT.

-4
-l0-8-6-4-2 0 2 4 6 8 10
SURFACE DISTANCE RATIOD

ROW 1 QUAD. +Xs+Y»+Z (1)

ROW -2 QUAD. +X +Y y+7 (E)

-ROW_2 QUAD. +X,+Y s+Z (1)

STRESS INT.

"llo-8-6-4-2 0 2 4 6 B 10.

/]
ifid

SURFACE DISTHNCé RATIO

ROW. 1 QUAD. =X +Y =7 (E)

"STRESS INT.

-4
10 -8B 6-4.-2 0.2 4 6 8 10

SURFRACE DISTHNCE>RRTIO

ROW 2 QUAD. =X,+Y,-Z (1)

-10.-8 -6 -4 =2 O

- SURFACE DISTANCE RATIO

4 a4
3= 3
2 2
. Pty
g ! s ;
o 0 w O \’”/M:t%
7 NS N W S i RN 2 —r—1" ] e i
N B = = A v TS A
o \ @ / ™
_2 L7
-3 -3
-4 -4
N0 -8 -6 -4 -2 0 2 4 6 8 10 -0-8-6-4.2:0 2 4 6 .8 10
SURFACE DISTANCE RAVIOD SURFACE OISTANCE RATIO
ROW 1 QUAD, -X,+Y,~Z (1> ‘ROW 2 QUAD. -X+Y =7 (E)
4 a4
3 3
2 2
Lo—4
£ g ! 5
= - P t—]
I e e S A @ © / P —
& _, T P R, N % o ~ g _ N
= -
» - Y _A 1) /
-2 -2
-3 i
-4 -4

2 4 &-810 S0-8-6-4-2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

STRESS INT:.

-4

40-8-6-4 -2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
T-16 TEE (F2Y)
LOAD CARSE 11

CINTERVAL 2

LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 2 TNU MAX
(1>~ INTERNAL
" (E)-EXTERNAL

F2Y-POWS w2



. ..ROW 3 QUAD. +X.+Y,+7 C(E)

STRESS INT
[*]
l
1
\

-3

-4
S0-8-6-4-2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

ROW 3 QUAD.

+X Y o7 (1)

ROW 4 QUAD. +Xs+Ys+Z (E>

ROW 4 QUAD. +Xs+Y»+Z (1)

ROW 3 QUAD. -X,+Y ;=7 (E)

4
3
2
. { )
: N
(‘g o ‘*—-"4*“\ -
W / o (—H]
E -1 i 4
o |
2/
-3

-4
0-8-6-4-2 0O 2 4 6 8 10
SURFACE DISTANCE RATIO

-i0 -8 -6 -4 -2

SURFACE DISTANCE RATIO

0

2 4 & 8 10

-4 .
. -l0-8 -6-4 -2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

P 4 a
3 3 3
2 2 2
. | . | . | .
g o g SR . R
= o I = = o - of ——T 1 T ——_ 7
3 ° g e ==
@ Z e ] g
= = =
» » 1%}
-2 -2 -2
-3 -3 -3
-4 ' - -4
-0-8-6-4-2 0 2 4 6 8,10 -0-8-6-4-2 0 2 4 6 8 10 -0-8-6-4-2 0 2 4 6 8 0
SURFACE DISTANCE RATIO '’ SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO
. / A
ROW 3 QUAB. -X+Y ;=2 (1) ROW 4 QUAD. -X,+Y =72 (E> ROW 4 QUAD. =X +Y,—7 (1)
4 4 4
3 3 3 7
2 2 2
. . -
z e O o O B e z. z o =
o O Z B SarsiEs o Ob—t= A of—— e
ﬁ — ﬁ L ] b, ﬁ w1
g g, ——— - e N P g,
w 73 7
-2 -2 -2
-3 -3 -3
-4

-4
-0-8 -6-4.-2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

3

ORNL TEE TEST PROGRAM
T-16 TEE (F2Y>. -
LOAD CARSE 11
INTERVAL 2

LEGEND
+ - SIGMA MAX
X =~ SIGMA MIN
0 - 2 TAU MAX
(I>-INTERNAL
(ED>-EXTERNAL

F2Y-ROWS 3 oo



b

ROW 5_.QUAD. +X 2tY 9+Z C(ED 'ROW 5 QUAD. +Xs+Ys+7 (1)
4 4
3 3
2 _ 2
s ' s = =
- j — 4 0 = \’
o 0 A o = =y w
24 i o _
= E oo
(%) . %)
) -2
_3 -3
gl L -4 :
108 6-4~-2 0 2 4 6 8 10 -0-8-6 -4 -2 0 2 4 6 8 10"
SURFRCE DISTANCE RATIO SURFACE OISTANCE RATIO
_ ROW-5 QUAD. =X +Y =7 CED ROW 5 QUAD. =X s+Y =7 D
. 4 4
3 3
2F 2 = -
B Co . 8
) - N i )
a i VU N Y g O =%
E _i o w‘\f’\ﬁ/’&‘f \ g -
= —
w w
-2 -2
-3 -3
[y ) - : — .
-I0-8-6-4-2 0 2 4 6 8 10 “<0.-8 -6 -4 -2 0 2 4 6 8 10
“SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO .

ORNL TEE TEST PROGRAM
T-16 TEE (F2Y)
LOND CNSE 11
INTERVAL 2

LEGEND
+ - SIGMA MAX
X - SIGMA MIN
0 - 2 TAU MAX
¢1>-INTERNAL
(E>-EXTERNAL




ROW 1 QUAD. +X,+Y,+Z.CED

2

! Sl
= gz :
N = ~ N
I /) i >
o
-
o -l

-2

-3

-l0-8 6 -4 -2 0 2 4 6 8 0

SURFACE DISTANCE RATIO

ROW 1 QUAD. —X,+Ys—=Z (E)

/11

STRESS INT.

—_—

-3 -
. 108 -6 -42 0 2 4 65 8 10

"SURFACE DISTANCE RATIO

ROW 1 QUAD. +X . +Y »+Z (1) - ROW 2 QUAD. +Xs+Y »,+Z E>
3 3
-2 2
A 1 1 -
g g : s
b j:;,hﬂx, 20 - o~ -4 M
N e i \‘\‘——.*7,2 7 -
g | ' g /11
[ B [Z. 3|
g
—ok =2
-3 Z - -3
-0B =6 4 -2 0 2 4 6 8 10 -0-8.-6 -4 2 0.2 4 6 8 [0
' SURFACE DISTANCE ‘RATIO SURFACE DISTANCE RATIO
ROW 1 QUAD. . —X,+Y s=Z (I - ROW 2 QUAD. -X,+Y,—Z (E)D
3 3
2 2
l ‘ o - \ m/,s/‘*\s\ <
e LN LT e RN T
P %
= MEREES= I A
w _\(/ K AR 7))
w (73
w ut
o [+4
= =
® -1 ® -l
-2 -2
-3l -
-8 -6-4 2 0 2 4 6 8 10 -0 -8 -6 -42 0 2 4 6 810
’ SURFACE DISTANCE RATIO  SURFACE DISTANCE RATID

ORNL TEE TEST PROGRAM
- T-16 .TEE (F22Z>
LOAD CASE 12

INTERVAL 3

LEGEND E

+ - SIGMA MAX

X - SIGMA MIN

0 - 2 TAU MAX
(1>~INTERNAL
(E>-EXTERNAL

ROW_2 QUAD. +X,+Y,+7 (1)

=
z
Q.
§ g PAEY I A — -
x B S T
B -
-z
-3 .
0 -8 64 -2 0 2 4 6 8 10 |
SURFACE DISTANCE RATIO ’
ROW 2 QUAD. =X+Y ;=7 (1)
B L ¥ :
;
3
2
|
: Hr
7] 0 ] /‘\
§ e e s
by e
& - =
-2
-3

W8 642 02 4 6 8 10

SURFACE DISTANCE RATIO

F2Z-ROWS 1i2} i



STRESS INT.

ROW 3 QUAD. X +Y,+Z (E)

-3 : . -
0 -8-6-4-2 0 2 4 6 8 [0

SURFACE DISTANCE RATIO

STRESS INT.

ROW 3 QUAD. +Xs+Ys+Z (1)

ROW 4. QUAD. +X#Y s+7 (E)

3 3
2 2l
| D
- e
o\ 'G\ — o oS o
\QL o a- [—
w
- W
®
-1 o -1
-2 -2

3 . ' o
.-lI0-8 6 -4 2 0 2 4 5 8 0.

SURFACE DISTANCE RATIO SURFACE DISTHNCE'RF}TIO

3
. "L0-08-06:104-02 0 2.4 6 8 10O

ROW 3 QUAD. —Xs+Y ,—Z (ED

ROW 4 QUAD. +Xs+Y ,+Z (1)

RON'q QUARD. -=X,+Y =7 (E)

STRESS INT.

P

-3
-l0-8 6 42 0 2 4 6 8 10

STRESS INT.

ROW 3 QUAD. =X ,+Y,~Z (1)

.3
2 2
' ' 1
P =
: z = S N Y
0)\5§$ = ] O i i
\\ w 1% R
LN = — o
-1 g ‘W/v 5 =1
) -2

-3 - -
-0 8 6 42 0 2 4 6 8 I0

308 %6 4 2.0 2 4 6 8 10

SURFACE DISTANEE RATIO .SURFACE DISTANCE RATIO

2
1
i
w O__ & &
w
w
o
(=
n -1
-2
-3 -
-l0-8 6 -4-2 0.2 4 6 8 10
SURFACE DISTANCE RATIO
ROW 4 QUAD. =X s+Y,-Z (1)
.3
)
i
;’ .
CQ—
A =Nl
g o TR [
e ~ ro———
& ,
»w -

.2

-3l
-10-8 -6 4 -2 0 2 4 6 8 10

' 5URF‘- HCE UISIHNCE RATIO

ORNL TEE TEST. PROGRAM

P - T=16 TEE (F22)
- LOAD CASE 12
CINFERVAL 3 . -

:LEGEND

+ - SIGMA MAX

X =~GLGMA MIN— A .

0 - 2 TAU MAX : . N -
. . CI>-INTERNAL
~ , (E>-EXTERNAL

SURFACE DISTANCE RATIO

F2Z-ROWS 3 ...4



™

ROW 5 QUARD. +X+Y+Z CED

ROW 5 QUAD. +Xs+Y,+Z (1)

-lI0-8-6 -4-2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

3 3
2 2
| i
= e
4 o & &
@ ) f=—ht # P = o
w W
2 @
- =
n - »w -
-2 -2
-3 -3 -
<108 =6 =4 -2 -0 2 4 6 8 10 08 -6 -4-2 0 2 4 6 8 I10....1
SURFACE DISTANCE RATIO SURFACE DISTHNCE RATIO
ROW 5 QUAD. -Xs+Y s=Z C(ED ROW 5 QUAD. —X,+Y =7 (1)
3 3
2 2
IO\ !
= K [ s -
P b
— + H\i‘:% — S’\V st o
w0 e v O
0 — {— o
i} w
o s
= =
n ~I [
- 2 - __2
~3 -3

\

20 8 64 -2 0 2 4 6 8 10

SURFACE DISTANCE RATIO

ORNL TEE TEST PROGRAM
' T-16 TEE (F22O

LORD CAHSE
INTERVAL
LEGEND

+ - SIGMA MAX
X - SIGMA MIN
0 -~ 2 TAU MAX
¢1»~INTERNAL
(E>-EXTERNAL

12

3



ROW 1 QUAD. +X :+Y ;'+Z E) : ., ROW 1 QUAD. +Xs+Y,+Z (I> ROW 2 QUAD. +X+Y+7 (E) ) ) ROW 2 QUAD. +X»+Y s+Z (1)
25 25 25 25
2 2.0 20 20
i5 15 15 15
s '
e S =N f\\e—/& 0 o a/;;_.a/"\u‘ o 10""\
: S )
g ENGa NP SN A // - .sk\\’// ~ ] o LA
z =i M z > = 4 z = Py z 1] 4
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-0-86-4-2 0.2 4 6 8100 . -10.-8 .6 4 -2 0 2 4 6 '8 .10 [I0-8 -6 42 0O 2 4 6 8 10 10-8 6 -4 -2 0.2 4 6 8 10
SURFACE DISTANCE RATIO. : SURFACE DISTANCE RATIO SURFACE DISTANCE RATIO L SURFACE DISTANCE RATIO
ROW 1 QUAD. -X+Y ;=7 (E) ROW 1 QUAD. =X Y =27 (1> ' CROW 2°QUAN. =X ;+Y =7 CED, ROW.2 QUAD. -Xs+Y,-Z (1>
25 o © 25 : . ‘ 25— - , 251 )
20— N 20 - 20 - - .20
5 i 15 15— : 15
Jand
lo»\ s SN 10 10 —y 10 =
!—.. ] . \ = 5\ _la_ - 5 9_,9/)/ S . 5 L 7
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APPENDIX C

Calculation of Fatigue Design Life -



Simplified Elastic-plastic Discontinuity
Analysis for T-16 Tee Low Cycle Fatigue Test

Description: 24" X 24" X 24" :sch. 101  t=0.250"
Material: SA 403 w 304 L Sp= 16.7 ksi 118> 75 ksi
Loading: In—plane bendlng momentzof +3,085, 580 in-1b

Calculations Using Code Stress Indices

2/3

0O
n

2 0.67 (Rm/t ) = 8.79 K, = 1.0

2

Sp = Sp = C2DOM/ZI - = 495,000 psi
EqG. 10 of NB-3653.1 is not satisfied
m=1.7 n=0.3

= 3.33 for S, 3,5,

=

o
.
S

Salt Xe (Sp/2) = 824,175 psi

Extrapolating from the Design Fatigué curve3 I-9—l_'
= 2344/5 = 469
N /N_ / A

This tee was ordéred as a Sch'10 tée, however, the manufacture
indicated that standard practice is to manufacture these tees
as Sch 20 tees and then bore out the straights.

Applied load after shake-down.

No adjustment was made to ogI- to account for the difference
in the Modulus of Elasticity. Paragraph NB-3653.4 does not
suggest any adjustment be made, however, paragraph NB-3222.4
(e-4) of the ASME Code, Section III does. ‘



Calculations Using Experimental Values for Stress Indices

C2K2 = 2.9 (seeiF;g. 4) K2 = 1

= = = 81, 2 1 )
Sn Sp C2D0M/ZI’. 1,592 psi _

Eq. 10 of NB-3653.1 is not satisfied

m=1.7 n=0.3

l1-n S . '
= —_— 2n - =
X = 1.0 + n(m-1) 38, 1 3.10 for 35 £8 & 3.8,
Salt = Ke (Sp/Z) = 126,500 psi

#rom The Design Fatighe curvel 1-9-1 _
‘ Ne = 360

Nt/Ne = 2344(360 = 6.5

No adjustment was made to ozy: to account for the difference

in the Modulus .of Elasticity. Paragraph NB-3653.4 does not
suggest any adjustment be made, however, paragraph NB—3222 4

(e-4) of the ASME Code, Section III does.





