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ABSTRACT

Minimization of Residual Stresses in the Closure-Weld Region of the Spent Nuclear
Fuel Canisters Using Induction Annealing Process

by
Zekai Ceylan
Dr. Mohamed B. Trabia, Examination Committee Chair

Professor of Mechanical Engineering
University of Nevada, Las Vegas

This dissertation presents a study of the spent nuclear fuel canisters for
maximizing the compressive stress depth through the closure-weld region wall thickness.
Induction coil heating technique can be used to relieve the residual stresses from the
closure weld and induce a state of compression through the wall thickness. This
technique involves localized heating of the material by the surrounding coils. The
material is then cooled to the room temperature by quenching.

A three-dimensional finite element model was developed for the canister using
the sequential method. This method consisted of a sequential thermal-stress analysis
where nodal temperatures from the thermal analysis were applied as body force loads in
the subsequent stress analysis. This model, which was computationally intensive, has
been used to verify the results of the model developed in two-dimensions and ensure its

accuracy.
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The effects of induction coil heating and subsequent quenching were also
determined by using a two-dimensional axisymmetric finite element model of the
canister. This model made use of the direct method. This method included only one type
of analysis that uses coupled-field element type containing all necessary degrees of
freedom for the heat transfer and the stress analyses. Direct coupling is advantageous
when the coupled-field interaction is highly nonlinear and is best solved in a single
solution using a coupled formulation. The results of the two-dimensional axisymmetric
model were almost identical to the results of the three-dimensional model. Therefore, the
computationally efficient two-dimensional axisymmetric model was used for the
subsequent optimization problem.

The finite element results were validated using the results obtained from an
experimental test. A canister mockup which consists of an outer shell and a support ring
was manufactured. The mockup was subject to solution annealing process. At the end of
the process, a compressive stress state developed on the shell outer surface. The stresses
on the canister outer surface were obtained based on the readings of the strain gages that
were attached to several points on the mockup. The results of the experimental test were
consistent with the finite element solution.

The parameters of most promising designs were tuned to further maximize the
depth of compressive stress through the wall thickness. This was handled as an
optimization problem that was subject to geometrical and stress constraints. Two
different solution methods were implemented for this purpose. First, ANSYS
optimization subroutine was used to obtain an optimum solution. These results were

subsequently improved using a successive heuristic quadratic approximation. This

iv
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routine provided the dimensions of the best design that result in the maximum

compressive stress in the canister closure-weld region.
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CHAPTER 1

INTRODUCTION

Spent Nuclear Fuel (SNF) canisters are being designed to last for 10,000 years.
Corrosion may be one of the most critical factors determining the life of the canister in
the emplacement-drift environment. An important related phenomenon is the stress
corrosion cracking (SCC) [ASM International (1990)]. Three conditions are needed to
take place simultaneously to induce the SCC in a structure: a corrosive environment, a
material susceptible to corrosion, and a tensile stress. The problem of SCC can be
eliminated by removing or reducing the effect of any one of these conditions. The scope
of this dissertation is limited to minimizing the tensile stress in the region of the closure-
weld, and to the extent possible, maximizing the compressive stress depth through the
wall thickness. A heat-treatment technique called “induction coil heating” [Avallone and
Baumeister, Editors (1986)] is used to relieve the residual stresses from the closure-weld
and induce a state of compression through the wall thickness. This technique involves
localized heating of the material by surrounding coils. The material is then cooled to the
room temperature by quenching. The resultant effect of this process will ensure that the
canister outer surfaces will remain in state of compressive stress and, therefore, the

canisters will not be breached due to SCC during their expected design-life.
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A potential crack may propagate through the wall thickness if it is perpendicular
to the tensile stress. Due to the canister cylindrical shell structure, the stress components
in the radial and axial directions are not large enough to cause crack propagation, as will
be shown in this study. The only remaining stress component that is perpendicular to any
potential crack through the wall thickness is the hoop stress. Therefore, the most
important stress component in this problem is the hoop stress, which will be studied in
this research.

The literature review is provided in two sections in Chapter 2. The first section
presents a review of the technical papers published in relation to the analyses of welded
structures, residual stresses, and fabrication processes. The second part is focused on the
literature of the finite element modeling and optimization. A description of the SNF
canister design and its components in the closure-weld region is given in Chapter 3.
Chapter 4 provides a detailed description of the three-dimensional (3-D) finite element
model (FEM) developed for the canister using the “sequential method”. This model,
which is computationally intensive, is used to verify the results of the two-dimensional
(2-D) axisymmetric model and ensure its accuracy. The 2-D axisymmetric FEM of the
SNF canister is presented in Chapter 5. This model is developed to determine the effects
of induction coil heating and subsequent quenching using ANSYS commercial software.
This FEM uses the “direct method”. The 2-D axisymmetric model can be used in
subsequent optimization problem upon verification of its results with the 3-D model. The
results of the finite element analyses (FEA) are verified by comparing with the results of
an experimental test. Chapter 6 reports the verification process and results in terms of

stresses obtained from the FEA and the tests. The parameters of most the promising
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3
designs determined from 2-D FEM are adjusted to further maximize the depth of
compressive stress through the wall thickness. This is an optimization problem, which is
subject to geometrical constraints. Two different optimization methods are explained in
Chapter 7. The first section in this chapter describes the solution method and the results
obtained by the use of the ANSYS optimization subroutine. The second part includes a
description of the successive heuristic quadratic approximation solution. The results and
improvements of the heuristic approximation over ANSYS solution are also discussed in
the second part of Chapter 7. Finally, the conclusions of this study are provided in

Chapter 8.
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CHAPTER 2

LITERATURE REVIEW
This section presents a review of the literature regarding the methods of reducing
residual stresses in the welds and optimization techniques used to determine the best
geometrical solution for stress mitigation. The ultimate goal of this research is, by virtue
of mitigating weld residual stresses, to lower the potential for SCC and brittle fracture in
the SNF canisters designed for a minimum service life of 10,000 years. The challenging
aspect of the proposed research can be seen through the fact that no previous structural

component was ever designed to last 10,000 years.

2.1 Literature Review on Welded Structures, Residual Stresses, and Fabrication

The first part of the literature survey includes a group of technical papers
published in relation to the analyses of welded structures, residual stress improvement
techniques, and low cost fabrication processing. Nickell et.al. (1973) performed thermal
and mechanical analyses on welded structures. The numerical method described in their
study was applied to an omega seal during the first pass of a multi-pass welding
operation in order to examine the residual distortion and stress associated with this
flexible geometry. An omega seal is an axisymmetric structure; the radial cross section

has a circular geometry and it is welded at a small groove at the top. The details of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5
radial cross section are provided in Figure 8 in the paper authored by Nickell et.al.

(1973). Such structural configurations are in common use for forming flexible, gas-tight
seals between support structures and infrequently replaced components. The thermal
analysis of the seal was compared to the experimental evidence. The comparison
between the predicted thermal history and the thermocouple measurement was favorable.
However, predicted residual distortions compared poorly with experimental
measurement because a portion of the seal was omitted in the mechanical analysis.

Umemoto et.al. (1980) investigated a different aspect of welds. Their paper
presented a method to improve residual stresses in a pipe weld by means of induction
heating a pre-flawed pipe. The results showed that the residual stress at the crack tip was
successfully reduced by induction heating stress improvement process.

The estimation of welding residual stresses was also performed by Chien et.al.
(1989). Their investigation method was, however, different than that of other scientific
researchers. Simulated inherent strains were used to estimate the weld residual stresses.
This paper made use of a semi-analytic method which combined the optimization
technique, the FEM, and the experimental data. The subsequent residual stresses were
estimated accurately. The validity of their proposed method was demonstrated by a case
study: the residual stresses in slit-type butt welded rectangular plates were analyzed.
The results indicated that the semi-analytic method was valid for simulating inherent
strains and hence, the residual stress fields in the welded structures. Similar to this
research, a technical study of the welding-induced residual stress analysis procedure was
also performed by Wilkening (1993). Several 2-D axisymmetric analyses have been

performed for pipe girth welds and for several multi-pass girth-like welds attaching
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6
small nozzles to large, thick-walled pressure vessels. The numerical procedure used in

this paper provided an effective method for selecting the welded joint design that
minimized the potential for SCC failure by minimizing the tensile stress level on the
wetted surface.

The welding of materials explained above constituted one mechanism for
developing residual stresses in structures; a second type of fabrication process that
resulted in residual stresses was mold casting. The research on this fabrication process is
also included here since the residual stresses originate from thermal gradients inside the
material and the finite element methods can be used for modeling purposes. Thermal
stresses resulting from non-uniform cooling and hindering of shrinkage frequently cause
cracks, which can lead to destruction of permanent mold casts. Fackeldey et.al. (1995)
presented a 3-D FEM, which has been used to analyze the origin of thermal and residual
stresses. By varying the initial temperature and the mold geometry, the process was
evaluated for optimization and assessment of the mold life. A similar study was also
performed by Chamis (1998) with a new approach for low cost fabrication processing. A
coupled thermal structural behavior was simulated by using a coupled multi-disciplinary
computer code. Through this approach, temperature gradients and the evolution of
thermomechanical properties during cooling were simultaneously evaluated. This
approach was applied to the casting process to fabricate several different components.
The components were modeled by 3-D mixed finite element technique, which
accommodates solidification, heat transfer, and stress analysis. The results showed that

the temperature gradients were functions of the pouring ports. A method was suggested
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for optimization of the mold pouring ports to minimize the thermal gradients which
reduced residual stresses and thereby increased the part service life.

To solve the problem of high residual stresses, this dissertation uses a similar
approach to one of the studies described above, authored by Umemoto et.al. (1980).
While their scientific research was limited to reducing residual stresses at the crack tip in
a pre-flawed pipe, this study will attempt to mitigate residual stress levels in the closure-
weld region of the SNF canister. The problem being investigated in this study is,
therefore, substantially different in terms of the geometry and the size of the structural
components. However, the scientific work carried out in the pre-flawed pipe suggested
that the induction annealing of the SNF canister is feasible and is an effective method to
reduce residual stresses in the region of the closure-weld.

As suggested by Fackeldey et.al. (1995), a 3-D finite element analysis is an
accurate and cost-effective method of predicting the origin of thermal and residual
stresses. A similar approach will be taken in this dissertation by developing the
appropriate 3-D finite element models of the SNF canister and the canister mock-up. By
varying the initial geometry of the canister, the process of induction annealing will be

evaluated for optimization.

2.2 Literature Review on Finite Element Modeling and Optimization

The second part of the literature survey includes the technical papers published
with regard to the finite element optimization of structures. Chen and Ho (1993)
presented a new approach to developing a computer-aided optimum design system for

mechanical structures. Their approach allowed the designer to implement design
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sensitivity analysis in commercial finite element programs without both the knowledge
of its programming detail and access to its source code. The usefulness of their approach
was demonstrated with examples and the proposed design system was suggested to
enhance the role of structural optimization in designing mechanical structures.

A number of technical papers have been published in the area of shape
optimization for structures. Schramm et.al. (1993), Le Riche et.al. (1998), Maute et.al.
(1998), Hardee et.al (1999), Heller et.al. (1999), and Li et.al. (1999) presented several
techniques to solve this problem. In all of these studies, finite element procedures were
used to determine the optimized shape of structures to minimize stress concentration
factors. The first one of these papers, Schramm et.al. (1993), provided a geometry based
approach for coupling CAD with the finite element methods. Non-uniform rational b-
splines were used to describe the shape of a structure. Spline curves and surfaces were
used in design description and mapping of the finite elements for the parameterization of
the structural shape optimization. A cross-sectional torsion problem was employed to
demonstrate the proposed mapping techniques for finite element solution and the
subsequent shape optimization. The results showed that the proposed technique was
efficient. The advantage of the given approach was that the direct use of the CAD
geometry description in the numerical model allowed the immediate use of the results of
the optimization process for the design improvement in CAD.

In the next paper, Le Riche et.al. (1998) studied the shape optimization using
another strategy, mixed heuristic and evolutionary optimization. Two heuristics for
minimizing the weight of a structure were implemented: generalized and penalized

biological growth. Generalized biological growth was a heuristic that removed and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9
added material depending on the local state of stresses at the boundary. The penalized

biological growth further penalized boundary displacements that remove material
depending on the global constraints satisfaction of the current design. The results
showed that mixing evolutionary search with biological growth improved the efficiency
of the optimization.

The third paper mentioned above, written by Maute et.al. (1998), focused on
optimization of elastoplastic structures. A procedure optimizing the ductility for given
mass by adaptive material topology optimization was presented and verified by
numerical examples for plane stress conditions. The results showed that it is important to
consider the material non-linear structural response in the optimization process.

The next paper in its chronological order, authored by Hardee et.al. (1999),
presented a computer aided design (CAD) based design sensitivity analysis and
optimization method using Pro/Engineer software for shape design of structural
components. The results of this study showed that an effective design optimization can
be performed by the use of the Pro/Engineer software. Following this study, Heller et.al
(1999) studied an iterative gradientless method for the shape optimization of stress
concentrators to extend the fatigue life of structural components. The key feature of their
approach was to achieve constant boundary stresses, in regions of interest, by moving
nodes on the stress concentrator boundary by an amount dependent on the sign and
magnitude of the local hoop stress obtained from a previous iteration of a standard finite
element analysis. The results of an example problem were presented, which included the
optimization of hole shapes in flat plates. It was found that significant stress reductions

were achieved by local shape changes due to optimization. The method was considered
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an effective alternative to the use of more expensive and complex gradient-based finite
element optimization softwares, which are available commercially.

The last paper mentioned above, written by Li etal. (1999), included an
evolutionary method. In this study, a stress based evolutionary structural optimization
method was developed, in which the discrete variable method with the binary decision-
making was used to decide the finite element’s presence or absence. On the basis of the
finite element analysis, a stress sensitivity number was derived to estimate the stress
change due to element removal or addition. Following this optimization procedure, an
optimal design with a minimized stress profile was achieved by removing or adding
those elements which have the lowest or highest stress sensitivity numbers, respectively.
A classical example of the fillet weld design was presented to demonstrate the
capabilities of the proposed method for solving stress minimization problems.

Some of the scientific researches on shape optimization were conducted for
specific structural components such as beams, plates, and shells. The results of structural
optimization for such components have been recently reported by Grandhi et.al. (1992),
Gotsis (1994), and Mota Soares et.al. (1994). Grandhi et.al. (1992) wrote a paper that
presented the generalized compound scaling algorithm and its application to optimum
weight design of plate structures. The optimum designs were reached by simply scaling
the design variables to an optimum intersection of multiple constraints. A four-noded
isoparametric plate element was used for modeling the structure. The procedure was
demonstrated by example problems using stress and displacement constraints with side
bounds on the design variables. The results showed that the optimization cost was

significantly reduced using this algorithm. Gotsis (1994) worked on the structural
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optimization of thin shell structures that were subjected to stress and displacement
constraints. In order to accomplish this, a structural optimization computer program
(DESAP1) was modified and improved. The simplification of the program input
improved the accuracy of the analysis and saved computation time. In the optimization
part of the program, the stress ratio formula, which redesigns the thickness of each finite
element of the structure, was solved by an analytical method. This scheme replaced the
iterative solution that was previously used in the program, thus increasing the accuracy
and speed of the redesign. The modified program was used to design a thin, cylindrical
shell structure with optimum weight. The results showed that aforementioned
modifications improved the accuracy and efficiency of the program. Thin shells of
revolution have also been studied for optimal design by Mota Soares et.al. (1994). Their
paper presented the sensitivity analysis for the optimization of axisymmetric shells
subjected to arbitrary loading. Thickness and shape design variables were considered.
The objective of the design was the minimization of the volume of the shell material, the
maximization of the fundamental natural frequency, the minimization of the maximum
stresses, or the minimization of the maximum displacement. The constraint functions
were displacements, stresses, enclosed volume of the structure, volume of the shell
material, or the natural frequency of a specified mode shape. The design sensitivities
were calculated analytically and also by global finite difference. The results indicated
that sensitivity analysis of static and dynamic constraints of axisymmetric shells were
efficiently and accurately obtained using the analytical method described.

The literature survey indicates that no structural component was ever optimized

to prevent stress corrosion cracking using induction coil annealing process. Optimization
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of SNF canisters using two different methods will be explored in this dissertation. One

of these methods will employ the optimization subroutines of ANSYS (a commercial
FEA software). As described previously, Hardee et.al. (1999) and Schramm et.al. (1993)
made use of commercially available softwares for optimization of structures. Consistent
with their approach, an optimum solution to the problem of reducing residual stresses in
SNF canisters will be obtained using ANSYS software. This optimization process will
include the effects of non-linear material behavior, as its importance was pointed out by
Maute et.al. (1998). A second method of solution will also be used by developing a
successive heuristic quadratic approximation. The solution of this method will be used to
verify the results of the first solution form ANSYS. This approach is consistent with the

scientific work previously mentioned by Gotsis (1994).
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CHAPTER 3

DESCRIPTION OF SPENT NUCLEAR FUEL CANISTER DESIGN AND
MATERIAL PROPERTIES

The SNF canister [CRWMS M&O (2000a)] is essentially a right-circular
cylinder (see Figure 3.1). It is comprised of two shells, an inner shell of stainless steel
that provides structural support and an outer shell of high-nickel alloy (Alloy 22) that
provides a corrosion-resistant barrier. The inner structural shell is inserted inside the
outer corrosion-resistant shell to form a loosely fitting structure. There are two lower lids
that are welded to the shells at the time of fabrication. There are three upper lids that are
welded in place after the canisters are loaded with the appropriate waste forms.

The SNF assemblies are loaded into baskets that form a regular array of square
apertures. The baskets are formed from interlocking sheets of structural steel and
neutron-absorbing material for criticality control. Aluminum sheets are also added to

create thermal shunts to enhance heat transfer to the shells of the canister.

Due to potential SCC concerns during its extended period of design life, the
particular interest of this study in the canister is focused on the closure-weld region (see

Figure 3.2). This region includes a small part of the outer shell and the two upper lids.

13
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These components are made of high-nickel alloy (Alloy 22). The objective of this study
is to minimize the tensile stress in the region of the closure-weld, and to the extent

possible, maximize the compressive stress depth through the wall thickness.

The material and corrosion properties of Alloy 22 are provided in
Appendix I. These properties are used in finite element simulations and also in the

discussion of results in subsequent chapters.
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CHAPTER 4

THREE DIMENSIONAL FINITE ELEMENT MODEL CONSIDERATIONS

A three-dimensional (3-D) 10° arc finite element model (FEM) of the SNF
canister was developed to determine the effects of induction coil heating and subsequent
quenching using ANSYS commercial software (see Figures 4.1, 4.2, and Appendix II).
The geometry of the induction coil is a ring that covers the top surface of the SNF
canister. Therefore, the problem is entirely axisymmetric. The 3-D model was developed
by using a 10° arc section. The structural boundary conditions were such that zero-
displacement constraints were applied in perpendicular direction to the cutting surfaces.
Additionally, half-symmetry was used along the canister length since the canister is
essentially symmetric about its mid-length. Although the thermal loading is not
symmetric along the length of the canister, the use of the half-length of the canister is
appropriate since the heat affected zone is only a small part of the canister in the region
of the closure-weld and the displacements are almost zero at the mid-length of the

canister.

17
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Figure 4.1. 3-D Finite Element Model of SNF Canister
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Figure 4.2. Closure-weld Section of the SNF Canister FEM
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20
The solution was obtained using the “sequential method”. This method involved

two sequential analyses, each belonging to a different field; the two fields were coupled
by applying “results” from the first analysis as “loads” for the second analysis [ANSYS,
Inc. (1996)]. Using this method, the 3-D model included a sequential thermal-stress
analysis where nodal temperatures from the thermal analysis were applied as body force
loads in the subsequent stress analysis.

The heat treatment for induction anneal has been simulated using temperature
boundary conditions at specific nodes in the finite element model. The canister was
initially at room temperature (20 °C ). Then, the temperature in the region (volume) of
induction anneal was linearly increased to a maximum of 1120 °C, which is the
annealing temperature of Alloy 22, in 35 seconds. Figure 4.3 shows the temperature
boundary conditions at time equals to 35 seconds. The maximum temperature was 1120
°C at the top surface, the minimum was 20 °C at the bottom of the induction anneal
region, and the temperature distribution between the two was linearly decreasing from
the top to the bottom. This temperature was held constant for 10 seconds. Then, the
canister outer surface in the region of induction anneal was quenched to room
temperature in 30 seconds by assuming a linear fast cooling on the outer surface. The
first two phases of the heat treatment were parts of an industry standard heat treatment;
however, the cooling time in the last phase was the shortest time that resulted in
maximum compression on the outer surface of the canister. It should be noted that the
minimum hoop stress results on the annealing surface for different cooling rates are
discussed in Section 7.1.2. All surfaces outside the region of induction annealing were

insulated.
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Figure 4.3. Temperature Distribution in the SNF Canister (Time: 35 seconds)

ANSYS 5.4
JAN 17 2000

(degrees C)

19.926
142.156
264.387
386.617
508.848
631.078
753.309
875.539
997.77
1120

1T



22
At the end of simulation, the residual stress distribution has been evaluated. The

single component of stress important to this study was determined to be the hoop stress.
In order for a potential crack to propagate through the wall thickness, the crack would
have to be perpendicular to the tensile stress. The stress plots revealed that the radial and
axial components of stress were not large enough to cause crack propagation. The hoop
stress magnitudes were large compared to other stresses. However, the hoop stress was
in compression on the outer surface and in tension on the inner sections of the material
(see Figure 4.4). This phenomenon was an indication of the fact that the induction
annealing process could not only be used to reduce tensile stresses but it could also be
used to generate compressive stresses and, subsequently, prevent any potential stress
corrosion cracking in the SNF canister.

The 3-D model, which was computationally intensive, was used to verify the
results of the two-dimensional (2-D) model and ensure its accuracy. The problem with
using 3-D FEM was determined to be the computer execution time. Two identical
problems were solved in 3-D and 2-D in order to compare the central processing unit
times in HP UNIX 9000 series J2240 workstation. The 3-D model required 24 hours for
completion of the solution whereas it took only 10 hours for the 2-D model to finish the
solution. This resulted in consideration of using 2-D model for the remaining part of the

dissertation in which optimization will also be performed.
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Figure 4.4. Residual Hoop Stress Distribution in the SNF Canister
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CHAPTER 5

TWO DIMENSIONAL AXISYMMETRIC FINITE ELEMENT MODEL
CONSIDERATIONS

Since the 3-D model was computationally intensive, its use in subsequent
optimization routine that consisted of a number of iteration loops would be infeasible.
Therefore, a 2-D axisymmetric FEM was developed, later to be used in optimization (see
Figure 5.1 and Appendix III). The 2-D axisymmetric FEM was developed using the
“direct method”. This method involved one type of analysis that used coupled-field
element type containing all necessary degrees of freedom for the heat transfer and the
stress analysis [ANSYS, Inc. (1996)]. Direct coupling was advantageous when the
coupled-field interaction was highly nonlinear and was best solved in a single solution
using a coupled formulation. The elements of this formulation were specifically
formulated to solve these coupled-field interactions directly. The direct method and the
sequential method both resulted in the same accuracy; however, the direct method was
more efficient in terms of the time required for solving non-linear problems.

The boundary conditions and the finite element mesh used in the 2-D model were

similar to the ones used in the 3-D model.

24
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The results indicated that the stresses obtained from the 2-D axisymmetric FEM

solution were almost identical to the stresses obtained from the 3-D FEM solution. The
difference in maximum stresses between the two solutions was less than 1% and there
was no significant difference in terms of the stress distribution through wall thickness
(see Figure 4.4 and Figure 5.2). The results of the finite element solutions were,
therefore, verified by using two different methods. The solution results were acceptable
since the outer surface was in a state of compressive stress; however, it was not known if
the original design was optimum. Therefore, it was also concluded that the

computationally efficient 2-D model could be used for optimization.
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CHAPTER 6

VERIFICATION OF FINITE ELEMENT RESULTS WITH
EXPERIMENTAL TEST RESULTS

In order to verify that the finite element solution used in this study is appropriate
for predicting residual stresses from annealing, an experimental test was conducted on a
SNF canister mock-up (see Figure 6.1). This experimental test included solution
annealing of the SNF canister mock-up rather than induction annealing. The difference
between the two heat treatment techniques is that the solution annealing is applied to the
structural component in its entirety, whereas the induction annealing is applied to one
portion of a component that is to be heat treated locally. Since both techniques result in
compressive stress on the outer surface of the structural component, substantiation of
only one of these heat treatment methods using experimental and finite element methods
is necessary to conclude that the annealing process can be properly simulated by the
finite element method. Hence, the solution annealing of the canister mock-up and the
results of both experimental and finite element studies are discussed in this section.

The SNF canister mock-up consisted of an outer shell and a bottom ring. After
the plate was rolled into a cylindrical geometry, the two sides of the shell were welded
(groove weld width was 1.25 inches). Then, the ring was welded onto the inner surface

of the shell, close to the bottom end (fillet weld widths were 1 inches). All the weld

28
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angles were maintained at 45°. Next, the mock-up was subject to solution annealing. At
the end of the solution annealing process, the residual stresses were measured using
“hole drilling method” [American Society for Testing and Materials (1992)]. Strain
rosettes were placed on the outer surface of the shell at various locations and the stresses
were recorded upon drilling a hole at the center of each strain rosette (Figure 6.2).

It should be noted that the induction annealing and solution annealing processes
took place after all welds were completed in the SNF canister. As a result of this, any
residual stress that might have been induced due to the welding process was relieved by
the subsequent annealing process. Therefore, the analysis of the welding is not required
in the finite element solutions provided in this study. However, one of the welds has
been modeled in this study to validate the fact that the resulting stresses are the same at
the end of the heat treatment, regardless of the simulation of the welding process prior to

the annealing process.
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In order to compare the results of this experimental test with the results of a finite

element solution, the spent nuclear fuel canister mock-up welding and solution anneal
heat treatment procedures have been simulated using ANSYS software (see Appendix
IV). A three-dimensional half-symmetry model was developed (Figure 6.3). The weld
seam consisted of three elements through the wall thickness and four elements along the
circumference of the mock-up, which improved the accuracy obtained from the finite
element solution. The mock-up was initially at 20 °C. The weld was assumed to remain
in solid state throughout the simulation and the annealing temperature (1120 °C) was
used as the peak welding temperature (see Figure 6.4). The basis for this assumption was
that no significant effect on the base metal in terms of the change in stress-state was
expected from the weld during the phase transformation from liquid to solid. Using this
assumption, the weld seam temperature was increased to 1120 °C in 45 seconds to
simulate the effect of the weld on the canister mock-up (Figure 6.4). It should be noted
that the time for the weld seam to reach 1120 °C was inconsequential since the weld
seam final temperature was essentially the same along the canister mock-up length.
Then, the canister mock-up was cooled by conduction to simulate the effect of air
cooling. The convection to air was not included since the conduction was expected to be
the dominant mode of heat transfer during this process. As a result of air cooling, the
maximum temperature decreased to 271 °C in 30 minutes. To ensure that the residual
stresses would remain the same until the mock-up cooled down to room temperature, the
hoop stress time history was obtained for two elements: one on the outer surface, another
in the ring material. The stress evaluation at these two locations indicated that the

steady-state values of stresses have been obtained (see Figure 6.5). This concluded the
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part of the heat treatment for the welding process. Then, the heat treatment of this model
was continued to determine the residual stresses subsequent to solution annealing. The
entire volume of the canister was uniformly heated up to 1120 °C in 45 seconds. Then,
using the temperature history from the thermocouples used in the experimental test,
inner and outer surfaces were quenched to 20 °C in approximately 9 minutes.

The finite element solution indicated that there was variation in the stress values
from node to node along the length of the canister mock-up. When the experimental
results of the test mockup was compared to the finite element model, it was realized that
the locations of some of the strain rosettes fell between the nodes. Therefore, the most
appropriate method for reporting these results was to average the stress values for a
certain number of nodes within the same distance. A length of approximately 8 cm along
the canister mock-up was used in three different locations: top, middle, and bottom (see
Figure 6.6). 8 cm covered two nodes at the locations top and the middle since the mesh
was coarse in comparison to the bottom. However, the same distance covered five nodes
at the bottom due to the large number of elements used. This method of averaging results
was implemented in two different places along the circumference: one at the mid-weld
and another adjacent to the weld seam.

In experimental tests, the residual stresses have been reported in terms of the
maximum and minimum principal stresses and their directions from the circumferencial
(hoop) direction (see Table 6.1 and Appendix V). To be able to compare the results of
the experimental test with the results of the finite element model, all of the residual
stresses obtained from the experimental test have been converted into hoop stresses

using Mohr’s circle for biaxial stress state. The calculations of this conversion are
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documented in Appendix VI. Table 6.2 summarizes the results obtained from the test

and the FEM in terms of hoop stress. Having the results of the experiment compared to
the ones obtained from the finite element solution, it has been determined that the
maximum difference between the two solutions was 11%. The difference has been

attributed to possible welding distortions and uncertainty in strain gage readings.

Table 6.1. Experimental Test Results (Stress Magnitudes and Directions)

Top Middle Bottom
ai(ksi) | ca(ksi) | 8(°) | anksi) | op(ksi) | 8(°) | ai(ksi) [ o2(ksi) | 6(°)
Location # 1 -51 -62 +11 -2 -86 -54 -49 -54 -43
Location # 2 -42 -48 -23 -37 -39 +1 -47 -52 +4
Location # 3 -39 -44 +42 -46 -51 0 -44 -50 +2
Location # 4 -30 -53 +54 46 -51 +9 -28 -43 +53

Note: o is the maximum principal stress, o; is the minimum principal stress, and 6 is the angle of the
maximum principal stress form the direction of the hoop stress

Table 6.2. Comparison of Experimental Test Results and FEM Results

_ Hoop Stress (ksi)
Top Middle Bottom
Test Results | FEM Results | Test Results | FEM Results | Test Results | FEM Results
(2 nodes) (2 nodes) (5 nodes)
Location # 1 -51 -57 -81 -49 -51 -46
-34 -49 -36
-34
-38
-49
Location # 2 43 -56 37 43 47 45
Location # 3 41 -34 -46 -48 -44 -35
Location # 4 -45 -46 -38 -34
-37
48
Average 45 -45 -53 -49 -45 -40
Difference 0% 8% 11%

Note: Middle and bottom locations show relatively larger difference between the test and the FEM
results, possibly due to welding distortions or uncertainty in strain gage readings

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7

OPTIMIZATION
The design analyzed in 3-D and 2-D was acceptable in terms of the maximum
stresses; however, it was not determined if the design solution was optimum. Therefore,
the design needed to be optimized for further improvement of compressive stress on the

outer surface.

7.1  Optimization Using ANSYS Optimization Code
7.1.1 Minimization of Hoop Stress by Design Variables

The problem of optimization was first solved using the commercially available
ANSYS software. The following discussion provides the technique and the procedure
used for design optimization.

The optimization technique used in ANSYS was “sub-problem approximation”
method. This was an advanced zero-order method, which required only the values of the
dependent variables, not their derivatives. The relation between the objective function
(OF) and the design variables (DV) was established by curve fitting (least squares fit);
the resulting curve was called “approximation”. The state variables (SV) were handled
the same way as the design variables. In this method, the approximation was minimized

instead of the objective function. The constrained problem was converted into an

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

unconstrained one by adding “penalties” to the objective function approximation to

account for the imposed constraints. This approach increased the efficiency of the

solution. The convergence (termination) was made at the end of each optimization loop

(iteration). The problem converges if any of the following conditions were satisfied for a

feasible design:

- Change in objective function from the best feasible design to the current design is
less than the objective function tolerance.

- Change in objective function between the last two designs is less than the
objective function tolerance.

- Changes in all design variables from the current design to the best feasible design
are less than their respective tolerances.

- Changes in all design variables between the last two designs are less than their
respective tolerances.

The procedure used for design optimization consisted of four major steps:

1. An analysis file was created to be used during looping. The model was built
parametrically (see Appendix VII); the solution was obtained; the parameters that
were used as objective function and state variables were defined.

2. Optimization module was called. At this step, the objective function, design
variables, and state variables were declared; the optimization method and the
maximum number of optimization loops were specified.

3. Optimization analysis was initiated.

4. The resulting design sets were reviewed and the results were post-processed.
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The objective function for the SNF canister optimization problem was defined as
follows: minimize maximum hoop stress on the outer surface of the closure-weld region.
It should be noted that the surface was identified by selecting nodes on the outer surface
boundary. The maximum hoop stress was determined among these nodes using
appropriate commands in ANSYS software (see Appendix VII).

The original design and its dimensions were given on Figures 3.1 and 3.2. The
design geometry was such that all the angles in the closure-weld region were either 90°
or 45°. It should be noted that after annealing, this design without optimization resulted
in 70 MPa in compression.

Seven independent design variables have been identified as shown on Figure 7.1.
The lower and upper limits for these design variables have been specified as follows:

85 mm < V1 <150 mm
10 mm <V2 <25 mm
30 mm < V3 <60 mm
10 mm < V4 <60 mm
10 mm < V5 <50 mm
10 mm <V6 < 80 mm
10 mm < V7 < 80 mm

These independent design parameters have been determined based on the design
geometry including the inner and outer shells, lids, the lifting feature, and the
manufacturing requirements. The minimum values were estimated based on the
minimum plate sizes that can be ordered from the manufacturers. Similarly, the

maximum sizes were estimated by considerations of the realistic plate sizes that can be
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used to fabricate the SNF canister structural components. No other independent design

parameters were identified in relation to the optimization of the induction anneal region
since the rest of the dimensions were constrained by other design requirements such as
lifting, handling, and emplacement.

In this study, four different optimization problems, starting from simple to more
complex, have been considered. First three problems have the same initial geometry. The
dimensions of the initial design variables are given in Tables 7.1, 7.2, and 7.3. The
fourth problem is identical to the third problem except that it used the final answer of the
third problem as an initial guess. The fourth problem also includes additional constraints.

The first optimization problem included only one design variable, which was
used to obtain a simple solution to the problem as an initial attempt to determine the
feasibility of the solution method. In this problem, the design variable defined as the sum
of V3 and V4 was replaced with one design variable, V0. The lower and upper limits for
this design variable have been specified as follows: 50 mm < V0 < 120 mm. This
parameter represents the total height of the induction annealing region from the closure
lid. Table 7.1 shows the initial guess value and the optimized solution in terms of the
design variable and the objective function values. The results of the first solution attempt
indicated that the resulting stress magnitude can be improved to 75 MPa (see Table 7.1

and Figure 7.2).
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Optimization Problem # 3 (1 OF, 7 DVs, no SV)

Figure 7.1. Optimization Problem #3 — Optimum Design Variables

ANSYS 5.4
MAY 1 2000
STEP=377
SUB =4
TIME=1800
SZ (Pa)
HOOP STRESS
D -.416E+09
~.320E+09
- -.223E+09
-.127E+09
an
— -.309E+08
— .653E+08
o .162E+09
= .258E+09
.354E+09
[
.450E+09
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Table 7.1. Optimization Problem # 1 (1 OF, 1 DV, no SV)

Design Variable VO=V3+V4
Initial Value of Design Variable (mm) 100
Optimized Value of Design Variable (mm) 97
Optimized Objective Function Value

(Maximum Compressive Hoop Stress) (MPa) -75
Number of Function Evaluations 5

The second optimization problem was solved using three design variables (see
Figure 7.3). It has been concluded from the results of this study that the compressive

stress can be further improved to 98 MPa. The inputs and the results are summarized in

Table 7.2.
Table 7.2. Optimization Problem # 2 (1 OF, 3 DVs, no SV)

Design Variables V2 \'A) V7
Initial Values of Design Variables (mm) 25 25 50
Optimized Values of Design Variables (mm) 4 28 37
Optimized Objective Function Value
(Maximum Compressive Hoop Stress) (MPa) -98
Number of Function Evaluations 6
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Ooptimization Problem # 1 (1 OF, 1 DV, no SV)

Figure 7.2. Optimization Problem #1 — Optimum Design Variable

ANSYS 5.4

APR 1 2000

STEP=377

SUB =4

TIME=1800

SZ (Pa)

HOOP STRESS

o --437E+09

.382E+09

- 247E+09

— -.152E+09

mm . 565E+08
.386E+08

- 1134E+09
.229E+09

TP IT

-
419E+09
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Optimization Problem # 2 (1 OF, 3 DVs, no SV

Figure 7.3. Optimization Problem #2 — Optimum Design Variables

ANSYS 5.4
APR 21 2000
STEP=377
SUB =4
TIME=1800
SZ (Pa)
HOOP STRESS
- ~-.412E+09
-.317E+09
-.222E+09
- -.127E+09
= ~-.316E+08
- .634E+08
— .158E+09
= .253E+09
.348E+09
[
.443E+09
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The third optimization problem was performed using seven design variables
shown in Figure 7.1. The results have clearly shown that the compressive stress can still

be improved up to 130 MPa (see Table 7.3).

Table 7.3. Optimization Problem # 3 (1 OF, 7 DVs, no SV)

Design Variables Vi[V2]V3[Va[V5] V6] V7]
Initial Values of Design Variables (mm) | 90 | 25 | 50 | 50 | 25 | 50 | SO
Optimized Values of Design Variables 107121 |31 | 59 (39|53 ] 10

Optimized Objective Function Value

(Maximum Compressive Hoop Stress) -130
(MPa)

Number of Function Evaluations 17

First three problems mentioned above had the same initial geometry. To ensure
that the third problem provided the best solution, the fourth problem used the final
dimensions of the third problem as initial guess values. The fourth problem also included
the following six state variables:

Dimensional constraints (four defined):

(V1+V2)-(V3+V4) 2 5mm

V5+V6+ V7 < 200 mm

V3-V223mm

V3 +V4 < 150 mm

The first constraint ensured that the gap between the two lids was greater than 30 mm.
The second constraint set an upper limit to the summation of three design variables. The
third constraint was defined by the geometry of the problem. Finally the fourth constraint

set an upper limit to the summation of the two design variables.
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Stress constraints (two defined):
Maximum radial stress < 0.20 * Yield strength of the canister material
Maximum axial stress < 0.20 * Yield strength of the canister material
These constraints were set to ensure that the maximum stresses in radial and axial
directions did not exceed 20% of the material yield strength, which was the threshold
limit for stress corrosion cracking [CRWMS M&O (2000b)].

After the state variables were added and the solution was obtained, it has been
determined that the results of the third optimization problem remained the same (see

Table 7.4).

Table 7.4. Optimization Problem # 4 (1 OF, 7 DVs, 6 SVs)

Design Variables VI V2] V3ITVa]T V5] Ve[ V7]
Initial Values of Design Variables (mm) | 107 | 21 [ 31 | 59 | 39 | 53 | 10
Optimized Values of Design Variables | 107 | 21 | 31 [ 59 [ 39 { 53 | 10

Optimized Objective Function Value

(Maximum Compressive Hoop Stress) -130
(MPa)

Number of Function Evaluations 11

In summary, aforementioned results showed that all three solutions improved the
initial design. The best result was obtained from the third solution, which improved the
resultant compressive hoop stress by 86% compared to the original design which was not
optimized.

7.1.2 Minimization of Hoop Stress by Changing the Cooling Rate
The effect of different cooling rates on the residual stresses is determined using

optimization problem #3, given in previous section. Five different cooling time periods
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are considered for this problem: 300 seconds, 90 seconds, 60 seconds, 35 seconds, and

30 seconds. The results of the finite element solutions are summarized in Table 7.5. The
results clearly indicate that the faster cooling rate results in lower hoop stress. Therefore,
a minimum practically possible cooling rate of 30 seconds is selected for the heat

treatment process. The finite element solution file supporting this analysis is documented

in Appendix III.
Table 7.5. Effect of Cooling Rate on Hoop Stress
Cooling Rate Minimized Maximum Hoop Stress in
the Region of Annealing
300 seconds 38 MPa
90 seconds -63 MPa
60 seconds -84 MPa
35 seconds -119 MPa
30 seconds -130 MPa

7.2 Optimization Using Successive Quadratic Approximation

The problem of optimization discussed in previous section resulted in higher
compressive hoop stress in the close-weld region than the stress obtained from the
original design. However, the solution obtained from ANSYS subroutine can be further
improved by using a separate solution. In order to accomplish this, the problem has been
solved using a successive quadratic approximation.

The methodology used in the successive quadratic approximation is summarized
in the flowchart in Figure 7.4. Using this approach, optimization of the currently
available finite element models of canisters was performed. The results indicate that the

compressive stress on the closure-weld outer surface can be further improved in
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comparison with the stress that has already been obtained from ANSYS optimization

module.

The first step to solving this optimization problem is to determine a second
degree polynomial surface with seven independent variables. For this purpose, the
objective function should be evaluated for "m" data points using ANSYS. The minimum

number of data points are determined from the following relation:

[MathSoft, Inc. (1997)]

. [(n +k- 1)’;'(" tk- 2)]. nt X [MarhSoft, Inc. (1997)]

where “n” is the number of independent variables, “k” is the degree of the desired
polynomial, and “m” is the number of data points. In this study, “n” is 7, “k” is 2.
Solving for the equation given above, “m” should be greater than 36:
m>@*7/Q2N*((7+2)/7)
m > 36
Therefore, a total of thirty-seven data points are used.

The same upper and lower bounds, L; and Uj, respectively, of the previous
section are used here. These bounds were defined on page 42.

Thirty-six initial data points are generated using the steps given below:

€6g9?
S

1. Generate six (given as “s” in Figure 7.4) equally-spaced values for seven design
variables.

2. The first set of design variable values to calculate the first function value consists
of the first data point of the first design variable and the third data points of all
other design variables. Then, the second set of design variable values to calculate

the second function value consists of the second data point of the first design
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variable and the third data points of all other design variables. The third, fourth,

fifth, and the sixth set of design variable values follow the same pattern.

3. The seventh set of design variable values to calculate the seventh function value
consists of the first data point of the second design variable and the third data
points of all other design variables. Following the same pattern described in step
#2, except for the common set of values on the third data point, five sets of
design variable values are created by using the equally-spaced values of the
second design variable. The same procedure is repeated for the third, fourth, fifth,
sixth, and seventh design variables to create in total of thirty-six initial data
points. All sets of data points created by this procedure are clearly given on the
second page in Appendix VIII.

The calculation of the design variable values required to generate the thirty-six
initial data points is mathematically described below:

Number of data points, i

Number of design variables, j

Number of equally-spaced intervals, s

Design variable values, V

Size of intervals, A

&=(Ui-L)/(s-1) G=1..7)
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Using the parameters defined above, the following algorithm specifies the

required sets of design variable values for the thirty-six initial data points:

start
for i=1..6
Va=Li+A(-1)
for j=2..7
Vij = Lj + Aj 2)
end
end
for i=1..6
for j=1..5
ii=@(-1)5+j+6
Vin=L+4,(2)
for k=2..7
if k=i+1
Vik=L¢ + Ac (k- 2)
else Vix=Li+Ac(2)
end
end
end
stop

The finite element solution for all data points are obtained using ANSYS. The
best solution obtained by ANSYS optimization are added to these data points to increase
the total number of data points to thirty-seven. Then, a quadratic polynomial is fitted to
these data points (see Appendices VIII and X). The minimum point of the quadratic
surface is found using Monte Carlo Programming Technique (see Appendix IX). This
solution is then input into ANSYS to obtain the actual value of the hoop stress.

The next step in this algorithm is to identify the maximum hoop stress among all
function evaluations performed (Oms). The termination criterion depends on the
comparison of the minimum hoop stress obtained from ANSYS solution (o) with the
maximum hoop stress value (Gmax). If the calculated minimum hoop stress is less than the

maximum hoop stress value among all function evaluations, then the maximum hoop

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53
stress is replaced with the minimum hoop stress value and the process feeds back to the

point of determining approximate objective function by fitting a second degree
polynomial to the new set of data points. However, if the calculated minimum hoop
stress is more than or equal to the maximum hoop stress value among all function
evaluations, then the minimum of all function evaluation values is determined to be the
optimum solution.

For this problem, the termination criterion was reached after a total number of
fourteen iterations in addition to the initial data points (see Figure 7.5 and Appendix
VIII, pp. 214-242). The results of this optimization algorithm are given in terms of the
minimum quadratic and function values in Figure 7.5. In this figure, the minimum
quadratic and function values are depicted by diamonds and squares, respectively. It is
noted that the maximum compressive hoop stress increased to 136 MPa at iteration
number four, when the minimum quadratic value exceeded the initial minimum function
value. The subsequent values of the minimum quadratic curve also indicate that a better
minimum function value cannot be obtained; having met the previously set termination
criterion, the program is terminated after iteration number fourteen.

A resulting compressive stress of 136 MPa is 5% better than the compressive
stress obtained from ANSYS subroutine. This solution is also 94% better than the
original design. For this solution, the maximum compressive hoop stress and the
corresponding values of design variables are given in Table 7.6. The optimum design
solution using successive quadratic approximation with stress distribution is shown in
Figure 7.6. A comparison of the optimized design variable values between the ANSYS

solution (Table 7.4) and the successive quadratic approximation solution (Table 7.6)
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showed that the change in V1, V5, and V6 did not have a significant effect on the

optimized objective function value.
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using “s” equally-spaced values
for “n” design variables

a

Perform FE solution for Vij

v

Add the best solution obtained
from ANSYS optimization, V n,y;

Calculate the coefficients of the
approximate quadratic surface ¢ .

Determine the minimum point of the
quadratic surface, V*, using Monte Carlo

Programming Technique (Appendix IV)

v

Input V* into ANSYS to obtain
actual value of hoop stress, 0*

®

Figure 7.4. Flowchart for Successive Quadratic Approximation
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Figure 7.4. Flowchart for Successive Quadratic Approximation (continued)

Replace maximum hoop
stress 0,,,, with o*
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Table 7.6. Solution from Successive Quadratic Approximation
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[ Design Variables VI V2 [ V3| Va[ V5] V6] V7|
Optimized Values of Design Variables 97 [ 24 [ 31 [ S8 | 141 79[ 12
Optimized Objective Function Value
(Maximum Compressive Hoop Stress) -136
(MPa)

Number of Function Evaluations 14
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Solution (Time: 1800 seconds)
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7.3  Optimization Using Successive Heuristic Quadratic Approximation

Successive quadratic approximation, presented in previous section, resulted in
higher compressive hoop stress in the close-weld region than the stress obtained from
ANSYS subroutine. However, it is worthy of note to determine if the results can still be
improved by using a separate solution. Therefore, the problem has been solved using a
novel method, which is labeled the successive heuristic quadratic approximation.

The methodology used in the successive heuristic quadratic approximation is
illustrated in Figure 7.7, for the case of a two-variable problem. The solution starts in the
first domain identified as #1. A quadratic polynomial is fitted to the data points in this
domain. Then, the minimum point of the quadratic surface is determined using Monte
Carlo Programming Technique. This solution is then input into ANSYS to obtain the
actual value of the hoop stress. The next domain is generated around "K" number of
points with the lower function value. These points are complemented by "m-K" that are
randomly generated. Next, the point corresponding to the minimum function value of the
quadratic curve fitting is added to the current set of data points. This process is repeated
as shown in Figure 7.7. The solution is terminated only when one of the termination

criteria is satisfied as outlined in Figure 7.8.
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Figure 7.7. Two Dimensional [llustration of Optimization Algorithm

The following steps are used in the successive heuristic quadratic approximation

method:

1. The same upper and lower bounds, L; and Uj, respectively, of the previous
section are also used here. "m" number of initial data points are generated using
"s" equally-spaced values for "n" design variables between the bounds as
described in the previous section. The finite element solution for these data
points are obtained using ANSYS. The best solution obtained by ANSYS
optimization are added to these data points. Then, a quadratic polynomial is fitted
to these data points (see Appendix X). The minimum point of the quadratic
surface is found using Monte Carlo Programming Technique (see Appendix [X).
This solution is then input into ANSYS to obtain the actual value of the hoop

stress.
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2. The second part of this algorithm incorporates a different method of convergence

to the optimum solution (see Figure 7.8). First, the range of the function values
for all data points is identified. Then, the points in the lower half of the function
value range are selected. New upper and lower bounds of the design variables are
identified based on these points. The new bounds are expanded by a factor “a” to
avoid over-constraining the search. Additional (m-K) data points are randomly
generated. The function values of these data points are determined by an input

file that uses multiple design variable values (see Appendix XI). These (m-K)

data points replace the ones outside the new bounds. At the end of this process,

the point corresponding to the minimum function value of the quadratic curve
fitting is added to the current set of data points. The difference between the
maximum and minimum values of all design variables and also the minimum
function value among the "m+1" data points are recorded for subsequent data
processing.

3. At this point in the algorithm, specific criteria are checked for termination:

a. If the minimum function value recorded in the current loop is less than
the function value recorded in the previous loop, the second termination
criterion has to be checked for termination. If the current function value is
more than or equal to the previously recorded value, then the previously
recorded minimum function value is the optimum solution.

b. The second termination criterion is based on the comparison of the
calculated design variable intervals with an acceptable set of design

variable intervals. The acceptable set of design variables was determined
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by dividing the original intervals (see Section 7.1) by two. The acceptable
set of design variable intervals are given in Appendix X, page 265. These
intervals are monitored to ensure their convergence to desired values
(indicated as “D” on Figure 7.8). If this criterion is not satisfied, the
program then returns to the point where the approximate objective
function was determined by quadratic curve fitting. However, if it is met,
then the third termination criterion is checked.

c. The third criterion enforces completion of the algorithm if the maximum
number of iterations, “Ima ", is reached. If the third termination criterion is
not satisfied, the program again retuns to the point where the
approximate objective function was determined by quadratic curve fitting.
However, if this criterion is met, the fourth and the final criterion is
checked for termination.

d The final criterion requires the calculation of the ratio of the standard
deviation of the function evaluations to their average value, as indicated
in Figure 7.8. If this ratio is larger than "€", the program again returns to
the point where the approximate objective function was determined by
quadratic curve fitting. If the ratio is less than "€", then the last recorded

minimum function value is the optimum solution.
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Figure 7.8. Flowchart for Successive Heuristic Quadratic Approximation
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Figure 7.8. Flowchart for Successive Heuristic Quadratic Approximation (continued)
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Figure 7.8. Flowchart for Successive Heuristic Quadratic Approximation (continued)
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Figure 7.8. Flowchart for Successive Heuristic Quadratic Approximation (continued)
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The numerical values of all parameters defined for this optimization problem are

given in Table 7.7.

Table 7.7. Numerical Values of Parameters Used in Successive
Heuristic Quadratic Approximation Algorithm

Parameter Description Numerical Value
Number of Initial Data Points, m 36
Number of Equal-Size Spaces between Data Points, s 6
Number of Independent Variables, n 7
Factor of Expansion for the Range of Design Variables, a 0.2
Maximum Number of Iterations, Imax 100
Ratio of the Standard Deviation of the Function
Evaluations to Their Average Value, € 0.3

The total number of function evaluations for this optimization is 124. The
calculations for each function evaluation are provided in Appendix X. The termination
criterion was reached after a total number of four iterations (see Figure 7.9). The results
of this optimization algorithm are given in terms of the minimum quadratic and function
values in Figure 7.9. In this figure, the minimum quadratic and function values are
depicted by diamonds and squares, respectively. It is noted that the minimum quadratic
value did not improve the minimum function value. Having met the previously set
termination criterion, the program is terminated after iteration number four. As a result
of these iterations in accordance with the algorithm given in Figure 7.8, the final
optimum solution is determined to provide a minimum hoop stress of 158 MPa. The
corresponding dimensions of the design variables are given in Table 7.8. For this "best"
solution, the distribution of temperature and the hoop stress at different time steps are

given in Figures 7.10 through 7.23. These figures indicate that the hoop stress on the
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outer surface of the induction annealing region is initially tensile because of the fast
cooling of the outer surface as opposed to the inner section. As the cooling of the inner
sections of the material takes place, the layer of tensile stress moves away from the outer
surface of the closure-weld into the deep section of the material volume. This behavior is
explained by the shrinking of the inner sections, and therefore, forming a compressive
stress layer on the outer surface, later in the cooling process.

The results of the successive heuristic quadratic approximation indicate that the
minimum hoop stress is improved by 22% compared to the solution obtained form
ANSYS optimization. When compared to the original design (see Section 7.1.1), the
improvement is 126%. The optimum design solution with stress distribution is shown in

Figure 7.23.
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Function Minimum Values (Squares) for the Successive Heuristic Quadratic

Approximation

Table 7.8. Solution from Successive Heuristic Quadratic Approximation

Design Variables VI | V2| V3| V4] V5] Ve

V7 |

Optimized Values of Design Variables | 107 | 21 | 31 | 57 | 47 | 75

10

Optimized Objective Function Value

(Maximum Compressive Hoop Stress) -158
(MPa)
Number of Function Evaluations 124
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Approximation Solution (Time: 53 seconds)

0L



-uoissiwiad ynoypum payqiyosd uononposdal Jaypng “JouUMO 1yBLAdo9 sy} Jo uolssiwiad yum paonpoiday

ANSYS 5.4
NOV 25 2000

STEP=10

SUB =4
TIME=53

Sz (Pa)

SMN =-,280E+09
=,340E+09
-.280E+09
.211E+09
.142E+09
.735E+08
.457E+07
.643E+08
.133E+09
.202E+09
.271E+09
.340E+09

[ I |

LG

Figure 7.11. Hoop Stress Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 53 seconds)
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Figure 7.12. Temperature Distribution for the Successive Heuristic Quadratic
Approximation Solution (Time: 75 seconds)
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Approximation Solution (Time: 75 seconds)

€L



-uoissiwiad Jnoyum payqiyoud uononpoudal Jayung “Jeumo JybuAdoo syp Jo uorssiwiad ypm psonpoidey

ANSYS 5.4

NOV 25 2000

STEP=35
SUB =4
TIME=90
TEMP
(degrees

L

Figure 7.14. Temperature Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 90 seconds)
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Figure 7.16. Temperature Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 140 seconds)
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Figure 7.17. Hoop Stress Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 140 seconds)
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Figure 7.19. Hoop Stress Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 240 seconds)
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Figure 7.20. Temperature Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 340 seconds)
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Figure 7.21. Hoop Stress Distribution for the Successive Heuristic Quadratic

Approximation Solution (Time: 340 seconds)
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Approximation Solution (Time: 1800 seconds)
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7.4  Sensitivity Analysis of the Best Solution and the Design Variables

Tables 7.4, 7.6, and 7.8 indicate the results obtained from three different
optimization solutions. A comparison of these results suggest that the change in variable
V1 has the least significant effect on the results. The reason for this is the fact that V1 is
the dimension from the upper end of the lifting trunnion collar to the inner closure lid
weld (see Figure 7.1), which is essentially outside the closure-weld region. Therefore,
this is an expected behavior from variable V1. These tables also show that the system
response to the change in variables V2, V3, and V4 are slightly more pronounced than
the system response to the change in variables V5 and V6. This can be explained by the
fact that all three variables, V2, V3, and V4 determine the height of the closure-weld
region whereas the two dimensions, V5 and V6 relate to the radial distance of the
closure-weld region. In other words, the change in height of the weld has slightly more
effect on the results than the change in the radial distance. Although there is a small
difference in the system response to change in these variables, the significance of the
design variables V2 through V6 are still considered to remain almost the same.

In addition to the analysis described above, a sensitivity analysis of all seven
design variables was conducted by changing one variable while holding the rest as
constant values (see Appendix X, page 253). This evaluation showed that although all
seven variables affect the results for a certain extent, the most sensitive design variables
are V2, V3, V4, V5, and V6. The effect of change of these sensitive design variables on
the resulting residual stresses is significantly larger than that of the rest of the design
variables. Therefore, any potential design change in SNF canisters should consider the

sensitivity of these specific design variables.
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To ensure that the solution obtained from the successive heuristic quadratic
approximation is a minimum, it should be surrounded by higher hoop stress values. For
this reason, six different function evaluations, including the best solution obtained from
the successive heuristic quadratic approximation are considered. V4 and V6 are the two
design variables selected for varying the value of the objective function. The reason for
selecting these two variables is that they are the most sensitive. All design variable
values and resulting hoop stress magnitudes are given in Appendix XII, pp. 279-280. A
graphical representation of the change in V4 and V6 indicated that the best function
value was surrounded by higher values in terms of the hoop stress (see Figure 7.24).
Therefore, it is concluded that 158 MPa is the minimum optimized hoop stress obtained

form the successive heuristic quadratic approximation.
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Figure 7.24. Sensitivity Analysis of the Best Solution
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7.5  Evaluation of Optimization Results for ANSYS Solutions and the Successive

Heuristic Quadratic Approximation Solution

The results of optimization, including the original design, are summarized in
Table 7.9. The second column in this table gives the penetration depths of compressive
stress up to a limit of 0.2*Sy (62 MPa). These penetration depths are obtained by
defining stress paths along the perpendicular directions to the outer surface at the
locations where the penetration is minimum. Figures 25 through 39 show iso-stress
curves and the stress paths defined to determine these penetration depths. The first stress
path (path #1) is in a location where the iso-stress curve is closest to the outer surface.
However, the second path is located only in the region of the closure-weld,
perpendicular to the top surface. The results given in the second column of the same
table is obtained using the stress profile along the second path. The third column of the
same table shows the results of the minimized values of the maximum hoop stresses
among the nodes selected 2.72 mm from the outer surface of the canister. This is the
amount of corrosion of Alloy 22 outer shell in 10,000 years (see Appendix I).

The results indicate that all compressive stress depths are more than 2.72 mm,
which is the amount of general corrosion for Alloy 22 in 10,000 years. The results also
show that all design concepts provide a layer of compressive stress of more than 6.8 mm
from the top closure-weld surface. More importantly, the third column in the same table
indicates that the largest design margin to prevent SCC within 2.72 mm form the outer
surface of the outer shell is obtained with a compressive stress magnitude of 158 MPa.
All the nodes within a layer of 2.72 mm from the outer surface were selected to be

included in the optimization process as previously explained in this chapter. Since this
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optimization process resulted in a maximum compression of 158 MPa, the best design is

deemed to be the design given in Table 7.8.

Table 7.9. Summary of Optimization Results

Compressive Stress Penetration Depth up to 0.2*Sy (62 MPa)
Minimum Distance between Distance between the Top Minimized Maximum
the Outer Surface and the 62  { Closure-Weld Outer Surface | Hoop Stress within a
MPa Iso-Stress Curve and the 62 MPa Iso-Stress 2.72 mm Thick Layer
Curve from the Outer
. Surface
Original design | 5.8 mm > 2.72 mm* 9.7 mm > 6.8 mm** -70 MPa < 62 MPa
Optimization | 6.3 mm > 2.72 mm® 7.8 mm > 6.8 mm** -75 MPa <62 MPa
Problem #1 . _
Optimization 3.9mm>2.72 mm* 11.7 mm > 6.8 mm** -98 MPa < 62 MPaj
Problem #2 .
Optimization 4.7 mm >2.72 mm* 8.5 mm > 6.8 mm** -130 MPa < 62 MPa
Problem #3
Successive 4.6 mm > 2.72 mm* 9.4 mm > 6.8 mm** -158MPa<62MPa |
Heuristic
Quadratic
Approximation

* Alloy 22 general corrosion rate including microbial influenced corrosion (MIC)
** Alloy 22 general corrosion rate including MIC and also the thermal aging effect in the closure weld
Note: Penetration depth calculations are provided in Appendix XIII
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Figure 7.26. Stress Path #1 for the Original Design
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Figure 7.27. Stress Path #2 for the Original Design
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Figure 7.33. Stress Path #2 for Optimization Problem #2

96



97

80+3029 "= g
60+305% "= XWS
60+391T%°-= NWS

(ed) 28
008T=3NWIL

0002 0€ AON
V'S SASNY

£# wo[qolq uonezrumdo 10j (BdN 79) IAM) $531S-08] ‘pg*L 2mBiq

/]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98

80+3029°

"
m

I I |

60+30SV = XWS
60+391%° -= NWS

(ed) 2s
008T=3HIL

000Z 0t AON
v°S SASNV

£# walqold uonwziundQ 10§ [# Wed ssan§ “gg°L amBig

l

[

[
[

/

/1]

i

[]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



{Pa)
.450E+09
620E+08

SMN =-.416E+09

ANSYS 5.4
NOV 30 2000
TIME=1800
s2

SMX

B

/]

/]

/1]

T

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 7.36. Stress Path #2 for Optimization Problem #3
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CHAPTER 8

CONCLUSIONS

This dissertation presented a study of the SNF canisters for maximizing the
compressive stress on the outer surface of the closure-weld region. Induction coil heating
technique was used in order to relieve the residual stresses from the closure weld and
induce a state of compression through the wall thickness. This technique involved
localized heating of the material by surrounding coils. The material was then cooled to
room temperature by quenching.

A three-dimensional finite element model was developed for the canister using
the sequential method. This method consisted of a sequential thermal-stress analysis
where nodal temperatures from the thermal analysis were applied as body force loads in
the subsequent stress analysis. This model, which was computationally intensive, has
been used to verify the results of the model developed in two-dimensions and ensure its
accuracy.

A two-dimensional axisymmetric finite element model of the canister was
developed. This model made use of the direct method. This method included only one
type of analysis that used coupled-field element type containing all necessary degrees of

freedom for the heat transfer and the stress analyses. Direct coupling was advantageous

103
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when the coupled-field interaction was highly nonlinear and was best solved in a single
solution using a coupled formulation. The resuits obtained from 3-D and 2-D finite
element models were almost identical, indicating that the solution methods were
appropriate and highly accurate.

The finite element results were validated using the results obtained from an
experimental test. A canister mock-up which consisted of an outer shell and a support
ring was manufactured. The mock-up was subject to solution annealing process. At the
end of the process, a compressive stress state developed on the shell outer surface. The
stresses on the canister outer surface were obtained based on the readings of the strain
gages that were attached to several points on the mock-up. The results of the
experimental test were consistent with the finite element solution; therefore, the method
of solution has been validated.

The parameters of most promising designs were tuned to further maximize the
compressive stress through the wall thickness. This was handled as an optimization
problem that was subject to geometrical constraints. This optimization problem was first
solved using commercially available ANSYS software. The optimization results
provided the dimensions of a better design to result in maximum compressive stress in
the canister closure-weld region. It was concluded that the resultant compressive hoop
stress has been improved by 86%.

A second method of optimization was developed by using successive quadratic
approximation algorithm. Using this approach, optimization was performed using a
separate optimization routine and the results of this method have shown that the resultant

compressive hoop stress was improved by 94% in comparison to the original design.
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This method of solution was concluded to provide an additional 5% improvement over
the solution obtained from ANSYS optimization.

A third method of optimization was developed by using a successive heuristic
quadratic approximation. The methodology used in the successive heuristic quadratic
approximation implemented two processes of optimization into one algorithm: self-
improvement of the results by iteratively converging to the best solution within specific
solution intervals and a quadratic curve-fit to an expected functional behavior. In this
unique, improved optimization algorithm, a quadratic polynomial was fitted to the data
points in the first domain of solution. Then, the minimum point of the quadratic surface
was determined using Monte Carlo Programming Technique. This solution was then
input into ANSYS to obtain the actual value of the hoop stress. The next domain was
generated around a sub-set of data points with the lower function value. The complement
of these points were then randomly re-generated. Finally, the point corresponding to the
minimum function value of the quadratic curve fitting was added to the original set of
data points. This process was repeated until one of the termination criteria has been
satisfied. The results of this method have shown that the resultant compressive hoop
stress was improved by 126% in comparison to the original design. This method of
solution was concluded to provide an additional 22% improvement over the solution
obtained from ANSYS optimization.

A sensitivity analysis of all seven design variables showed that although all seven
variables affect the results for a certain extent, the most sensitive design variables were
V2, V3, V4, V5, and V6. The effect of change of these sensitive design variables on the

resulting residual stresses was significantly larger than that of the rest of the design
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variables. Therefore, any potential design change in SNF canisters should consider the

sensitivity of these specific design variables.

Additional future studies on optimization of the SNF canisters can be performed
by using different methods available in the literature such as the simplex method or
genetic algorithms. These studies may also include investigation of different geometries

of the SNF canister closure-weld region in order to minimize residual stresses.
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MATERIAL PROPERTIES
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Table I.1. Material Property List for Alloy 22 (SB-575 N06022) (ASTM B 575) (Outer
Shell Material, see Figure 3.1)

Material Property Value Reference
Density 8690 kg/m’ ASTM (1997)
Yield Strength 310 MPa (20 °C) ASTM (1997)

214 MPa (760 °C) Haynes International (1997)
Tensile Strength 690 MPa (20 °C) ASTM (1997)

524 MPa (760 °C) Haynes International (19&
% Elongation 62 (20 °C) Haynes International (1997)

68 (760 °C) Haynes International (1997)
Poisson's Ratio 0.278 (20 °C) American Society for

Metals (1980) |

Melting Temperature 1357 °C Haynes International (1997)
Mean Coefficient of 124*10°m/mK Haynes International (1997) |
Thermal Expansion (24 °C -93 °C)

162*10°m/mK Haynes International (1997)

(24 °C - 982 °C)

Table 1.2. Modulus of Elasticity for Alloy 22 [Haynes International (1997))

Temperature (°C) | Modulus of Elasticity (GPa)
20 206
871 154
982 145

Table 1.3. Thermal Conductivity for Alloy 22 [Haynes International (1997)]

Temperature (°C) | Thermal Conductivity (W / m K)
48 10.1
100 11.1
200 13.4
300 15.5
400 175
500 19.5
600 213
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Table 1.4. Specific Heat for Alloy 22 [Haynes Intemational (1997))]

Temperature (°C) | Specific Heat (J / kg K)
52 414
100 423
200 444
300 460
400 476
500 485
600 514

The finite element solutions include elastic and plastic deformations for all
materials. When the materials are driven into the plastic range, the slope of the stress-
strain curve continuously changes. Thus, a simplification for this curve is needed to
incorporate plasticity into the finite element solution. A standard approximation is
commonly used in engineering by using a straight line segment that connects the yield
point to the ultimate tensile strength point of the material. The following parameters are
used in subsequent calculations:

Sy = Yield strength of the material

S, = Ultimate tensile strength

e), €2, €3 = Strain magnitudes

E = Elastic modulus (slope of the line in the elastic region)

E| = Tangent modulus (slope of the line in the plastic region)

v = Poisson’s ratio

The slope, E, is determined by:

e;=S,/E and e;=e3—e; where e;=-clongation specified for material.
Hence, for SB-575 N06022:

Ei1=(Sy—-Sy)/e2=(0.690-0.310)/ (0.45 — (0.310/203)) = 0.847 GPa
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Linear interpolation and extrapolation are used in the following calculations:

E (at 1120 °C) = 154 — ((1120 - 871) * (154 - 145) / (982 - 871)) = 134 GPa

v (at 1120 °C) = 0.5 — ((1357 — 1120) * (0.5 — 0.278) / (1357 — 20)) = 0.46 (note that
Poisson’s ratio of a solid material approaches to 0.5 at melting temperature)

Sy (at 1120 °C) = 214 - (214 * (1120 - 760) / (1357 - 760)) = 85 MPa (note that the
yield strength approaches to zero as the temperature approaches to melting temperature)
Sy (at 1120 °C) = 524 — (524 * (1120 - 760) / (1357 - 760)) = 208 MPa (note that the
ultimate tensile strength approaches to zero as the temperature approaches to melting
temperature)

e3 (at 1120 °C) = 0.62 + ((1120 — 20) * (0.68 — 0.62) / (760 — 20)) = 0.71

E) (at 1120 °C) = (0.208 — 0.085) / (0.71 — (0.085 / 134)) = 0.173 GPa

Corrosion properties of Alloy 22 are given below:

Long term structural performance of the SNF canisters depends to a large extent
on the general corrosion rate of Alloy 22. The general corrosion rate takes place
independent of the stress state inside the material. However, the stress corrosion cracking
is a function of the stress inside a material. An earlier study [CRWMS M&O (2000b)]
indicates that Alloy 22 is susceptible to SCC if the tensile stress is more than 20% of the
yield strength of the material (0.2 * 310 MPa = 62 MPa). Once this stress threshold is
exceeded, the crack propagation is significantly faster than the general corrosion rate of
Alloy 22.

To ensure that SCC does not take place, the canister should have a compressive

outer layer with a minimum thickness equal to the amount of the general corrosion in
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10,000 years. The general corrosion rate of Alloy 22 is obtained from CRWMS M&O

2000c and 2000d as follows:
General corrosion rate = 73 nm/year = 0.73 mm/10,000 years [CRWMS M&O (2000c))
General corrosion rate correction for the maximum bias due to silica scale deposit
formation = 0.063 um/year = 0.63 mm/10,000 years [CRWMS M&O (2000d)]
Therefore:
General corrosion rate = 0.73 + 0.63 = 1.36 mm/10,000 years

There is one additional factor that needs to be added to this corrosion rate for the
base metal. This factor is called the microbial influenced corrosion (MIC). A factor of
multiplication of 2 was determined for this effect [CRWMS M&O (2000c)). Including
the factor of MIC, the general corrosion rate of the base metal Alloy 22 increases up to
2.72 mm/10,000 years (2 * 1.36 = 2.72 mm/10,000 years).

For the welded sections of Alloy 22 in the SNF canister, there is one more factor
that needs to be considered: thermal aging of Alloy 22. A factor of multiplication of 2.5
was determined to include this effect [CRWMS M&O (2000c)]. Thus, a general
corrosion rate of 6.8 mm/10,000 years (2.5 * 2.72 = 6.8 mm/10,000 years) is applicable
for the welded but not fully annealed section of the SNF canister. This section is the final

closure-weld section in the SNF canister.
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/config,nres, 10000
/config,nproc, 2

/units, si

/prep?7

/title, Residual Stresses from Induction Annealing - Sequential Method
/veon, ,0

et,1,801id70 ! 3-D thermal solid element for the outer shell
mp,dens,1,8690.0 !t Alloy 22

! Thermal properties of Alloy 22

/COM, Define conductivity

MPTEMP

MPTEMP, 1, 48, 100, 200, 300, 400, 500,
MPTEMP, 7, 600,

MPDATA, KXX, 1, 1, 10.1, 11.1, 13.4, 15.5, 17.5, 19.5,
MPDATA, KXX, 1, 7, 21.3,

/COM,

/COM, Define specific heat

MPTEMP, 1, 52, 100, 200, 300, 400, 500,
MPTEMP, 7, 600,

MPDATA, C, 1, 1, 414, 423, 444, 460, 476, 485,
MPDATA, C, 1, 7, 514,

/com, Define Parameters

osor=. 782 ! Outer shell outer radius

ost=,02 ! Outer shell thickness

ist=.05 ! Inner shell thickness

ostl=5.035 ! Outer shell total length

oslid=.025 ! Outer shell lid thickness

islid=.095 ! Inner shell lid thickness

osbr=.1 ! Outer shell bending radius

gap=.03 ! Gap between the lids

oswh=. 025 ! Outer shell weld height

trbe=.475 { Trunion ring bottom end

trte=.025 ! Trunion ring top end

trt=.04 ! Trunion ring thickness

tct=.02 ! Trunion collar thickness

tcue=.195 { Trunion collar upper end from WP end
tcle=.295 ! Trunion collar upper end from WP end
gols=.004 ! Gap between the outer lid and outer shell
plth=.01 ! Plate thickness (first outer 1lid)
/com, Define keypoints

csys, 0

k,1,080r-ost-ist,

k,2,080r-os8t,

k,3,080r,
k,4,080r-ost-ist,ostl/2-trbe
,080r-08t,o8tl/2-trbe
,080r,08tl/2-trbe
,080r-ost-ist,ostl/2-trbe+trt-tet
,080r-ost,ostl/2-trbe+trt-tct
,080r,ostl/2-trbe+trt-tct
0,080r+trt-tet,ostl/2-trbe+trt-tct
1,080r-0s8t-ist,ostl/2-trbe+trt
2,080r-as8t,ostl/2-trbe+trt
3,080r,08tl/2-trbe+trt
4,080r+trt-tct,ostl/2-trbe+trt
§5,080r+trt,ostl/2-trbe+trt
6,080r-ost-ist,ostl/2-tcle

.- ® W W W m W ® W % W

S
6
7
8
9
1
1
1l
1l
1
1l
1l

FERENRNANNRIRINRIRNNNR?
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17,080r-o08t,ostl/2-tcle
18,080r,08tl/2-tcle
19,080r+trt-tct,ostl/2-tcle
20,080r+trt,ostl/2-tcle
21,0,08tl/2-0sbr-oslid-gap-islid
22,080r-o8t-ist,ostl/2-osbr-oslid-gap-islid
23,080r-o8t,ostl/2-osbr-oslid-gap-islid
24,080r,08tl/2-osbr-oslid-gap-islid
25,080r+trt-tct,ostl/2-osbr-oslid-gap-islid
26,080r+trt,ostl/2-osbr-oslid-gap-islid
27,0,08tl/2-tcue
28,080r-o8t-ist,ostl/2-tcue
29,080r-o08t,o0stl/2-tcue
30,080r,08tl/2-tcue
31,080r+trt-tct,ostl/2-tcue
32,080r+trt,ostl/2-tcue
33,0,08tl/2-tcue+plth
34,080r-ost-ist,o0s8tl/2-tcue+plth
35,080r-08t,os8tl/2-tcue+plth
36,080r,08tl/2-tcue+plth
37,080r+trt-tct,ostl/2-tcue+plth
38,080r+trt,ostl/2-tcue+plth
39,0,08tl/2-0sbr-oslid
40,080r-o8st-gols-oslid-osbr,ostl/2-0sbr-oslid
41,080r-ost-gols-oslid-oswh,ostl/2-osbr-oslid
42,080r-ost-gols-oslid,ostl/2-osbr-oslid
43,080r-ost-gols,ostl/2-osbr-oslid
44,0,08tl/2-08br
45,080r-ost-gols-oslid-osbr,o0s8tl/2-0s8br
46 ,080r-ost-gols-oslid-oswh, ostl/2-o08br
47,080r-ost-gols-oslid, ostl/2-osbr
48,080r-ost-gols,ostl/2-osbr
49,080r-ost,o8tl/2-trte-trt
50,080r,08tl/2-trte-trt
51,080r+trt-tct,ostl/2-trte-trt
52,080r+trt,ostl/2-trte-trt
53,080r-o8t,os8tl/2-trte-trt+tct
54,080r,08tl/2-trte-trt+tct
5§5,080r+trt-tct,ostl/2-trte-trt+tct

56 ,080r-ost-gols-oslid-oswh,ostl/2-oswh
§7,080r-ost-gols-oslid,ostl/2-o0oswh
58,080r-ost-gols,ostl/2-oswh
k,59,080r-o8t,ostl/2-trte
k,60,080r,08tl/2-trte
k,61,080r-ost-gols-oslid, ostl/2
k,62,080r-ost-gols,ostl/2
k,63,080r-o8t,os8tl/2

k,64,080r,08tl/2

csys, 0

/com, Horizontal lines in inner shell
1,1,2

1,4,5

1,7,8

1,11,12

1,16,17

1,22,23

1,28,29

NN ETRIT AR AR TR TR TRANRNRAEORNRARETEERNRTNAIARNRRNRTRAIARININRRINEINRANRARNARNNS

L L L I I L I I IR O . R T SR O R S R A T TR T T N ST T Y M T R A A A
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1,34,35
/com, Horizontal lines in inner lid
1,21,22
1,27,28
1,33,34
/com, Horizontal lines in outer shell
1,2,3
1,5,6
1,8,9
1,12,13
1,17,18
1,23,24
1,29,30
1,35,36
1,49,50
1,53,54
1,59,60
1,63,64
/com, Horizontal lines in trunion ring and verticals in triangular
areas
1l,4,7
1,5,8
1,6,9
1,6,10
1,9,10
1,13,14
1,18,19
1,24,25
1,30,31
1,36,37
1,50,51
1,54,55
1,55,60
1,54,60
1,53,59
1,7,12
1,8,12
1,9,13
1,10,14
1,10,15
1l,14,15
1,19,20
1,25,26
1,31,32
1,37,38
1,51,52
1,52,55
1,51,58
1,50,54
1,49,53
/com, Horizontal lines in the outer lid inner region
1,39,40
1,44,45
/com, Horizontal and vertical lines in the outer lid 45 degree section
1,40,41
1,45,46
1,45,56
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1,46,56

1,47,57

1,48,58

/com, Vertical lines in the outer weld section
1,41,42

1,46,47

1,56,57

1,56,61

1,57,61

1,58,62

1,59,63

1,60,64

/com, Horizontal lines in the outer lid outer radius
1,42,43

1,47,48

1,57,58

1,61,62

/com, Vertical lines in shells starting from symmetry axis
1sel,none

1,1,4

1,2,5

1,3,6

lesize,all,,,16,.5,1

alls

/com, Vertical lines in the region two levels below inner lid
1,11,16

1,12,17

1,13,18

1,14,19

1,15,20

/com, Vertical lines in the region below inner lid
1l,16,22

1,17,23

1,18,24

1,19,25

1,20,26

/com, Vertical lines in the region of inner lid lower section
1,21,27

1,22,28

1,23,29

1,24,30

1,25,31

1,26,32

/com, Vertical lines in the region of inner lid upper section
1sel,none

1,27,33

1,28,34

1,29,35

1,30,36

1,31,37

1,32,38

lesize,all,,,2,1,1

alls

/com, Vertical lines in trunion ring upper section
1sel,none

1,35,49

1,36,50
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1,37,51

1,38,52
legize,all,,,8,1,1
alls

/com, Vertical lines in outer 1lid
1,39,44

1,40,45

1,41,46

1,42,47

1,43,48

/com, Horizontal lines in the gap
lsel,none
1,58,59

1,62,63
lesize,all,,,2,1,1
alls

/com, Define areas starting from the region close to bottom symmetry
plane

allsel
al,1,75,2,74

al, 12,76,13,75
al,2,25,3,24
al,13,26,14,25
al,26,27,28
al,3,40,4,39
al,14,41,15,40
al,28,42,29,41
al, 42,43,44
al,4,78,5,77
al,1s5,79,16,78
al,29,80,30,79
al,44,81,45,80
al,s,83,6,82
al,lé6,84,17,83
al,30,85,31,84
al,45,86,46,85
al,9,88,10,87
al,6,89,7,88
al,17,90,18,89
al,31,91,32,90
al,46,92,47,91
al,10,94,11,93
al,7,95,8,%
al,18,96,19,95
al,32,97,33,96
al,47,98,48,97
al,19,100,20,99
al,33,101,34,100
al,48,102,49,101
al,20,52,21,53
al,34,51,35,52
al,49,50,51
al,21,37,22,38
al,3s5,36,37
al,22,69,23,68
al,108,68,109,67
al,s54,104,55,103
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al,s6,105,57,104
al,e2,106,63,105
al,70,107,71,106

al,s7,59,58

al,63,60,64,59

al,71,61,72,60

al,64,66,65

al,72,67,73,66

/com, Outer shell and lid mesh
asel,s,,,2

asel,a,, , 4,5

asel,a,,,7,9

asel,a,,,11,13

asel,a,,, 15,16

asel,a,,, 20,21

asel,a,,, 23,46

/com, Create volumes by rotating areas about two keypoints defining the
axis of rotation

arcang=10

esize, ,4
vrotat,all,,,,,,39,44,arcang,1
type,1 ! 80l1id70

mat, 1 ! Alloy 22

mshkey, 1

vmesh,all

allsel

save

/nerr,,100000

/SOLU

ANTYPE, TRAN, NEW,

NROPT, FULL, ,ON,

TRNOPT, FULL,

ALLS

TIME, 35

/COM, Thermal initial boundary condition for the WP at 20
degrees C

TUNIF, 20

/COM, Apply loads and solve for 0 to 35 seconds

nsel, s,loc,y,o8tl/2-08wh/2,08t1/2 ! Select volume of first HAZ from
coil induction

D,ALL, TEMP, 1120

nsel, s, loc,y,o0s8tl/2-((trte+oswh)/2) ,08tl/2-(.00001+08wh/2) ! Select

volume of second HAZ from coil induction

D,ALL, TEMP, 750

nsel, s,loc,y,o8tl/2-trte-trt-.00001,08tl/2-(.00001+((trte+oswh) /2))
! Select volume of third BAZ from coil induction

D,ALL, TEMP, 500
nsel,s,loc,y,ostl/2-o8br+.00001,08tl/2-trte-trt-.00001 ! Select
volume of fourth HAZ from coil induction

D,ALL, TEMP, 250

/COM, Set time integration parameters for the first time
interval

ALLS

NSUBST,S5,10,4,0N,

KBRC, 0

AUTOTS,ON

OUTRES, ALL, ALL
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SOLVE
*get,lslss,active, 0, s0lu,ncmss
!

!

/COM, Solve from 35 to 45 seconds
TIME, 45
nsel, s, loc,y,ostl/2-0swh/2,08tl/2 ! Select volume of first HAZ from

coil induction
D,ALL, TEMP, 1120
nsel, s, loc,y,ostl/2- ((trte+oswh) /2) ,ostl/2-(.00001+08wh/2) ! Select
volume of second HAZ from coil induction
D,ALL, TEMP, 750
nsel,s,loc,y,08tl/2-trte-trt-.00001,08t1/2-(.00001+((trte+oswh)/2))
! Select volume of third HAZ from coil induction
D,ALL, TEMP, 500
nsel, s, loc,y,ostl/2-08br+.00001,08t1/2-trte-trt-.00001 ! Select
volume of fourth HAZ from coil induction
D,ALL, TEMP, 250
ALLS
OUTRES, ALL,ALL
SOLVE
*get, 1s28s,active,0,s80lu,ncmss
!
!
/COM, Solve from 45 to 75 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=46
TM_END=75
TM_INC=1
ALLS
*DO, TM, TM_START, TM_END, TM_INC
TIME, TM™,
! Select first surface area for quenching
nsel, s,loc,y,o8tl/2-08wh/2,08tl/2
FLST,S,75,1,0RDE, 26
FITEM,5,2618
FITEM,5,2620
FITEM,S5, -2625
FITEM, S5,2627
FITEM,S5,-2628
FITEM,5,2630
FITEM,S, -2631
FITEM,5,2633
FITEM, S, -2634
FITEM, S, 2636
FITEM, S, -2657
FITEM,S5,2728
FITEM,S5,-2737
FITEM, 5, 3388
FITEM, 5, 3392
FITEM,S5,-3395
FITEM, 5, 3409
FITEM, 5, -3410
FITEM, S, 3412
FITEM, S5, -3415
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FITEM, S, 3417

FITEM,S5, -3418

FITEM, S, 3420

FITEM, 5, -3421

FITEM, 5, 3458

FITEM, S5, -3472

NSEL,R, , ,P51X

cm, bcnodel, node

D,ALL, TEMP,1120- ( (1000/29) * (TM-46) )
! Select second surface area for quenching
nsel,s,loc,y,o8tl/2-((trte+oswh)/2),08t1/2-(.00001+08wh/2)
FLST,5,20,1,0RDE, 16

FITEM, 5, 2468

FITEM,5,2472

FITEM, 5, -2475

FITEM, S, 2619

FITEM,5,2626

FITEM,S5,2629

FITEM,5,2632

FITEM,S5,2635

FITEM, 5,3163

FITEM,5,3167

FITEM,S5,-3170

FITEM, S, 3408

FITEM, S5, 3411

FITEM, 5, 3416

FITEM, S, 3419

FITEM, 5, 3422

NSEL,R, , ,P51X

cm, bcnode2, node

D,ALL, TEMP, 750- ((730/29) * (TM-46) )
! Select third surface area for quenching
nsel, s, loc,y,08tl/2-trte-trt-.00001,08t1/2-(.00001+((trte+oswh)/2))
FLST,5,48,1,0RDE, 22

FITEM,5,2078

FITEM,5,2086

FITEM,5,-2089

FITEM,S5,2338

FITEM, S, 2342

FITEM, S5, -2345

FITEM, 5, 2418

FITEM, 5, -2432

FITEM,5,2568

FITEM, 5, -2572

FITEM,5,2574

FITEM,5,-2575

FITEM,5,2577

FITEM, S5, -2582

FITEM,S5,3184

FITEM,S, -3185

FITEM,5,3187

FITEM,5,-3190

FITEM,5,3192

FITEM,S5,-3193

FITEM, 5, 3195

FITEM,S5,-3196

NSEL,R, , ,P51X
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cm,bcnode3, node
D,ALL, TEMP, 500- ( (480/29) * (TM-46) )
! Select fourth surface area for quenching
nsel,s,loc,y,os8tl/2-08br+.00001,08tl/2-trte-trt-.00001
FLST,S5,15,1,0RDE, 15
FITEM, 5, 2084
FITEM,S, -2085
FITEM, 5, 2095
FITEM, S, -2096
FITEM,5,2102
FITEM,S5,-2103
FITEM,5,2109
FITEM, 5, -2110
FITEM, 5, 2116
FITEM, S5, -2117
FITEM,S, 3183
FITEM,5,3186
FITEM,5,3191
FITEM,5,3194
FITEM,5,3197
NSEL,R, , ,PS1X
cm,bcnoded, node
D,ALL, TEMP, 250~ ( (230/29) * (TM-46) )
ALLS
NSUBST, 2,4,1,0N,
OUTRES, ALL, ALL
SOLVE
*ENDDO
*get, 18388, active, 0,801lu,ncmss
*get,ls3ls,active,0,80lu,ncmls
!
!
/COM, Solve from 75 to 1800 seconds
nsel,s,,,bcnodel
nsel,a,, ,bcnode2
nsel,a,,,bcnode3
nsel,a,, ,bcnoded
D,ALL, TEMP, 20
TM_START=80
TM_END=1800
TM_INC=S
ALLS
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
NSUBST,2,4,1,0N,
OUTRES, ALL,ALL
SOLVE
*ENDDO
*get,1ls48s,active, 0,s0lu,ncmss
*get,1s4ls,active, 0,80lu,ncmls
1
1
FINISH
physics, clear
/prep?7
et,1l,s801id45 ! Switch to 3-D structural solid element for the
outer shell
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mp,dens, 1,8690.0 ! Alloy 22
!
mptemp, 1,20,1120
mpdata,ex,1,1,206e9,134e9 ! Alloy 22 Elastic Modulus
mpdata,nuxy,1,1,0.278,0.46 ! Alloy 22 Poisson's ratio
! Material properties of outer shell
tb,biso,1
tbtemp, 20
tbdata, ,310e6,0.847e9 ! Alloy 22
tbtemp, 1120
tbdata,,85e6,0.173e9 ! Alloy 22
!
mpdata,alpx,1,1,12.4e-6,16.2e-6 ! Alloy 22
alls
/com, Apply displacement/symmetry constraints
csys, 0
nsel,s,loc,y,0
d,all,uy,0
local,11,1,,,,,-90,
nsel,s,loc,y,0
nsel, a, loc,y,arcang
nrot,all
d,all,uy,0
nsel,s,loc,x,0
d,all,ux,0
alls
save
finish
/8solu
ANTYPE, TRAN, NEW,
NROPT, FULL, ,ON,
TRNOPT, FULL,
ALLS
/COM, Solve from 0 to 35 seconds
TM=35
*DO,s8s8,1,1818s8,1
TIME, (TM/18188) *ss,
ldread, temp,1,8s,,,seqarcl, rth
AUTOTS, OFF
NSUBST,1,, ,0ff
OUTRES,ALL, ALL

SOLVE
*ENDDO
!
!
/COM, Solve from 35 to 45 seconds
TM=45
*DO,8s,2,18288,1
TIME, 35+ ( (TM-35) /18288) *3g,
ldread, temp, 1, 88, ,,8eqarcl, rth
AUTOTS, OFF
NSUBST,1,,,off
OUTRES,ALL, ALL
SOLVE
*ENDDO

!
!
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/COM, Solve from 45 to 75 seconds
T™=175
*DO,1s,3,18318,1
*DO,ss,1,18388,1
TIME, 45+ ( (TM-45) / (18318-2) ) *(1s-2) +(8s8/1s83s8)
ldread, temp, 1ls, 88, ,,seqgarcl,rth
AUTOTS, OFF
NSUBST, 1,, ,0ff
OUTRES, ALL,ALL

SOLVE
*ENDDO
*ENDDO
t
!
/COM, Solve from 75 to end of simulation
T™™M=1800

*DO,18,18318+1,1841s8,1
*DO,s8s,1,1s8488,1
TIME, 75+ ( (TM-75) / (18418-18318) ) * (18-18318) + { (TM-
75)/{(1s4ls-138318) ) *(88/1ls4ss)
ldread, temp, 1ls, ss,,, seqarcl,rth
AUTOTS, OFF
NSUBST, 1,, ,0ff
OUTRES, ALL,ALL
SOLVE
*ENDDO
*ENDDO
!
!
FINISH
/EXIT,NOSA
/EOF
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/config,nres, 2000

/config,nproc, 2

/units,si

/prep?

/title, FEA to determine residual stresses due to induction coil
heating of closure welds

/veon, ,0
et,1l,planel3,4,,1 ! Axisymmetric model for the outer shell
et, 2,planel3,4,,1 ! Inner shell is not meshed; it's geometry

developed for future use

!

mptemp, 1,20,1120

mpdata,ex,1,1,206e9,134e9 ! Alloy 22 Elastic Modulus
mpdata,ex,2,1,195e9,195e9 ! 316 Stainless Steel Elastic Modulus at room
temperature

mpdata,nuxy,1,1,0.278,0.46 ! Alloy 22 Poisson's ratio
mpdata,nuxy,2,1,0.298,0.298 ! 316 SS Poisson's ratio

! Material properties of outer shell

tb,biso,1

tbhtemp, 20

tbdata,,310e6,0.847e¢9 ! Alloy 22
tbtemp, 1120

tbdata, ,85e6,0.173e9 ! Alloy 22

! Material properties of inner shell (316 SS temperature does not
significantly change
! during quenching. No change in material properties required)

tb,biso,2

tbtemp, 20

tbdata,,207e6,0.777e9 | 316 SS

tbtemp,1120

tbdata,,207e6,0.777e9 ! 316 SS

!

mp,dens,1,8690.0 ! Alloy 22

mp,dens, 2,7980.0 ! 316 SS
mpdata,alpx,1,1,12.4e-6,16.2e-6 ! Alloy 22

mpdata,alpx,2,1,15.2e-6,15.2e-6 ! 316 Ss

! Thermal properties of Alloy 22

/COM, Define conductivity

MPTEMP

MPTEMP, 1, 48, 100, 200, 300, 400, 500,

MPTEMP, 7, 600,

MPDATA, KXX, 1, 1, 110.1, 11.1, 13.4, 15.5, 17.5, 19.5,

MPDATA, KXX, 1, 7, 21.3,

/COM,

/CoM, Define specific heat

MPTEMP, 1, 852, i00, 200, 300, 400, So00,

MPTEMP, 7, 600,

MPDATA, C, 1, 1, 414, 423, 444, 460, 476, 485,

MPDATA, C, 1, 7, 514,

! Thermal properties of 316L SS (To be modified for 316 SS)

/COM, Define K and C for materials 80

' 1, 21.11, 37.78, 65.56, 93.33, 121.11, 148.89,
' 7, 176.67, 204.44, 232.22, 260.00, 287.78, 315.56,

MPTEMP, 13, 343.33, 371.11, 398.89, 426.67, 454.44, 482.22,
, 19, 510.00, 537.78, 565.56, 6593.33, 621.11, 648.89,

MPTEMP, 25, 676.67, 704.44, 732.22, 760.00, 787.78, 815.56,

MPDATA, KXX, 2, 1, 13.33, 13.67, 14.19, 14.54, 15.06, 15.58,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MPDATA, KXX, 2, 7, 15.92, 16.44, 16.96, 17.31, 17.83,
MPDATA, KXX, 2,13, 18.52, 19.04, 19.38, 19.90, 20.25,
MPDATA, KXX, 2,19, 21.11, 21.46, 21.98, 22.33, 22.67,
MPDATA, KXX, 2,25, 23.54, 23.88, 24.23, 24.58, 24.92,
MPDATA, C, 2, 1, 483.04, 488.08, 499.30, 500.73, 511.39,
MPDATA, C, 2, 7, 522.32, 528.67, 538.26, 538.80, 544.52,
MPDATA, C, 2,13, 548.35, 553.62, 553.56, 558.56, 558.69,
MPDATA, c, 2,19, 566.33, 566.33, 573.82, 573.70, 576.34,
MPDATA, c, 2,25, 583.19, 582.69, 585.35, 587.96, 587.41,
/com, Define Parameters

osor=.782 ! Outer shell outer radius

ost=,02 ! Outer shell thickness

ist=.05 ! Inner shell thickness

ostl=5.035 ! Outer shell total length

oslid=.025 { Outer shell 1lid thickness

iglid=. 065 ! Inner shell lid thickness

osbr=.1 ! Outer shell bending radius

gap=.03 ! Gap between the lids

oswh=.025 ! Outer shell weld height

trbe=.445 ! Trunion ring bottom end

trtes=.025 ! Trunion ring top end

trt=s.04 ! Trunion ring thickness

tet=.02 ! Trunion collar thickness

tcue=.165 ! Trunion collar upper end from WP end
tcle=.265 ! Trunion collar upper end from WP end
gols=.004 ! Gap between the outer lid and outer shell
plth=.01 ! Plate thickness (first outer 1lid)

/com, Define local cylindrical coordinate system for the lid curved

section

! local,l1ll,1,0s0r-ost-gols-oslid-osbr,ostl/2,
/com, Define keypoints

csys, 0

k,1,080r-ogt-ist,

k,2,080r-ost,

k, 3,080r,

k,4,080r-ost-ist,ostl/2-trbe
,080r-ost,ostl/2-trbe

,080r,08tl/2-trbe
,080r-08t-igt,ostl/2-trbe+trt-tct
,080r-ost,ostl/2-trbe+trt-tct
,080r,08tl/2-trbe+trt-tct
0,080r+trt-tct,ostl/2-trbe+trt-tct
k,11,080r-ost-ist,ostl/2-trbe+trt
k,12,080r-ost,ostl/2-trbe+trt
k,13,080r,08tl/2-trbe+trt
k,14,080r+trt-tct,ostl/2-trbe+trt
k,15,080r+trt,ostl/2-trbe+trt
k,16,080r-0ost-ist,ostl/2-tcle
k,17,080r-ost,ostl/2-tcle
k,18,080r,08tl/2-tcle
k,19,080r+trt-tct,ostl/2-tcle
k,20,080r+trt,ostl/2-tcle
k,21,0,08tl/2-0o8br-oslid-gap-islid
k.22,080r-ost-ist,ostl/2-osbr-oslid-gap-islid
k,23,080r-os8t,08tl/2-osbr-oslid-gap-islid
k,24,080r,08tl/2-0osbr-oslid-gap-islid
k,25,080r+trt-tct,ostl/2-osbr-oslid-gap-islid

! for future use

18.
20.
.02,

25.
s21.
S44.
566.
576.
589.

23
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26,080r+trt,ostl/2-osbr-oslid-gap-islid
27,0,08tl/2-tcue
28,080r-ost-ist,ostl/2-tcue
29,080r-ost,ostl/2-tcue
30,080r,08tl/2-tcue
31,080r+trt-tct,ostl/2-tcue
32,080r+trt,ostl/2-tcue
33,0,08tl/2-tcue+plth
34,080r-ost-ist,o0stl/2-tcue+plth
35,080r-ost,ostl/2-tcue+plth
36,080r,08tl/2-tcue+plth
37,080r+trt-tct,ostl/2-tcue+plth
38,080r+trt,ostl/2-tcue+plth
39,0,08tl/2-08br-oslid
40,080r-ost-gols-oslid-osbr,ostl/2-osbr-oslid
41,080r-ost-gols-oglid-oswh,ostl/2-osbr-oslid
42,080r-ost-gols-oslid, ostl/2-osbr-oslid
43,080r-ost-gols,ostl/2-osbr-oslid
44,0,08tl/2-0o8br
k,45,080r-ost-gols-oslid-osbr, ostl/2-osbr
k,46,080r-ost-gols-oslid-oswh, ostl/2-osbr
k,47,080r-ost-gols-oslid, ostl/2-osbr
k,48,080r-ost-gols,ostl/2-osbr
k,49,080r-ost,ostl/2-trte-trt
k,50,080r,08tl/2-trte-trt
k,51,080r+trt-tct,ostl/2-trte-trt
k,52,080r+trt,ostl/2-trte-trt
k,53,080r-ost,ostl/2-trte-trt+tct
k,54,080r,08tl/2-trte-trt+tct
k,55,080r+trt-tct,ostl/2-trte-trt+tct
k,56,080r-ost-gols-oslid-oswh,ostl/2-oswh
k,57,080r-ost-gols-oslid, ostl/2-oswh
k,58,080r-08t-gols,ostl/2-0swh
k,59,080r-ost,ostl/2-trte
k,60,080r,08tl/2-trte
k,61,080r-ost-gols-oslid,ostl/2
k,62,080r-ost-gols,ostl/2
k,63,080r-ost,os8tl/2

k,64,080r,08tl/2

csys, 0

/com, Horizontal lines in inner shell
1,1,2

1,4,5

1,7,8

1,11,12

1,16,17

1,22,23

1,28,29

1,34,35

lesize,all,,,5,1,1

1sel,none

/com, Horizontal lines in inner lid
1,21,22

1,27,28

1,33,34

lesize,all,,,16,.0625,1

1sel,none

k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
k,
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/com, Horizontal lines in outer shell
1,2,3

1,5,6

1,8,9

1,12,13

1,17,18

1,23,24

1,29,30

1,35,36

1,49,50

1,53,54

1,59,60

1,63,64
lesize,all,, ,4,1,1
lsel,none

/com, Horizontal lines in trunion ring and verticals in triangular
areas

l,4,7

l,5,8

1,6,9

1,6,10

1,9,10

1,13,14

1,18,19

1,24,25

1,30,31

1,36,37

1,50,51

1,54,55

1,55,60

1,54,60

1,53,59

1,7,11

1,8,12

1,9,13

1,10,14

1,10,15

1,14,15

1,19,20

1,25,26

1,31,32

1,37,38

1,51,52

1,52,55

1,51,55

1,50,54

1,49,53
lesize,all,, , 4, 1,1
1sel,none

/com, Horizontal lines in the outer lid inner region
1,39,40

1,44,45
lesize,all,,,16, .0625,1
1sel,none

/com, Horizontal and vertical lines in the outer 1lid 45 degree section
1,40,41

1,45,46
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1,45,56

1l,46,56

1,47,57

1,48,58

lesize,all,,,8,1,1

1sel,none

/com, Vertical lines in the outer weld section
1,41,42

1,46,47

1,56,57

1,56,61

1,57,61

1,58,62

1,59,63

1,60,64

lesize,all,,, 4,1,1

1sel,none

/com, Horizontal lines in the outer 1lid outer radius
1,42,43

1,47,48

1,57,58

1,61,62

lesize,all,,,4,1,1

lsel,none

/com, Vertical lines in shells starting from symmetry axis
1,1,4

1,2,8

1,3,6

lesize,all,,, 24,.06,1

lgel,none

/com, Vertical lines in the region two levels below inner lid
1,11,16

1,12,17

1,13,18

1,14,19

1,15,20

lesize,all,, ,6,1,1

lsel,none

/com, Vertical lines in the region below inner 1lid
1,16,22

1,17,23

1,18,24

1,19,25

1,20,26

lesize,all,,,7,1,1

lsel,none

/com, Vertical lines in the region of inner 1id lower section
1,21,27

1,22,28

1,23,29

1,24,30

1,25,31

1,26,32

lesize,all,,,8,1,1

lsel, none

/com, Vertical lines in the region of inner lid upper section
1,27,33
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1,28,34

1,29,35

1,30,36

1,31,37

1,32,38
lesize,all,,,3,1,1
1sel,none

/com, Vertical lines in trunion ring upper section
1,35,49

1,36,50

1,37,51

1,38,52
lesize,all,,,16,1,1
1lsel,none

/com, Vertical lines in outer 1lid
1,39,44

1,40,45

1,41,46

1,42,47

1,43,48
lesize,all,,,S5,1,1
lsel,none

/com, Horizontal lines in the gap
1,58,59

1,62,63
legize,all,,,3,1,1
/com, Define areas starting from the region close to bottom symmetry
plane

allsgel
al,1,75,2,74
al,12,76,13,75
al,2,25,3,24
al,13,26,14,25
al,26,27,28
al,3,40,4,39
al,14,41,15,40
al,28,42,29,41
al,42,43,44
al,4,78,5,77
al,15,79,16,78
al,29,80,30,79
al,44,81,45,80
al,s,83,6,82
al,16,84,17,83
al,30,85,31,84
al,45,86,46,85
al,s,88,10,87
al,6,89,7,88
al,17,90,18,89
al,31,91,32,90
al,46,92,47,91
al,10,94,11,93
al,7,95,8,9%
al,18,96,19,95
al,32,97,33,96
al,47,98,48,97
al,19,100,20,99
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al,33,101,34,100
al,48,102,49,101
al,20,52,21,53
al, 34,51,35,52
al,49,50,51
al,21,37,22,38
al,35,36,37
al,22,69,23,68
al,108,68,109,67
al,S4,104,55,103
al,56,105,57,104
al,62,106,63,105
al,70,107,71,106
al,s57,59,58
al,63,60,64,59
al,71,61,72,60
al,64,66,65
al,72,67,73,66
/com, Outer shell and lid mesh
asel,s,,,2
asel,a,,,4,5
asel,a,,,?,9
asel,a,,,11,13
asel,a,,, 15,16
asel,a,, , 20,21
asel,a,,, 23,46

type,1 ! planel3
mat,l ! Alloy 22
smrt,off
mshkey, 1
amesh,all

/com, Inner shell and lid mesh
lagel,s,,,1,3,2
lasel,a,,,6,10,4

lagel,a,,,14

lasel,a,,,18,19

lasel,a,,, 23,24

{type, 2 | planel3

imat,2 { 316 SS

tamesh, all

/com, Apply displacement/symmetry constraints
nsel,s,loc,y,0

d,all,uy,0
nsel,s,loc,x,-.001,.001
d,all,ux,0

allsel

save

/nerrx, ,100000

/SOLU

ANTYPE, TRAN, NEW,

NROPT, FULL, ,ON,

TRNOPT, FULL,

ALLS

TIME, 35

/COM, Thermal initial boundary condition for the WP at 20
degrees C

TUNIF, 20
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/COM, Apply loads and solve for 0 to 35 seconds

nsel, s,loc,y,08tl/2-08wh/2,08t1/2 ! Select volume of first HAZ from
coil induction

D,ALL, TEMP, 1120

nsel, s,loc,y,os8tl/2-((trte+oswh) /2) ,08tl/2-(.00001+08wh/2) ! Select
volume of second HAZ from coil induction

D,ALL, TEMP, 750

nsel, s,loc,y,o8tl/2-trte-trt-.00001,08t1l/2-(.00001+((trte+oswh)/2))
! Select volume of third HAZ from coil induction
D,ALL, TEMP, 500
nsel, s,loc,y,o8tl/2-08br+.00001,08tl/2-trte-trt-.00001 ! Select
volume of fourth HAZ from coil induction
D,ALL, TEMP, 250
/COM, Set time integration parameters for the first time
interval
ALLS
NSUBST, S5,10,4,0N,
KBC, 0
AUTOTS, ON
OUTRES,ALL,ALL
SOLVE
!
H
/COM, Solve from 35 to 45 seconds
TIME, 45
nsel,s,loc,y,o8tl/2-08wh/2,08tl/2 | Select volume of first HAZ from
coil induction
D,ALL, TEMP, 1120
nsel,s,loc,y,ostl/2-((trte+oswh)/2) ,08tl/2-(.00001+08wh/2) } Select
volume of second HAZ from coil induction
D,ALL, TEMP, 750
nsel,s,loc,y,ostl/2-trte-trt-.00001,08tl/2-(.00001+((trte+oswh)/2))
! Select volume of third HAZ from coil induction
D,ALL, TEMP, 500
nsel,s,loc,y,o8tl/2-08br+.00001,08tl/2-trte-trt-.00001 ! Select
volume of fourth HAZ from coil induction
D,ALL, TEMP, 250
ALLS
OUTRES, ALL,ALL
SOLVE
!
!
/COM, Solve from 45 to 75 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=46
TM_END=75
TM_INC=1
ALLS
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
! Select first surface area for quenching
FLST,S,16,1,0RDE, 10
FITEM,S5,834
FITEM, 5,836
FITEM,S, -841
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FITEM, 5,857

FITEM, 5, -859

FITEM,S5,1182

FITEM,S5,1187

FITEM,5,-1188

FITEM,S,1196

FITEM,S,-1198

NSEL,S, , ,P51X

D,ALL,TEMP,1120-((1000/29) * (TM-46))

! Select second surface area for quenching

FLST,5,4,1,0RDE, 4

FITEM, 5,804

FITEM, 5,835

FITEM,5,1067

FITEM,5,1186

NSEL,S, , ,P51X

D,ALL, TEMP, 750- ((730/29) * (TM-46) )

! Select third surface area for quenching

FLST,5,12,1,0RDE, 8

FITEM, 5,694

FITEM, 5,778

FITEM, 5, 794

FITEM,5,-796

FITEM, 5,824

FITEM, S, -826

FITEM,S5,1078

FITEM, S, -1081

NSEL,S, , ,P51X

D,ALL, TEMP,500-( (480/29) * (TM-46) )

! Select fourth surface area for quenching

FLST,5,7,1,0RDE, 4

FITEM, S, 706

FITEM, S5, -709

FITEM,S5,1075

FITEM, S5, -1077

NSEL,S, , ,P51X

D,ALL, TEMP, 250- ((230/29) * (TM-46))
ALLS
NSUBST, 2,4,1,0N,
OUTRES, ALL, ALL
SOLVE

*ENDDO

!

!

/COM, Solve from 75 to 1800 seconds

FLST,S5,39,1,0RDE, 21

FITEM, 5,694

FITEM, S, 706

FITEM, S, -709

FITEM,S5,778

FITEM, S5, 794

FITEM,S5,-796

FITEM,S, 804

FITEM, 5,824

FITEM, S, -826

FITEM, 5,834

FITEM, S, -841
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FITEM, 5,857

FITEM, 5, -859

FITEM, S, 1067

FITEM,5,1075

FITEM, 5, -1081

FITEM,S5,1182

FITEM,S5,1186

FITEM,S,-1188

FITEM,5,1196

FITEM,5,-1198

NSEL,S, , ,P51X

D,ALL, TEMP, 20

TM_START=80

TM_END=1800

TM_INC=5

ALLS

*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
NSUBST, 2,4,1,0N,
OUTRES, ALL, ALL
SOLVE

*ENDDO

!

!

FINISH

/EXIT,NOSA

/EOF
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!
! 3-D model for the WP mockup

! Simulation of both welding and subsequent solution anneal

! Solution anneal cooling time is obtained from Lambda Research
! SEQUENTIAL METHOD - TWO STEP SOLUTION

]

/config,nres, 100000

/units,si

/prep7

/title, FEA to determine residual stresses due to induction coil
heating of closure welds

/vecon, ,0

et,1,s801id70 { 3-D thermal solid element for the outer shell
mp,dens,1,8690.0 ! Alloy 22

! Thermal properties of Alloy 22

/COM, Define conductivity

MPTEMP
MPTEMP, 1l 48, 100, 200, 300, 400, SO0,
MPTEMP, 7 600,

’
MPDATA, KXX, 1, 1, 10.1, 11.1, 13.4, 15.5, 17.5, 19.5,
MPDATA, KXX, 1, 7, 21.3,

/coM,

/COM, Define specific heat

MPTEMP, 1, 52, 100, 200, 300, 400, 500,

MPTEMP, 7, 600,

MPDATA, C, 1, 1, 414, 423, 444, 460, 476, 485,

MPDATA, C, 1, 7, 6514,

/com, Define Parameters

!

! Local cylindrical coordinate system to be used in "vrotate"
!

local,11,1,0,0,0,0,-90

!

! Parameters along x-axis
!

ro=1.4859/2 ! Outer shell outer radius
osth=0.0381 { Outer shell thickness
risro-osth ! Outer shell inner radius
rgth=0.0381 { Ring thickness

rgrari-rgth ! Ring inner radius
wdw=0.03175/2 ! Weld width (half-symmetry)

!
{ Parameters along y-axis
!

lth=1.23825 ! Length of the mockup
roff=0.0381 ! Ring offset from the bottom end
Trlt=0.12065 ! Ring length

!
! Number of elements
!

neos=3 ! number of elements through outer shell thickness
nergs=3 ! number of elements through ring thickness

narcls4 | number of elements along arc length in the weld
seam

narc2=17 ! number of elements along arc length #2

narc3i=8 . ! number of elements along arc length #3

!
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! Arc angles (degrees)

!

arcweld= (wdw/xo) *180/3.14159
arc90=90-arcweld

/com, Define keypoints

csys, 0

k,1,ri

k,2,r0

k,3,rgr, roff

k,4,ri,roff

k,S,ro,roff

k,6,rgr, roff+rlt

ri, roff+rlt

ro,roff+rlt

,ri,lth

0,ro,1lth

k,11,0,0 ! Symmetry axis point #1
k,12,0,1th ! Symmetry axis point #2
/com, Horizontal lines in the outer shell
1,1,2

1,4,5

1,7,8

1,9,10

lesize,all,, ,neos,1,1

lsel,none

/com, Horizontal lines in the ring

1,3,4

1,6,7

lesize,all,, , nerg,1,1

lsel,none

/com, Vertical lines, region 1 from the bottom end
1,1,4

1,2,5

lesize,all,,,2,1,1

1sel,none

/com, Vertical lines, region 2 from the bottom end
1,3,6

1,4,7

1,5,8

lesize,all,,,6,1,1

1sel,none

/com, Vertical lines, region 3 from the bottom end
1,7,9

1,8,10

lesize,all,,,16,1,1

1sel, none

/com, Define areas starting from the region close to bottom end
allsel

al,1,8,2,7

al,s5,10,6,9

al,2,11,3,10

al,3,13,4,12

/com, Rotate areas to obtain volumes, starting from the weld seam
alls

vrota,all,,,,,,11,12,arcweld, 1

csys, 11

asel, s, loc,y,arcweld

7
8
9
1
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vrota,all,,,,,,11,12,arc90,1

asel, s, loc,y, 90

vrota,all,,,,,,11,12,90,1

/com, Define number of line divisions along three arc-lengths
1lsel, s, loc,y,arcweld/2

lesize,all,, ,narcl,1,1

1gel,s,loc,y,arcweld+ (arc90/2)

lesize,all,, ,narc2,8,1

lsel,s,loc,y,135

lesize,all,, ,narc3,1,1

/com, Outer shell and ring mesh

alls

type,1l ! so0lid70

mat,l ! Alloy 22

smrt, off

mshkey, 1

vmesh,all

allsel

save

/nerr, ,100000

!

! Start solution

!

/SOLU

ANTYPE, TRAN, NEW,

NROPT, FULL, ,ON,

TRNOPT, FULL,

ALLS

NEQIT, 150

TIMB, 44.99

/COM, Thermal initial boundary condition for the WP at 20
degrees C

TUNIF, 20

/COM, Apply loads and solve for 0 to 45 seconds, welding
simulation

vsel,s,,,1,4

nslv,s,1

D,ALL, TEMP, 1120

/COoM, Set time integration parameters for the first time
interval

ALLS

NSUBST, 10,10,10

KBC, 0

AUTOTS, ON

OUTRES, ALL,ALL

SOLVE

!

!

/COM, Solve from 44.99 to 45 seconds
nsel,all

DDELE, ALL, TEMP ! Delete previously set boundary
conditions

TIME, 45

ALLS

NSUBST,1,1,1

OUTRES, ALL, ALL

SOLVE
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!
!
/CoM, Solve from 45 to 1805 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=SS
TM_END=1805
T™_INC=10
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME,TM,
ALLS
NSUBST,1,1,1
OUTRES,ALL,ALL
SOLVE
*ENDDO
!
!
TIME, 1850
/COM, Solution anneal starts here
TUNIF, 20
/CcoM, Apply loads and solve from 1805 to 1850 seconds
D,ALL, TEMP, 1120
/COM, Set time integration parameters for the first time
interval
ALLS
NSUBST,6,6,6
KBC, 0
AUTOTS, ON
OUTRES, ALL,ALL
SOLVE
§
{
/COM, Solve from 1850 to 1850.01 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TIME, 1850.01
ALLS
NSUBST,1,1,1
QUTRES, ALL, ALL
SOLVE
!
!
/COM, Solve from 1850.01 to 1880 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=1851
T™™_END=1880
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START,TM_END, TM_INC
TIME, T™M,
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! Identify and group all surface nodes for quenching
asel,s,,, 1,4
asel,a,,,7,11,2
asel,a,,, 14
asel,a,,,16,17
asel,a,,, 21
asel,a,,,24,28,2
asel,a,,,31,33,2
asel,a,,, 34
asel,a,,,38
asel,a,,  41,45,2
asel,a,, , 48
asel,a,,,50,51
asel,a,,,S55
asel, inve
nsla,s,1
cm, s_nodes, node
D,ALL, TEMP, 1120~ ((103/29) *(TM-1851) )
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 1880 to 1910 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=1881
TM_END=1910
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
! Re-select all surface nodes for continued cooling
nsel,s,,,8_nodes
D,ALL, TEMP, 1017-((76/29) * (TM-1881))
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 1910 to 1940 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
T™M_START=1911
TM_END=1940
T™_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™M,
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! Re-select all surface nodes for continued cooling
nsel,s,,,s_nodes
D,ALL, TEMP, 941-((45/29) *{TM-1911))
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 1940 to 1970 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=1941
TM_END=1970
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™™,
! Re-select all surface nodes for continued cooling
nsel,s,,,s_nodes
D,ALL, TEMP, 896- ( (795/29) * (TM-1941))
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 1970 to 2000 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=1971
TM_END=2000
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
! Re-select all surface nodes for continued cooling
ngel,s,,,s_nodes
D,ALL, TEMP, 101- ((29/29) * (TM-1971))
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
!
!
/COoM, Solve from 2000 to 2030 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=2001
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TM_END=2030
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, ™™,
! Re-select all surface nodes for continued cooling
ngel,s,,,s_nodes
D,ALL, TEMP, 72- ((12/29) * (TM-2001) )
ALLS
NSUBST, 1,1,
OUTRES, ’
SOLVE

1
ALL
*ENDDO
!
!
/COM, Solve from 2030 to 2060 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=2031
TM_END=2060
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, ™,
! Re-select all surface nodes for continued cooling
nsel,s,,,s_nodes
D,ALL, TEMP, 60~ ( (11/29) * (TM-2031) )
ALLS
NSUBST,1,1,1
OQUTRES, ALL, ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 2060 to 2090 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=2061
TM_END=2090
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME, ™™,
! Re-select all surface nodes for continued cooling
nsel, s, ,,s_nodes
D,ALL, TEMP, 49-( (7/29) * (TM-2061) )
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
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!
/CcoM, Solve from 2090 to 2405 seconds
nsel,all
DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=2091
TM_END=2405
TM_INC=1
ALLS
NEQIT, 150
*DO, TM, TM_START, TM_END, TM_INC
TIME,T™,
! Re-gelect all surface nodes for continued cooling
ngel,s,,,s_nodes
D,ALL, TEMP, 42~ ((22/314) *(TM-2091))
ALLS
NSUBST,1,1,1
OUTRES, ALL, ALL
SOLVE
*ENDDO
FINISH
physics, clear
/prep?
et,1,s80lid45 ! Switch to 3-D structural solid element
mp,dens,1,8690.0 ! Alloy 22
!
mptemp,1,20,1120
mpdata,ex,1,1,206e9,134e9 ! Alloy 22 Elastic Modulus
mpdata,nuxy,1,1,0.278,0.46 ! Alloy 22 Poisson's ratio
! Material properties of outer shell
tb,biso,1
tbtemp, 20
tbdata,,310e6,0.847e9 ! Alloy 22
tbtemp, 1120
tbdata,,85e6,0.173e9 ! Alloy 22
!
mpdata,alpx,1,1,12.4e-6,16.2e-6 ! Alloy 22
alls
/com, Apply displacement/symmetry constraints
csys, 0
nsel,s,loc, 2,0
d,all,uz,0
alls
save
finish
/solu
ANTYPE, TRAN, NEW,
NROPT, FULL, ,ON,
TRNOPT, FULL,
ALLS
/COM, Solve from 0 to 44.99 seconds
TM=44.99
*DO,ss,1,10,1
TIME, (TM/10) *ss,
ldread, temp, 1, 8s,, ,mock3d, rth
AUTOTS, OFF
NSUBST, 1,,,0off
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OUTRES, ALL, ALL

SOLVE
*ENDDO
]
!
/COM, Solve from 44.99 to 45 seconds
TIME, 45
ldread, temp, 2,1,, ,mock3qd, rth
AUTOTS, OFF
NSUBST, 1,,,0ff
OUTRES, ALL, ALL
SOLVE
]
13
/COM, Solve from 45 to 1805 seconds
TM=1805

*DO,1s,3,178,1
TIME, 45+ (TM-45)*(18-2) /176,
ldread, temp,ls,1,, ,mock3d, rth
AUTOTS, OFF
NSUBST,1,,,off
OUTRES,ALL,ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 1805 to 1850 seconds
T™M=1850
*DO,s8s8,1,6,1
TIME, 1805+ ( (TM-1805) /6) *as,
ldread, temp, 179, 88, , ,mock3d, rth

AUTOTS, OFF
NSUBST,1,,.,0ff
OUTRES, ALL,ALL
SOLVE
*ENDDO
!
!
/COM, Solve from 1850 to 1850.01 seconds

TIME, 1850.01
ldread, temp, 180,1,, ,mock3d, rth
AUTOTS, OFF
NSUBST,1,, ,off
OUTRES, ALL, ALL
SOLVE
!
!
/COM, Solve from 1850.01 to 2405 seconds
TM=2405
*DO,1s,181,735,1
TIME, 1850+ (TM-1850) * (18-180) /SS5S5,
ldread, temp,1ls,1,, ,mock3d, xth
AUTOTS, OFF
NSUBST,1,, ,0ff
OUTRES, ALL, ALL
SOLVE
*ENDDO
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i
!

FINISH
/EXIT,NOSA
/EOF
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APPENDIX V

WASTE PACKAGE MOCK-UP EXPERIMENTAL TEST DOCUMENTATION,

DESIGN SPECIFICATIONS, AND DRAWINGS
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FRAMATOME COGEMA FUELS

10/30/00

The finite element modeling work on the solution annealing and induction annealing of
the spent nuclear fuel (SNF) canister mock-up has been initiated by Zekai Ceylan, who is
an engineer of the Framatome Cogema Fuels, Civilian Radioactive Waste Management
System, Management and Operating Contractor. Mr. Ceylan has also been a principal
participator in experimental studies. Mr. Ceylan organized the design, processed the
results, and drew conclusions to give directions to the SNF canister design development.

Should there be any questions on this matter, [ can be reached at (702) 295-5494.

Michael J. Anderson
Manager, Waste Package Design Section

7- —
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SNF Canister Mock-up Picture (Canister is being removed from the furnace)
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SNF Canister Mock-up Picture (Canister is being quenched)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



154

SNF Canister Mock-up Picture (Canister is being quenched)
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22176 (3/96)
% CERTIFICATE OF CONFORMANCE
FRAMATOME (SAFETY-RELATED EQUIPMENT & SERVICES)
Customer/Plant Site: YUCCA MT. Data Pkg. No.. 23-5009877-00
Customer Order No.: NOT ISSUED Customer C.O. No.(s): N/A
FT1 Technical Document No.:  50-5007991-00, 50-1182272-00
FTI Contract No.: 3992000 Task No.. N/A
FTi Order No.: NA FTIC.O No(s): N/A
FT1 Quality Assurance Program 56-1201212 Rev. 04
Equipment or Service Description:
Quantity Shipped Description Part/ Mark No.
1 “Wasie Fackage Mockup with 4 Weided Lids NIA
S0 LBS 0.045 DiA. SFA 5.14 ERNICtMo-10 NIA
150 LBS 0.045 DIA. SFA 5.9 ER316L N/A
NA
N/A

Framatome Technologies, hereby certifies that the dems or services listed above are fumished in accordance with the
applicable codes, specifications and purchase order requirements uniess otherwise noted below.

This QA data package has been reviewed by FTI QA and found acceptable, except as noted below. Nonconformance to
referenced requirements may result in equipment being released to ship in 2 QA hold status by FTi QA

__\LM\.AM W\%.L L Z 000

l FT1 Quality Assuraigd Oate
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NOOTER|

fabricators,inc !

CERTIFICATE OF CONFORMANCE

P,

Nooter Fabricators, Inc.
1400 South Third St.
St. Louis, Missouri, 63104

Customer Name: Frasnatome

Customer P.O. No. 88855  Revision No. 00000010 Line Item No. 1

Component Description:

(1) Waste Package Closure in accordance with Framatome Technologies Inc.
Drawing 02-S006890E-01 and the requirements of the Purchase Order.

We certify that the material and workmanship of the above referenced
component(s) conform(s) to all the requirements of the above referenced
Purchase Order and was controlled in accordance with Nooter Fabeicators, Inc.
Quality System Manual, Revision 4, dated April 17, 2000.

L0000 VewwiB Thood Mrrvt = Vwent Foemta Mosssemss MEIRS E N 4
Umilovg AdBecre PO Krs o37 Sa1ms Loemwrs Mosscimes BEIRD # 4 &

Trtvphouur 24500 BL1 ADNBN Lus 1il1eas 020 “A%H o | wausl cplrs® uvmirs crm
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PURCHASE ORDER
for

REVISION LOG

Rev. No.

Description of Revision

Date

Initia] Submittal of Documents
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PURCHASE ORDE

NOOTER » e ses2972000

P.O0 NO 201 REU

~ . .
abricators, inc. resmm
' St tauts. Miswurr 61166 .;:g: 1

Telepdnne (3142 6216000
fax r31e) 421.7700
C-mai soles@nacier cnm

VENDOR CUSTOMER MATERIAL SMPTO 1500 SOUTH SECOND STREET
ST. LOUIS. MO
, 63104
2400

DOCUMENTATION
FURNISH MATERIAL TEST
mrs WITH sumw:m’

© YT DISCARIFTION .

9201 |PESKORSE/MINCENEYER

BMNO

04272000

R E VI S 1 0N &1

REVISION TO ADD ITEMS 3 AND 4 TO THIS ORDER.

THIS ORDER SHOULD NOW RERD AS FOLLOWS:

® © NFI SECTION I1I QUALITY SYSTEM APPLIES » *

CUSTOMER MATERIAL

MILL TEST REPORTS REQUIRED

SB-57% UNS N06022 HAST C-22

FURNISHED IN ACCORDANCE WITH ATTACHED FRAMATOME
TECHNOLOGIES INC. PURCHASE ORDER 86206. CHANGE
ORDER 3, DATED 2-21-00.

1 2[1.5" X $6.%5" X 200" 2 €r
ITEM 42 ON FRAMATOME PURCHASE
OROER.

INVOICE IN DUPLICATE
APRQYE"‘CONT]NUEO EEREEEK]
A

NOOTER FABRICATORS, INC.

. ren T/Lmeu_,
7)
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PURCHASE ORDE:

NOOTER ™ 0arz7r2000

DATE
pono =201 REV 1

t'{bl’iC&[Ol’S, inc. meren o2
St Lowts. Missnery 6} 166
BUYER
Triepbune 13141 6216000
Fax (3190 421-7°60
L-motl sairt@ nnnier cnm
VENDOA CcUSTOMER MATERIAL swPTO 1500 SOUTH SECOND STREET
ST. LOUIS. MO
' 63104

24900

OOCUMENTATION

FlRNlSH MATERIAL TEST
RTS WITH SHIPMENT

920 1! PESKDRSE/H INCEMEYER

L iedfL sw . et o< DESCAIFTION - .. LBMNO - > PRICL, (Y-8

4 @« s anea0oe CONTINUED ..c.

2 12" X 32 x 207" |3 €f
ITEM 86 ON FRAMATOME PURCHASE
OROER.

SA-240-316 STAINLESS STEEL

FURNISHED [N ACCORDANCE WITH FRAMATOME
TECHNOLOGIES PURCHASE ORDER 06136, CHANGE
OROER 2, OATED 4/26/00.

3 1)|4.%5" X 61" X 180" 1 3]
ITEM 42 ON FRAMATOME PURCHASE
ORDER

]
o

4 1]2.2%* X 66" X 210"
ITEM €1 ON FRAMATOME PURCHASE
ORDER

THIS PURCHASE ORDER 1S FOR THE SOLE PURPOSE OF

T

INVOICE IN DUPLICATE
e a0 o s o e e CONTINUED © @ s 00 s ¢

NOQOTER FABRICATORS. INC.

. - A/_%QL_

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



160

NO OTER M PURCHASE ORDE!

DATE 04,22,2000

- » . PO NO
1bricators, inc. meww mee (> 201 REU 2
$¢ Lnwts. Wissnurs 63166 SUYER 3
Telepbunme 13141 6216000

Rax 131¢4) 42):°760
Z.marl sales@nmsiercnm

VENOOR cUSTOMER MATERIAL SMPI0 1500 SOUTH SECOND STREET
ST. LOUIS. MD
’ 63104
2400
SREIGHT DOCUMENTATION JOBNO. | AEQUESTED BY

FURNISH MATERIAL TEST
REPORTS WITH SHIPMENT

9201 |PESKORSE/H INCEMEYER

- i N ' B0 <7 PRICE + 7
e & & & & 0 @

RECEIVING CUSTOMER FURNISHED MATERIAL. NF1 HAS
NO DIRECT CONTACT WITH THE MATERIAL SUPPLIER.
RESPONSIBILITY FOR MATERIAL QUALITY IS HELD BY
THE ISSUER OF THE ATTACHED PURCHASE ORDER.

NO SALES TAX APPLICABLE.
MISSOUR! RESALE NUMBER: 16551435

INVOICE IN DUPLICATE

NOOTER FABRICATORS, INC.

- .e..‘Ac;(V@m__'
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NOOTER FABRICATORS, INC.
Subcoatracted On-Site Calibration Services Verification

Supplier of Calibration Services: _Honeywell Inc.
Applicable NFI Purchase Order Number(s): _P.O. 33389

Description of Measuring and Test Equipment to be Calibrated:

(] Extensometers

(7 Hardness Testers APPROVED

%m:-::mmew‘“‘ QUALITY ASSURANCE
[

] opscal Comparsicr 7

(] Teasile Testers oare 2776

[ other:

[ other:

The following items are required for subcontracted calibration activities (Check-off when
completed and retain verifying documentation ):
[x] Review of Quality Program of Calibration Services Subcontractor

Program: _917 CaiSys dated Sept. 17, 1996 Revisiom: 1 =

Program: _Hardware Support ServiceProgmm ______ Revision: _mm__
[x] Review of Calibration Procedure(s) of Subcontractor. Identify Procedures:

Procedure:

Calibration Procedure Manual; July 26, 1996
Procedure:
{«] Review of Qualification Records of Subcontractor Personnel. Identify Persoanel:
Name: Robert Level I Centified Control Technician

Certificate No. 10478; Expirstion Date March 15, 2002
[}]nmammwadsm Identify Standards and NIST Trace:
Standard: 7100909 Model 2020
Standard:

[x] Sign Caibration Records
Forward Calibration Records to QA for Review
|

lmmmmmmqmuwmmmlmmum

Form $1-108-1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



162

Honeywell

=k Nambr FH-
X5 wm

Chosk souties o Touwhis Subve

~ JOT e ]ﬁ‘u—.—‘-wen Trots Cl

—

[Costamer Order Mo Camglvte nmagine

’
POS 31389 Rev. @ X
MT.TR TT.IR

[Nemse and Nester Pabricaters Inc. 1408 & Second Stvent
Addrens R Lo, MO 63184

Schaduled Preventative Maistenance and Calibration for Sexvice dated 1201M9.

is being calibented Calibrstion Procedure 917-CalPrec 26, 19%

| Customer yoparts 8o prebicms f this time.

Bl Tequasts Ghat instrveent 03375, s Honcywell Tamperature Recordes with Serial No. ZA723311006
be pormansatly sumeved from Calibration Schedule.

Bl Luther roquests that lnstrammant §3367, 8 Hameywel] Tampersture Recorder wich Serial Ne. 7811--05346001
¢ parmasestly removed Sum Calitwation Schedule.

ST i U JPPY;
Sl St

Mot and Sariel Nonber of Tt Squipment Unatt
2030 Callbrter Saviad Me. 7100900 Cal Dote Jos 18, 2000 Dus s 18, 2001

Tout Eapoi woud is eortiied Poossduse 91 Rewt 9, 1996.

Nawe Used

—hlﬁf*’-pﬂbﬁ-ﬁ‘
amassth thoue bulow és out bubede tanes whish b eddad to Ghe toveien.
oted Labar ol Mool ot Seftware 1~ ol Amogd
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Honeywell
eirl Astensiies and Conned Nember r.uu- TRID Nemiber
(ELD SERVICE & MATERIAL REPORT $6410 $20-393%4 Hm
Contantad
Bil Lather 3 o 4 . Chosh ot ¢ Foauble Subve
=" ) [Cor Ve FW-. Fﬂ Fu—- | bewmCdll | TrsCa |
917 St Lawis 21080 X
[ Sarvioe Represmsiive Apyreved By s Order Me. Comghtts [~
Bob La:
Call Roc. By Dispusch Time Tovh Caied Cumomer To o Site MTTR [AA7 u—
Name end Noster Fabricaters loc. 1400 & Second Sarert
Addrens St Louis, MO €3164
Dracripen Callbration s Found Caliraden » Lo Out of Tolranme

I I3 ] ] /] 7 ole | Vomd | AsLelt

| 100 M¢ |
[1300 7202 | 3300 2303 |
{2 Tenn i Rossrder —-num s-uu-.mmmam
] a-m [2300 " 2007 T 160 se7 T1200 200 | 2500 2581
[ m——mm 002500

4 Furasce Te Seoréer _lastrement Mo, 6163 _ Earial Ne. 9705-7310636641308
Chaaseifl] 100 106 | 1300 7200 1 23300 2500 | 100 169 ] 1300 1200 | 2300 2960 3
Chaspdd #3] 100 100 | 1200 138/ § 2300 2500 | .100  £00 | 1300 128/ | 2300 2500 3

1833 Fornam T Revorder _ instrament No. 3373 __ Sarial No. STLIOS

mmmmﬂmwmmmmﬁmww
(4378 Furnsss _ Honsywel T Recordar' n—hm uuu..mm 1 1 ]
m d00 11200 2196 ] 2300 2500 100 100 T1300 7196 | 2300 2508 | 10
L1 A— — ——
1. UsinafMessurunsnt : Ti F(ABE Insarumment Ms. $164 ohish ins T

2000 Callbwster ___ Sarial No. 7100009 Cal Duis Jon 16,3000 Dwa Duis Jaa 18, 3001

otel Snveles Amennt
ot dchde tamed

THE SERVICK AEQUESTED BY US RAS BEEN RA/DLID BY YOUR RIFRESENTATIVE IN A SAYEFACTORY MANER

;W mz//.é;@ nﬁ,&.ﬂ: ;
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Honeywell

[idantal Avtenctios end Contved roi-u—-r ok Nember Namber
MELD SERVICE & MATERIAL RZPORT S6410 3203931 um
Castasted
Bill Lather Choudh yuutien @ Tounbie Bukow
Howe Hows Routhe Cl Treshie Cll
X
ICusiamer Ordev Na. [ Inremginee
X
lﬁt_.l.
Nase and Nester Febricaton lac. 1608 & Second Strect
Z 5t Lawis MO ©164
Description Calbrotan os Found Callbration » LA Out of Tehorunce
[} I 4 7 [ [ [ ¢l | Yound | Aslett
Dctrenics Costrols Do evement No. 6163 _ Serial No. 008-1260
[ 1200 2299.7] 200 2208.5] 100 /003 ] 1300 1i99.7] 2200 23e.5] 3
D Dighal Indoenter  Instvemant No. 6164 Sovial Mo 203635 - . I I | |
[ 300 -19me] 100 2083 300 00°] 300 .i9ms] 100 fee2f s00 e | 2 | |
Lob_ Yetagewa T Roserder _lastrument No. 6163 __Sariad Ne. 437008107 __ | 1 1
[ 100 204 1300 2302 {2300 2907 ] 100 401 1200 4202 2300 201 ] 3 | |
Perabie T Rserder_ instremant No. 3999 Savial Ve, PRIS1001601 T 1 |
Wo_ /2 | 1300 1342500 25161 100 66 |10 i | D 2399 ] x |
Pormble Ssmrder_lootrement No. 3377 __ Sevial Ne. K7118805001 ' - 1 1.
[ 1200 1499 ] 23500 2500 ] 100 /60 | 1 1
Parmble T T-
LB _ — I
- Uits of Mosswamant : T ¥ (K Instement No. 6164 vhish iss T
L (nstespent M. 3374 bas bem W lnstromant ¥e. 3999 bossums Customer wekan doar that hod cunber offinnd.
3
<.
| T T T 1 —— R —
2000 Calentae___ Sesial No. 7160900 Cal Duts Jen 18, 2000 Dets_Jos 18, 2001
| 1
Done Used
— gpow @ Jen v
amsuts hove bolve do aut usinde tanm whish Se addad to the veies.
ol Laber ] etall Seftwers [ etad Ot ond levelm Amuest
4% Eapesem, Pouight ots.) wt nlnde \am)

THE SERVICE ADQUESTED SY (5 BAS BEXN RANDLED SY YOUR RXPRESENTATIVE £X A SATHFACTORY MANGER

E@Jﬁ«g m.&Léeggﬁ s 0fl0fo0s
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Honeywell
ot Asenatin o Coonl raT-u-n k Nember TRID Namber
ZLD SERVICE & MATERIAL REPORT 36410 02099374 [T¢Y, ]
Bl Lather 4 of 4 Chouh restien o Yoruohis Botow
Lareties ol Dute ™ Esprmn Eu—- 10T Rewn TWE—- Roviae Cal Tretie Cal
917 St. Lonis Vives X
Ropremtie [Avproved By Ordoe Na. Conglete [~
Beb La X
Tlane Call Roc. By Dispasch Tt Colod Cumtamer F Toch on Site MT.TR T.T.IR
Nagee and Nester Fabricotors nc. 1400 & Second Savest
Addres
Duscription
PorubleH T
Portabls Tompunturs Rssovder_ fosarwment No. 33% _ Savial No. 854959 1 | ]
160100 ] 1000 4002 [ 1900 4900 | 100 00 [tooo ree2[1e00 1900 | 10 ] |
T Reowedar__ inawwinent Vo, 6033 _ Gavial Na. 9050803761-0001
Cheasd #1] 160 700 ] 1300 7199 | 2300 2300 | 100 160 | 1200 /199 | 2300 2389
Chaanel 05] 160 7600 | (300 7360 | 3300 2909 | 100 760 { 1300 4308 | 2300 2900
Chened #9] 100 100 | 1300 7499 | 2500 2500 | 100 /60 | 1200 1499 | 2300 3960
Chasnel013] 100 707 | 1200 1300 | 2300 236 | 100 Z01 | 1300 1300 | 3300 2901
Chansel017] 100 100 | 1200 7200 | 2500 2560 | 100 760 | 1300 1360 | 2500 2360
Chansel31] 100 100 ] 1200 7200 | 2300 2300 | 100, Je0 | 1200 1369 | 3300 3360
Poriable  oweywad 7 Reveder_Iostrument No. 6034 _ Sarial No. 7794979014
Qeand 01] 100 706 | 1300 7799 | 2300 2000 | 100 [ 1199 )"_2300
Choandd 03] 100 760 | 1200 7799 | 3300 2500 | 100 700 | 1300 4499 | 2300 2360
Channed #9{ 100 700 | 1300 7300 | 2300 2500 | 100 760 | 1200 1200 | 3300 2300
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NOOTER FABRICATORS, INC.
Subcontracted On-Site Calibration Services Verification

Supplier of Calibration Services: _HONEYWELL, INC.
Applicable NFT Purchase Order Number(s): _P.O. 33389

Description of Measuring and Test Equipment to be Calibeated:
[] Extensometers APPROVED

8 Heat Tle: :zenm Recorders QUMZ.;TY ASSURANCE
D Impact Testers 8. Z
(] Optical Comparsior OArL_’_;é%é!g

[ Tensile Testers

[ oter:

(] Other:

The following items are required for subcontracted calibeation activities (Check-off when
compieted and retain verifying documentation ):

(X Review of Quality Program of Calibration Services Subcontractor

Program: 917 CalSys dated Sept. 17, 1996 Revision: 1
Progam: _Hardware Support Service Program Revision: _12/01/99

{3 Review of Calibration Procedure(s) of Subcontractor. Identify Procedures:
Procedure:  Calfbeation Procedure Manual; July 26, 1996

(X Review otQuliMion Records of Subcontractor Personnel. Identify Personnel:
Name: Level I Centified Control S Technician
Oen!ﬁemNo. 10478; Date: March 15, 2002

@ Review of Caibration Records of Standards. Identify Stndards and NIST Trace:
Standard: 7100909 Model 2020

(3 sign Calitration Records
{X Forward Caibration Records to QA for Review

lwmumwwmmmmmwwuamwn

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L Honeywell
Iadwstrial Astemetion end Contrel Project Namber T-n-u TRID Newher
FIELD SERVICE & MATERIAL REFORT $6410 $20-39374 113249

“woens Cantorsnd

B Lather 1 o s
Locatien En— [Cr M 7= ]tn-. W—E— Routiee Ol | Trowtis O
X
Approved By (Customer Ovdor No. Compls [~~—"
I, POV 33389 Rev. @ X
Cull Rec. By Dhoguich Tme Tork Called Costamay Tome Toch on Site MI.TR ITR
(Custamer
Nasne sad Nooter Fabricaters lac. 1400 & Second Strest
Address St Lesls, MO O184
Schaduled Preventative Maistanance and Calibration for Sexvice duted 120199.

Equipment is being calibated par Honeywell Caliration Procedure 917-CalPrec_Jly 35, 199

Catener = o this time.
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Honeywell
ndwstytel Astomation end Contrel Prejoct Namber Task Namber 'I.IDK*
FIELD SERVICE & MATERIAL REPORT $6410 I $20-39374 113249
Chwuk suntine or Travhis Sulve
IOT Bewre |llll-' Sootie Cak | Treshir Calt
(Cuntemer Ovder No. Cumglete tacemylete
X
MITR IR '
Neme sad Neoter Fabricstors Iac. 1400 5. Second Street
Address St Losis, MO 63184
Description I Calibration as Found Calibration s Left " ewmse] Out of Tetwroasm
L s . ‘ 2 ’ z 1= buspomed so1en
@1 Furnace T Recerder __lnstrwmant No. 6160 _ Serial No. 9709-72106344-055-16 [
Chmect 1] 100 707 [ 1200 1300 | 2300 2307 ] 100 76 | 1200 1209 | 2300 2361 | 3%
Cheanel #5] 100 107 | 1200 7209 | 33002307 | 100 J1 | 1300 7200 | 2500 2301 | 3°F
Channel #9] 100 707 | 1300 1207 | 2300 2301 | 100 701 | 1200 1291 | 2%0 2361 | ¥F
Chamnel 016] 100 J02 | 1200 7301 | 3300 23037 | 100 763 | 1300 J291 | 2500 3362 | SF
02 Fursece Tem Recorder _ lnstrwment No 6161 _ Serial No. 9709-72106344-055-12 [
Coamned 01| 100 70/ | 1200 120272300 2503 | 100 761 | 1200 1362 | 2%00 23¢3 | S°F
Chmee 63| 100707 | 1200 2201 | 3300 2302 | 100 701 | 1200 4201 | 2300 3302 | 3°F
i
F
1833 Formece T Recorder _instrument No. 3373__ Serial No. STLIOA ' !
100 700 | 1200 1200 [ 2300 2307 | 100 100 | 1200 1200 | 250 2801 [ 0¥ | 1
S Farsace 1 ] Tewm Recerder _ lnstrament No. 3368 Serial 1o, G1003049007 ' !
100700 | 12001198 | 2300 2300 | 100 769 | 1200 1700 | 2300 2500 | 1O°F ]
Nates 3 . —
1. Usits of Messurament : T F [3 Instrament Ne. 6164 which isa T
2.
3.
lﬁﬂdﬁv—n‘r—uﬁ-w
3030 Calibester___ Sarial No. 7100909 Cal Dute Jum 18, 2000 Des Dote Jem 18,2000
Tat ‘wind is cartitied Precedre 917- Rav-l Sept 17, 1996.
Domine [0
Neas Used
5
‘otnl lyvales Aspount ‘
C.L ] .
|
N Y-%rLl
ormmpnn
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. Honeywell
Indwtrial Asemstion ond Costred Project Namber In.n-n‘ TRID Nember
FIELD SERVICE & MATERIAL REPORT $6410 £20-3934 113249
‘Sevvamn Contested
BiO Lutber 3 o S Chosk rentine & Trouhis Buion
Locatien [ ™) Erpesass ‘In' [ Rowrs (™) (7] Restie Ol | Troshie Ol
917 St. Leuis 373100 X
Gorvice Raprusentive . Wl’ Cwder No. Camyplete [~
Bob La 14)-569-5403 X
Tame Call Roc_ By Dispaich Tod Called Castomer _ [Tine Toch s e [MTTR . TIR
(Customer
[Name sad Neoster Febricators lac. 1400 & Secend Street
(Address St Lasls, MO 3164

[Lad Indicster _Instrummt No. 6164 _ Sevial No. 02628 .
00 -i99 [ 100 /o0 | 00 3560 | 200 -i99 | 100 Je0 | 00 00 | 2°F

Lab_ Yokogews Tamperatare Recarder _ lastrument No. 6163 Serial No, 430DB107
00 Jor 1200 12012300 2500 100 z07 [1200 129 | 3300 3309 | 3F

LT I e e I
1. Usits of Mosswremant : T ¥ (ALK Instrement No. 6164 2bich isa T
2. Instrument No. 33 has bem 1o Instramant No. 5999 becauss Custowner ‘rekan door Ghat had sumber offined
(Uiot eodat and Soviad Nember of Test ot Uoad: -
] 2020 Callrster Serial Ne. 7100909 Cal Dme_Jan 18, 2000 Dus Dute Jaa 18, 2001
Tet woed is eutified Procadure 917, Rewl 17, 1996
(Mamipe Prarte Used:
Nems Und
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Honeywell
industrisl Auiomation and Cuntrel TProject Namber Task Nowber TRID Number
FIELD SERVICE & MATERIAL REPORT 836410 $20-39374 113249
Pereams Contarted
Bl Lather 4 of S Chosh rostioe @ Trashis Buboe
Locniien Dute Ml Lrpemmes ST Beun [ ™ /3 Rews Raontine Col | Trenbiv Cal
917 St. Louds /310 X
Gervien Reprosentive Agprovet By Ovder N Camplote Inrempbete
Bob Ls 1 9-5403 X
Time Coll Rec. 8y Dispaich Thne Tach Chlled Cuntemar T TehenSe * [MTTR I‘l’.r.r.l.
|Customer
#No- ad Noster Febricaters Inc. 1400 §. Secead Styect
Address = MO ©184
Descripion
Portable_Howeywell T Racordr _lnstramant Fo. 3378 _ Serial Ne. Q4619071001 .

100 99 {1200 7195 (2300 25007 100 9 | 1200 498 | 3%00 2300 | 10°F H

Racorder_ Instramont No. 3376 Sarial No. §54959

i
1200 7199 (2300 2299 | 100 99 1200 7199 (2%0 3299 | ¢ [ 1
1200 &w 2300 00 700 | 1200 Ji99 | 2300 2300 | 3°F
1200 7199 | 2500 2300 | 100 760 | 1300 7199 | 3300 2300 | °F
[1200 7200 [ 2300 2300 | 100 7169 | 1200 1200 [ 3300 2300 | IF
1200 729 | 2300 2300 | 100 100 | 1200 720 | 2300 2300 | 3F
!2_N 199 1 2300 2300 ] 100 100 | ! 2’ 2300 2500 3F ]
Imstrament No. 6034__ Serial No. OTTMIT0IE [
(1200 719973500 3299 | 100 9 [ 1300 1199 | 2300 2299 | 3°F
1300 /200 | 2500 2300 | 100 99 | 1300 J20 | 3300 2360 | S°F
12001209 | 2300 2300 | 100 70l {1200 /20 | 3%0 2500] SF | |

Moddd and Sorinl Number of Tt Rquipment thed: — ___
Housywall 2020 Calieater Sarial No. 7100909 Cal Dete_Jem 18, 2000 Dus Duie Jea 18, 2001
Tent Equi woed is cestified Procadure 917. Revel 12, 19%6.
Domine Parts Usad:
Neus Ussd .
—  yon levaies ov ks aorvins Gk
The amneusts thoun below do out tesinde e whish s addad to Ghe tvaion.
Totud Laber etel ‘ot Safienre ol Othr 'otel inveles Amomnt
&L Expemsm, Fruight e ) 1"
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Honeywell

aduntril Aviomation tnd Contrel Tﬁ*\n—n ‘esk Nembear —Fu-u
FIELD SERVICE & MATERIAL REPORT 56410 22039374 133249
@—M
i Bl Lather s o [ Chavt routins o Trovhis Seive
Deie [Car Mikee [ ST Bowre Sewn B% Boars Rowtine Coll | Yreable Coll
917 5¢. Lanis I L) I X _
fervice Raprovantive [Approved By Ovder No. Comgietr Icompiese
Bob )| X
Thme Call Rox. By Diogusch Touh Caled Custenur In- Toch on Sz MTIR TIIX
(Customer
Mome and Neoter Fabricators Inc. 1400 § Secend Street
Address 8 Loafs, MO €164

Description Calibration as Feund Calfbretian o Left 1 O of Tobrranne
1 1 1 Il 1 */e As Laf
Handbeld T indicator_ Model No. 1001 Sevial No. 1-116317 (NGSS13
1000 700.0 ]1200.0 1290.1[2300.0 3799.5] 1000 _109.8 | 1300.0 1200.1]3300.0 2993] 6F | |

Handheld T Indicator Model No. HH200A _ Serial No. 20022 3.
1000 /0.7 1200 1200|2300 2902 {1000 /00.7] 1200 7200 | 2300 2302 | 6°F

1

Raodbeid Té Indicsior_ Model No. HII00A _ Serial No. 20025
1000 013 1200 1207 | 2300 2902 | 1000 /03] 1200 1201 | 3300 2307 ] 6°F | |

Netes : :
1. Ulits of Massurement : Temperstures Dagrecs _(All K Thermousuples cuoept Insirament No. 6164 which is & T Thermooouple) —1
2 -—umungu_—mmma—gﬁmuuu—u“ .

Lt ad Nummber of Test Equipmvni Uned: :

2020 Caliwater _ Serial No. 7100909 Cal Duie_Jan 18, 2000 Due Date Joa 18, 2001 }

Tost ing weed is certified Procedure 91 Rav-1 17, 1996. s
(Dumine Parts Uned: ‘
Neat Usad .
3 SPPET on Jour buveles for G tarvisy k. :
amounts dhown below ds ot tadude maes which wey be added ¢ She bavelss. )
otal Laboy etal Matertal 'otal Softwre otd "oted huvelae Ameunt [
&L, Capenses, Proight ac.) st inehads tanme) !

!

I SERVICE REQUESTED BY US BAS BEEN ANDLED BY YOUR REPRESENTATIVE IN A SATUFACTORY MANNER

Qa_«ﬁ«w __QM . ogriers _ wapchh /o
[} [ ]
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1.0 SCOPE:

This procedure descnbes the process utilized to torm cylinders from plate for job 20009201

20 REFERENCE: ASME Section Il Divisions 1 & 3 Quality Assurance Manual

Section 9 “Control of Special Processes”
Framatome's Purchase Order 88855 dated 02/14/00

3.0  Definition:  None

40  Procedure:

41

43

44

4.5

46

4.7

All items shall be cold tormed.
Material being formed is SB-575-UNS N06022 and SA 240 Type 316 (S31600XNG)

Forming procedure qualification tests per paragraph NB-4213 are not required since the
material is exempt from impact testing per paragraph NB-4213.1 (c).

Minimum material thickness shall be as shown on the tabrication drawings.

The machine operator shall visually examine plate edges prior to forming, checking for
potential stress risers. Questionable areas must be blend ground with adjacent material to
eliminate the risk of material failure during forming. The operator shall form the cylinder to
the size shown oa the departmental requisition.

When tacks are used to secure the plate edges they shall be made on the outside surface at
the bottom of the bevel by qualified welders using approved job specific weld procedures.

Use of temporary attachments is not permitted; however, if temporary attachments must
be used, permission must be obtained from the Quality Assurance Department before their
use.

The machine operator shall pesform a preliminary examination of the formed material for
diameter variation and thickness to assure the formed material can be released for further
processing.

The maximum acceptable limits for diameter vaniation at all cross sections except those
with openings, shall be determined as follows. The difference in inches between the
maximum and minimum diameters at any cross section shall not exceed the smaller of
FTG DOCUMENT NUMBER

03 1289767 00
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(D+§0y200 and D{ 100, where D is the nominal jnside diameter, in inches, st the cross
section under consideration. If measured on the outside, the diameters shall be corrected
for plate thickness at the cross section under consideration.

48 Mu we}ding the longituc:linal seam, the cylinder shall be examined to verify it sausfies the
jo'b requirements. If ret!uxred. rework the cylinder until it meets the acceptable limits for
dnchr variation. Cylinders meeting the acceptance criteria shall be forwarded to the next
operation.

49  Training

Machine operators shall be trained to use standard forming skills common 1o the pressure
vesse! industry through on the job training.

5.0  Attachments

None

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This procedure Gesaribes the equipment and defines the requirements for:

A Full solution annealing of s Hestelloy C-22 waste package dosure.
B.  Imemediate quench annesling of perts following forming or welding cperztions 2s
specified in the fabrication procedure.
20  REFERENCES: ASME SB-575 UNS N06022

3.0 DEFDNITIONS: None

40 PROCEDURE
4.1  Preparuion for Heat Treatmem
Prier 10 heat wreatmen, all surfaces (both inside and ouside) shall be thoroughly

Cleaned 10 Temove Oil, paim, grease, e1c. Local areas may be cleaned, &5 needed, with
a cloride and sulphur free solvent which will not leave a residue.

42  Equipment

The parts will be heat trested in an enclosed fornace of the cas boniom, over-firing type,
operating 21 2 shight positive pressure.

43 Punes

43.] Bumers sre natural gas fired and operate on the excess air side of the
sicichiomeic ratio.
433  The bumers are bafDed so 25 10 2void direct flame impingemen on the furnace
charge.
44 Fud
| The fuel shell be natural ges. Meximum sulfur Emit is 0.200 grimef

FTG DOCUMENT NUMBER
108 1289763 00
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 NOOTER

i fadricston.ing

45  Temperzture Recording

4.5.1 The furnace is equipped with 3 muhipoim strip chan recorder (Honeywell
Elecgronik Model 15), which prims out thermocouple temperatures of the tem
being heas veated.

4.5.2 The suip chan recorder and furnace controls are maimained and calibrated ona

regular basis by an outside contractor. Copies of the calibration cenificates will
be fumnished.

4.6  Thermocouples

4.6.1 Temperztures are mezsured by Chromel- Alumel (Tyvpe K) thermocouples. The
hot junction, 25 well 2s all leads, are Chromel-Alumel.

4.6.2 Thermocouples will be placed directly on the work so that the temperature
secorded will be actual work tempertures, not furnace temperatures. One
thermocouple will be welded on the pan 10 monitor cooling 1empersture during
the quench.

47  Quenching
4.7.1 Immersion quenching

4.2.).1 Pans shall be quenched by immersion in water in a quench tank.
Compressed air is forced tyough spargers budh into the bonom of the
unk The riting air creates turbulence 10 break up sieam envelopes
sometimes encountered in quench anneafing.

4.2.).2 Using an overhead crane, the fiems 10 be quenched are immersed. The
maximum elapsed time from 2050* F 10 700° F shall be 13 minutes.

48  Fumace Loading

4.8.1 The pans will be supponied on boisters for the hest trestment. These bolsiers
suppont approximately 120° of ciraxmference and sre 9° wide. A row of soft,
insulating firebrick is used 10 line the bolsier and isolate the Hastelloy C-22
shell from the nieel bointers.

4.8.2 Subessemblies and pants will be Joaded on bolsters or supports with Srebrick

spacers and in no case will the Hanelloy C-22 material contsat any carbon seel
during heat reiment.
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176

'NOOTER

; fabsicatar,ing
S gt .

| 49.] Thermocouple locztions 2re as shown on the loading dizgrams.
492 Aheat veat coupon will be heat treated with each furnace Joad.
453 The farnace will be 2t embient 1emperature a1 the swt of the cyce.
454 Therue of hexting will not be restricted and will be 2s rapid 2s possible.
495 The soak temperzrure shall be 2050 £ 50°F.

4.9.6 The hold time shall be 1/2 hour for the ouer cylinder and 1 hour for the
completed cuer cylinder and the completed 10p cover assembly.

497 Thepans will be wzier quenched 2s described in paragrzph 4.7.

4.10  Sample Examination
The test coupon will be sent 10 the Metallurgical Laboratory for examinztion zfier
sohstion annealing.

411 Repons

I Subsequent 10 the sohnion anneal and quench, the following will be provided:
A Copies of the heat treating chans, as primed by the mukipoint recorder
B.  Fumaceloading diagrams

C.  Copies of the calibration recards for the equipmen: being used
D.  Arepon on the heat reat coupon microsTucture

5.0 ATTACHMENTS
$.1  Anachment } (20009201-1) "Preliminary Outer Cylinder”
52  Anachment 2 (20009201-2) “Complered Outer Cylindes™
$3  Amchment 3 (20009201-3) “Completed Top Cover Assembly”
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BLHEAT.TREAT PROCEDURE
RO JOB 2000920157 72eZ 3

A This procedure is an addendum 10 NF] Procedure 9201-HT, Revision 1. It is to be
applied 10 the Heat Treatment and Cooling of the Top Outer Lid assembly for the
Waste Package Closure.

This Heat treaument procedure is being used for experimental purposes to determine
cooling rate based on forced air cooling.

w

C Heat treatment & cooling is 10 be perfonmed as described in NF1 procedure 9201HT,
revision 1, except as noted below

20 PREPARATION FOR BEAT TREATMENT
Per Procedure 9201HT.

3
3.0 EQUIPMENT ('
3 33  PerProcedure 9201 HT.

3.4  Thermocouples
3.4.1 Per Procedure 9201HT.

3.4.2 Thennocoupies will be placed directly on the work so that the temperature
recorded will be aciual work 1emperatures, not furnace temperatures. Two
thermocouples will be welded on the pan to monitor cooling temperature during
the forced air cooling that will be attached 10 3 Data Logger 1o record the
cooling curve. One thermocouple will be located on the OD of the sheil, mid
height. One thermocouple located on the weld build up on the ID of the shell,
mid height.

35  Quenahing Forced Air Cooling
3.51 Forced Air Cooling

3.5.1.) Pan will be removed from the fumace, suspended by s crane and
cooled by blowing forced air on the pan.

3.5.1.2 Target cooling rate is a drop from 2050° F to 930° F in 8 minutes.

FTG DOCUMENT NUMBER
08 1289764 00
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ADDENDUM TO PROCEDLRE: 5201 T-AD
\
NOOTER B | LiEaTTREATPROCEDLRE [PaGE. Tor2
s cm - sewsee )0 3 JO3I0GN0) -~ - | REVISIONE PN 0

40 FURNACE LOADING
Per Procedure 9201HT.

50 THERMOCOUPLE LOCATIONS
Per Procedure 9201HT.

6.0 ROCEDURE
6.1 6.5  PerProcedure 9201HT.

6.6  The pants will be forced air cooled es described in paragraph 3.5

70 SAMPLE EXAMINATION
Per Procedure 920)HT.

80 REPORTS
Per Procedure 9201HT.
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PROCEDURE: 920i-CP 1}
PAGCE: .. 4’_—__" T . jGOF2
mm rtiy - O
DOCLMENT FL"‘U ‘E'ER AL
AFPFROVED:: :

u. & ‘f'
~

vlr*"
NOOTER

I 3
ﬁ‘r cmczcx.osr.x.:.. ,
& AL [OA uma\'zn

fivricsions,inc £y "-',,"""" - EFFECTIVE DATE: -
] SCOPE &
&
This procedure provides the details for cleaning and packaging of the Waste Package
Closure.
2 REFERENCE
Section ITI Quality Assurance Manual
Quality Assurance Department Manual Procedure #52-006 “Final

Inspection™
SSPC-SP6 (NACE -3)

3 DEFINITIONS

None

4 PROCEDURE
4.1  Cleaning Requirements for the Waste Package Closure

4.1.1 All alloy surfaces of the completed Waste Package Closure, including the
Inner Shell Assembly, and Top Outer Lid shall be free of grease, oil, paint,
weld spatter, crayon marks and all other gross contaminants.

4.12 All components shall be solvent cleaned with “Turko Remover #3" to
remove all contaminants. Hastelloy C-22 components shall be cleaned
prior 1o solution anneal per NFI procedure #9201-HT.

4.1.3 After solvent cleaning, rinse with potable water and a mild detergent such
as “Sweetheant” or “Joy” dishwashing detergent to remove all solvent
residue.

4.14  Vinully examine all components after cleaning to ensure that they are in
compliance with siep #4.1.1.

4.1.5 After solution annealing the Hastelloy C-22 components, sandblast to
remove oxide using DuPont “Starblast” media to SSPC-SP6 (commercial
blast).

FTG DOCUMENT NUMBER
03 1289766 00
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OOTER CLEANING PROCEDURE PROCEDURE: 9201-CP l
FOR WASTE PAGE: 20F2

PACKAGE CLOSURE REVISION: []

42  Packaging Requirements for the Waste Package Closure

4.2.1 The completed Waste Package Closure/Inner Shell, Top Inner Lid and Top
Quter Lid Assemblies shall be wrapped in plastic to protect from
environmental contaminants. The components shall be placed on skids and
tied down to the trailer for shipment.

4.2.2 The completed Closure shall be identified with 8 waterproof tag attached
for shipment. The tag shall be marked with the purchase order number and
a description of the components. The tag shall be securely attached with
corrosion resistant wire at the Closure lift lug.

43 Personnel implementing this procedure shall be trained in accordance with the
Quality Assurance Department Manual Procedure #51-019 “Indoctrination and
Training”.

4.4  Upon completion of the Waste Package Closure, Inner Shell Assembly, Top lnner
Lid and Top Quter Lid Assemblies, the sssigned Q.A. personnel shall final inspect
for cleanliness per Procedure #52-006 of the Qualiity Assurance Department
Manual. After acceptance, the assigned Q.A. personnel shall sign and date the
spplicable sign off step(s) in the NIS Router. This information will be included in
the final dats package.
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All visual weld examination shall be performed in accordance with NFI Procedure 54.611, Rev 0,
with the following sdditions

Add 10 2.0, Reference’

Applicable edition of the ASME Code is the 1995 Edition with 1996 Addenda

&

FTG DOCUMENT NUMBER
54 1289768 00
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NOOTER VISUAL INSPECTION
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10 SCOPE
This document defines the procedure and acceptance cntena for performing visual
examunation of welds. The techniques described herein meet the requirements of the
ASME Code Section IIL.

20 REFERENCES

ASME Code Section V, Article 9

i ASME Code Section NB4000
] 30 DEFINITIONS
; None FTG DOCUMENT NUMBER
{40 PROCEDURE 54 1027099 00
41  Requirement @}

4 1.1 The requiremerts of this procedure shall be implemented when visual weld
examination is called for by the referencing documents

412 When perfonming visual inspection, a drap light or hand held light shall be
used 10 assure adequate interpretation

413 Pror 1o examination, the surfaces 10 be inspected shall be free of any
extrancous matter that would obscure surface openings or otherwise
interfere with the examination.

42 Examination

4 2.1 Direct visual examination shall be performed in such a manner as to place
the eye within twenty-four inches of the surface being examined and at an
angle not less than 30 degrees to the surface being examined. The
minimum light leve! shall be SO foot candles

422 Examination of surfaces where the direct method is nt feasible or access is
limited shall be performed only when specifically delineated in the
fabrication or erection procedure In such cases, mirrors may be utilized

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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423 Weld size and weld reinforcement shail be measured using suitable weld
gages or straight edges and scales, as applicable

43  Acceptance Criteris
431 Genenl

43 1.1 As-welded surfaces are permitted; however, the surface of welds
shall be sufficiently free from coarse ripples, grooves, overlaps,
and abrupt ridges and valleys to permit proper interpretation of
radiographic and other required nondestructive examinations. If
there is a question regarding the surface condition of the weld
when interpreting a radiographic film, the Slm shall be compared
to the actual weld surface for determination of acceptability.

4.3.2 Fillet Welds

4.3.21 Fillet welds may vary from convex to concave. The shape and
size of the weld shall be in accordance with the requirements of
Fig. 1. A fillet weld in any single conunuous weld may be less
than the specified fillet weld dimension by not more than 1/16 in
(1.6mm), provided that the total undersize portion of the weld
does not exceed IO% of the length of the weld. Individual

oo
-‘j L $ire ot wnd

GENERAL NOTE:
The siow of on suwel 10 Tlet watd is tha log Jongsh of 1o largmt imacrad right isseseies triongie.
Thoorsucal wwest = 8.7 & oite of nuty.

ol Cquet Loy Filist Weld

Theorstes et

A

GENERAL NOTE:
The 0 6f on wngquel igy Tiet epid 4 The harter iog IGAgTh of TAa L0rQett N I1:0ngle WAIER Son B8 MecnBed
wiithin the filet wetd erom sscton.

\\m"““'“m
e el

~,

-
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VISUAL INSPECTION

423 Weld size and weld reinforcement shall be measured using suitable weld
gages or straight edges and scales, as applicable

-

43  Acceptance Criteris
431 Genera

4311 As-welded surfaces are permitted; however, the surface of welds
shall be sufficiently free rom coarse ripples, grooves, overlaps,
and abrupt ridges and vaileys to permit proper interpretation of
radiographic and other required nondestructive examinations. If
there is a question regarding the surface condition of the weld
when interpreting a radiographic film, the 6im shall be compared
to the actua! weld surface for determination of acceptability

-

4.32 Fiilet Welds

4321 Fillet welds may vary from convex to concave. The shape and
size of the weld shall be in accordance with the requirements of
Fig. 1. Afillet weld in any single continuous weld may be less

: than the specified fillet weld dimension by not mere than 1/16 in.

i (1.6mm), provided that the total undersize portion of the weld

does not exceed 10% of the length of the weld. Individual

E QN‘ ) The nee of on sguel l0g Tillat suaid is Dhe log Mengih of e Lorgeet iuctibed right isoumies triongle.
)\ :Q Thoowscal wrest = 0.7 & oite of neid.
Q' \ tal Cauel Loy Filet Wetd
§' < Surtase of vertast mamam:
-~ Corage Ritet weld
Suriere o1 —\

The 520 0 o0 ungquet log Fillet apid « T TROrier Jog IGAETA of NG LOrgaet tight W:0NgIa WAIEH COn B8 \AEraeé
within the fler wold srom sactron.
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433 Butt Welds

A weld shall be acceptable by visual examination if the examination shows
that:

4.3.3 1 The weld has no cracks
4332 The weld has complete fusion and penetration
4333 All craters are filled to the full cross section of the weld

43 3.4 Undercuts shall not exceed 1/32 in. and shall not encroach on the
required section thickness.

433.5 The weld shall be free of porosity
4336 Reinforcement of Welds

43361 Thickness of Weld Reinforcement for Vessels

The surface of the reinforcement of all butt welded
joints in vessels, pumps and valves may be flush with
the base materia) or may have uniform crowns. The
height of reinforcement on each face of the weld shall
not exceed the thickness in the following tabulation

Nominal Maximum
_Thckness, i -Runforgement.sn
Upto 1, wel. 3
Over 1 10 2, inc!. 17, ]

Over 210 ), incl 5132
Over 310 4, incl mR
Over 4 10§, incl. 14

Over § 5/16

4.3.3 6.2 Thickness of Weld Reinforcement for Piping

For double-welded butt joints, the limitation on the
reinforcement given in Column 1 of the following
tabulation shall apply separately to both inside and
outside surfaces of the joint. For single-welded butt
joints, the reinforcement given in Column 2 shall apply
to the inside surface and the reinforcement given in
Column | shall be determined from the higher of the
abutting surfaces involved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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44 Rejectable Indications

characteristics.

45 Repairs

46  Physical Qualifications

distance of not less than twelve inches.

47  Procedure Qualifications

Procedure Qualification dated 2/21/00.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Materia! Maximum
Nonunal Reunforcement
Thickness, Nuckness, 1
n. Colymn | _Colymn
Up o I8, incl. 3132 k72
Over 180 ¥/16,inc).  1/8 3732
Over ¥/16t0 12, inc). 5732 1
Over 1210 1, inc! 3/16 8732
Over 1 0 2, inc! Ve $/32
Over 2 Greater of 5132
/4 or
1/8 umes
the width
of the weld,
n inches

441 Surface indications and weld defects may be conditioned for further
evaluation by grinding or filing. Additional rework shall be performed 1f
such conditioning renders the part 10 be outside the specified

442 After conditioning, the part shall be re-examined in accordance with this
procedure. If the indication still appears relevant, it shall be repaired 1f no
relevant indications remain, the part shall be considered acceptable

451 Repairs shall be visually re-examined in accordance with this procedure

4.6.1 All personnel performing visual inspection shall have sn annual eye
examunation 10 assure that the candidate has natural or corrected near field
visual acuity capable of reading Jaeger number 1 letters (or equivalent) ata

4.7.1 This procedure has been qualified in the report Visual Examination

186



187

APR -1V OD(TUE) i $3  NCOTER CiRe TNl o
i
[

! S4611
SOF $

:}n?umn ne h! VISUAL INSPECTION

48  Personnel Qualifications

491 Personnel performing visual exarmunations shall be qualified as required by
NF! Procedure 52-017

49  Reports
491 Upon completion of each visual examination, the appropriate router step
shall be signed ofT by the individual performing the examination and
Inspection Log Form 250 will have the appropriate entry made

50 ATTACHMENTS

None

i venr
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DATE:  May 24, 2000

TO:  Mr. Daniel Smith
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PHONE NO.:  (804) 832-2080
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Piease don't hesitate (o contact us should you require additional information or have any
questions.
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Framatome Technalogies, Inc.
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Mall Stop
Lynchburg, VA 24508-0838

ON-SITE HOLE ORILLING DETERMINATION OF
THE PRINCIPAL RESIDUAL STRESSES IN
ONE C22-HASTELLOY CANISTER MOCKUP

REPORT:  824-0312 ATTN: Mr. Daniat Smith
DATE: May 24, 2000 AUTHORIZATION:; 91616
INTRODUCTION
Onwsila conter hole-drilling measurements were made on s canister mockup at Nooter

Fabrication for the of the residual stresses resulting from welding
m-mm&mwmmmwmm from C22-Hastelloy.
The cylinder was nominsfly 88 in. (0.D.) x 48 In. (height).
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dmonu.andnum § in. fom the bottom. The four locations mmnwcmow\o
weld center, adjacent to the fusion line, 0.2 in. from the fusion line. mo:|h from the fusion
fine. The measurements aftsr heat treatment ware made at an axis! distance of 0.2 in. from the

onginal messurements.
resistance strain gages type CEA-08-002UM-120),
were instalied st the locstions adjecent 10 the fusion ine. electrical resistance strain

CONCLUSIONS
mmmwuuummuhrm!.mwmmmt z..naa
Before the hast restmant and quench, the results indicate that the highest tenslie stresses
found at the Top position. mmn«usmmhmmmnunp

Lambda Research Pege20(3 824-9312
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position range from +55 to +84 ki, and the minimum residual stresses range from -9 to +18 kai.
The maximum residusl strassas for the Mid-Weid and Bottom positions range from +31 10 +7 ksi,
and the minimum residusl stresses range from -57 to +16 ksi. The fact that there is a weided
reinforcement band on tha inside diameter of the Tap position locations may be the reasan for
the higher tensile stresses at these locations.

The data after the heat trastment and quench show that sil of the locations are in compression
in all directions. The maximum principal residua! stresses range from -28 to <72 ksi snd the
minimum residual stresses range from -39 to -86 ksl. At each position the most compressive
residual stresses are found at the wek] canter location. Of sil the locstions, the Mid Weid Center
(ocation is the most compressive.

Tha right hand columns of Tabies |, (i, and [il list the directions of the maximum principal residuat
siresses. These data are aiso piotied at the bottoms of Figures 1, 2, and 3. Sefore the heat
treaiment and quench, for the Top position the maximum principal stresses are fairly cioss to the
axial direction. The direction of the maximum residua! stresses at the other two pasitions range
fron 1 to 77 deg. from the exial direction.

After the heat trestment and quench, the maximum and minimum principal residual stresses for
a given location tend to be very similar. Therefore, the direction of the maximum principal
residual stress is not well defined.

[holedril.fm 10.87]

Lambda Resesrch Pege 3 0f 3 8248312
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PRINCIPAL RESIDUAL STRESS DISTRIBUTION
Distancs (mm)

Residual Strexs (ksi)
(ect) s904S [Enprsay

%0 o
60" H -
30
g 0 -
= 30, 3 P
[
H o
'wo.o 0.2 0.4 06 0.8 1.0 12 1.4
Oistance (in.)
C-22 HASTELLOY CANISTER MOCKUP
Rod 4o~ Fap Locations
Nurmber 1 Direction = Hoop
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PRINCIPAL RESIDUAL STRESS DISTRIBUTION
Distance (mm)

) 10 16 20

{8
18
&

PG
:'o s
8

]
(ediN) ssanS Enpreay

4
e0
———
A
8

H H H N H [ otarie]
T T T P -y 0. 0

:

02 04 06 08 10 12
Distance (In.)

a Before Mex. « Before Min.
O ARerMax. @  AferMin.

P

=
r

oz 64 o o T iz i«
Distance (in.)
C-22 HASTELLOY GANISTER MOCKUP

Mid-Weid Locstions
Number 1 Direction = Hoop
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Distance (in.)
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C-22 HASTELLOY CANISTER MOCKUP

Tep -Botlem Locations
Number 1 Direction = Haop

Figurs 3
5130100
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After teat Trest
43
-
2
+53
8249312

$88%3

No. 1 Direction = Hoop

§r30j00

PRINCIPAL RESIDUAL STRESSES
C-22 HASTELLOY CANISTER MOCKUP

Minimum
Beforsteet Trost AlsrHostTrest Bofore Hexi Tred  AfterHest Vregt  Bgfors Hest Trest
13
+18
’9 -
-8
Tabie |

Conter
Adpcent
02,
03
(a) Phi is taken as the angle positive counterciockwise from the hoop direction.
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Locations
No. 1 Direction = Hoop
Tabdle Il

PRINCIPAL RESIDUAL STRESSES
C-22 HASTELLOY CANISTER MOCKUP
-

L 14
48
48

L4
*31
*7
-39

Center
Adjacent
02
03,
(8) Phi is taken a3 the angle positive counterciockwise from the hoop direction.
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+*11

5y 3

7
89
49
+13

7
+*7
+12
+18

No. 1 Direction = Hoop
Table I

PRINCIPAL RESTDUAL STRESSES
C-22 HASTELLOY CANISTER MOCKUP

¢

§

.
5988
T8N

Center
Adjscent
02in
03
(8) Phi is taken a3 the angle positive counterclockwise Ao the haop direction.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

198



APPENDIX VI

MATHCAD CALCULATION FILE FOR TRANSFORMATION OF PRINCIPAL

STRESSES INTO HOOP STRESS

199
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Transformation of Principal Stresses into Hoop Stress

All principal stresses and their corresponding directions in terms of angles are obtained
from the documents given in Appendix V

Hoop stresses at the top locations in the canister mock-up:

i=0.3
( -51}
-42 A i ,
cltop = Maximum principal stresses at four different locations:
-39 1, 2, 3, and 4, respectively
\-30)
(-62)
~48 , o .
c2top = Minimum principal stresses at four different locations:
-44 1, 2, 3, and 4, respectively
\-53 )
(11 )
|- Maximum principal stress directions (angies) measured
Bop =1 from the direction of the hoop stress (circumference) at
four different locations: 1, 2, 3, and 4, respectively
\ 54 )

The magnitudes of the hoop stresses are obtained using the following relation from the
Mohr’s circle for biaxial stress state:

ohoopy = [(o ltop; ; aztop.j] . [(a Itop; ;oztopi)],m(z_mm, 1—:6)

Therefore: choop; =
[-57]
T '
Y] ksi
[45]
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Hoop stresses at the middie locations in the canister mock-up:

i:=0.3
(-72)
-37
colmid := Maximum principal stresses at four different locations:
-46 1, 2, 3, and 4, respectively
\—46
(-86)
-39 . - .
o2mid = Minimum principal stresses at four different locations:
=51 1, 2, 3, and 4, respectively
\~51)
-54)
Bmid := 1 Maximum principal stress directions (angles) measured
mia ;= 0 from the direction of the hoop stress (circumference) at
four different locations: 1, 2, 3, and 4, respectively
9 )
The magnitudes of the hoop stresses are obtained using the following relation from the

Mohr's circle for biaxial stress state:

ohoop; = [(clmidi + ozmidi)] . [(almidi - oZmidi)] (2 omity )

Therefore:

2

choop; =

ksi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



202

Hoop stresses at the bottom locations in the canister mock-up:

i=0.3
-49)
-47
clbot := Maximum principal stresses at four different iocations:
1, 2, 3, and 4, respectively
-28
(-54)
-52
a2bot = Minimum principal stresses at four different locations:
-50 1, 2, 3, and 4, respectively
\-43,
(-43)
gbot := 4 Maximum principal stress directions (angles) measured
L= 2 from the direction of the hoop stress (circumference) at
t four different iocations: 1, 2, 3, and 4, respectively
53 )

The magnitudes of the hoop stresses are obtained using the following relation from the
Mohr's circle for biaxial stress state:

choop; = [(clboq ; choti)] + [(gl bot; - ozbo"')}cos(zeboti-i)

2 180

Therefore: choop; =

A7
44 ksi
238
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APPENDIX VII

TWO DIMENSIONAL AXISYMMETRIC FINITE ELEMENT MODEL INPUT FILE

FOR OPTIMIZATION USING ANSYS SOFTWARE

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



204

Coarse mesh 2-D axisymmetric model for induction aneealing
Obective function: Maximum compression on the outer surface
State variable: None

Design variables: Defined below

- b e tem ses Gum

/config,nres, 2000

/units, si

!

! SET INITIAL VALUE OF DESIGN VARIABLES

varl=0.09 ! Trunnion collar upper section length (variable #1)
var2=0.025 ! Outer lid closure weld length (variable #2)
var3d=0.05 ! Extended 1lid outer fillet weld base length
(variable #3)

var4=0.05 ! BExtended lid inner fillet weld base length
(variable #4)

varS5=0.025 ! Extended outer shell lid thickness (variable #5)
var6=0.05 ! Reinforcement ring (variable #6)

var7=0.05 ! Ring weld section - inner (variable #7)

!

!

/prep7

/title, FEA to determine residual stresses due to induction coil
heating of closure welds

/veon, ,0

et,1l,planel3,4,,1 ! Axisymmetric model for the outer shell
!

mptemp, 1,20,1120

mpdata,ex,1,1,206e9,134e9 ! Alloy 22 Elastic Modulus
mpdata,nuxy,1,1,0.278,0.46 ! Alloy 22 Poisson's ratio
! Material properties of outer shell

tb,biso,1

tbtemp, 20

tbdata,,310e6,0.847e9 | Alloy 22

tbtemp, 1120

tbdata, ,85e6,0.173e9 | Alloy 22

!

mp,dens,1,8690.0 ! Alloy 22
mpdata,alpx,1,1,12.4e-6,16.2e-6 ! Alloy 22

! Thermal properties of Alloy 22

/COM, Define conductivity

MPTEMP, 1, 48, 100, 200, 300, 400, 500,
MPTEMP, 7, 600,

MPDATA, KXX, 1, 1, 10.1, 11.1, 13.4, 15.5, 17.5, 19.5,
MPDATA, KXX, 1, 7, 21.3,

/COM, Define specific heat

MPTEMP, 1, S2, 100, 200, 300, 400, 500,
MPTEMP, 7, 600,

MPDATA, C, 1, 1, 414, 423, 444, 460, 476, 485,
MPDATA, C, 1, 7, 514,

/com, Define Parameters

!

! Parameters along x-axis

0o8ir=0.762 { Outer shell inner radius
osip=0.004 ! Outer shell inner part

osop=0.016 ! Outer shell outer part

tcti=0.02 ! Trunnion collar thickness - inner
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tctm=0.005 ! Trunnion collar thickness - middle

tcto=0.015 !t Trunnion collar thickness - outer

gap=0.004 ! Gap between extended outer shell lid and outer shell
]

! Parameters along y-axis

cav=4.775+0.03+0.01+0.03+0.07 ! Distance between outer shell lid
inner surfaces

hcav=cav/2 ! Half distance between outer shell lid inner surfaces
trl=0.1 ! Trunnion ring length

tcl=0.14 { Trunnion collar length

tcbi=0.005 ! Trunnion collar bottom - innner region

tcbo=0.02 ! Trunnion collar bottom - outer region

clth=0.01 ! Closure lid thickness

clw=0.01 ! Closure 1lid weld

tcui=0.02 ! Trunnion collar upper section - inner part of the
fillet weld

tcuo=0.02 ! Trunnion collar upper section - outer part of the
fillet weld

0lid=0.025 ! Extended lid base

/com, Define keypoints

csys, 0

k,1,o0s8ir,

k,2,08ir+o8ip,

k,3,08ir+osip+osop,

k,4,08ir, hcav-trl-tecl-tcbi-tcbo

k,5,08ir+osip,hcav-trl-tcl-tcbhi-tcbo
6 ,08ir+osip+osop, hcav-trl-tcl-tebi-tebo
7,08ir,hcav-trl-tcl-tcbi
8,08ir+o08ip,hcav-trl-tcl-tcbi
9,08ir+osip+osop, hcav-trl-tcl-tcbi
10,08ir+osip+osop+tcti,hcav-trl-tcl-tcbi
11,08ir,hcav-trl-tel

12,08ir+os8ip,hcav-trl-tcl

13,08ir+osip+osop, hcav-trl-tecl

14,08ir+osip+osop+tcti, hcav-trl-tcl

15,08ir+osip+osop+tcti+tetm, hcav-trl-tcl

16,08ir+o8ip+osop+tcti+tctm+tcto, hcav-trl-tel

17,08ir,hcav-trl

k,18,08ir+os8ip, hcav-trl

k,19,08ir+osip+osop,hcav-trl

k,20,08ir+o8ip+osop+teti,hcav-trl

k,21,08ir+osip+osop+tcti+tetm, hcav-trl

k,22,08ir+o8ip+osop+tcti+tetm+tcto, hcav-trl

k,23,0,hcav

k,24,08ir,hcav

k,25,08ir+o08ip, hcav

k,26,08ir+osip+osop, hcav

k,27,08ir+osip+osop+tcti,hcav

k,28,08ir+o8ip+osop+tcti+tctm+tcto, hcav

k,29,0,hcav+clth

k,30,08ir+08ip-clw, hcav+clth

k,31,08ir+0s8ip,hcav+clth

k,32,08ir+osip+osop, hcav+clth

k,33,08ir+osip+osop+tcti,hcav+clth

k,34,08ir+o8ip+osop+tcti+tctm+tcto, hcavsclth

k,35,08ir+o8ip, hcav+clth+clw

ANAANARNTRIINITANN

’
14
’
’
[
’
’
’
’
.
'
’
’

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



206

k,36,08ir+osip+osop, hcav+clth+clw

k,37,08ir+osip+osop+tcti, hcav+clth+clw
k,38,08ir+osip+osop+tcti+tctmetcto, hcavecltheclw

k,39,0sir+osip, hcav+clth+clw+varl

k,40,08ir+osip+osop, hcav+clth+clw+varl

k,41,08ir+osip+osop+tcti, hcav+clth+clw+varl
k,42,08ir+osip+osop+tcti+tctm+tcto, hcav+cltheclw+varl
k,43,08ir+o8ip, hcaviclth+clw+varl+tcui

k,44,08ir+osip+osop, hcav+clth+clw+varl+tcui
k,45,08ir+osip+osop+teti, hcavclth+clw+varl+tcui

k,46,08ir+osip, hcav+clth+clw+varlstcui+tcuo

k,47,c08ir+osip+osop, hcav+clth+clw+varli+tcui+tcuo
k,48,08ir+osip-gap-varS, hcav+clth+clw+varl+tcui+tcuo+var2
k,49,08ir+osip-gap, hcav+clth+clw+varl+tcui+tcuo+var2
k,50,08ir+0s8ip,hcav+clths+clw+varl+tcui+tcuo+var2
k,51,08ir+osip+osop, hcav+clth+clw+varl+tcui+tcuo+var2
k,52,08ir+osip-gap, hcav+clth+clw+varl+tcui+tcuo
k,53,08ir+osip-gap-var5-varé,hcav+clth+clw+varl+tcui+tcuo+var2-vari
k,54,08ir+osip-gap-vars, hcav+clth+clw+varl+tcui+tcuo+var2-var3l
k,55,08ir+osip-gap, hcav+clth+clw+varl+tcui+tcuo+var2-varl
k,56,0,hcav+clth+clw+vari+tcui+tcuo+var2-vari-vard
k,57,08ir+osip-gap-var5-var6-var?7,hcav+clth+clw+varl+tcui+tcuo+var2-
var3-vars4

k,58,08ir+osip-gap-varS-varé, hcav+clth+clw+varl+tcui+tcuo+var2-var3-
var4

k,59,08ir+osip-gap-vars, hcav+clth+clw+varl+tcui+tcuo+var2-var3-var4
k,60,08ir+os8ip-gap, hcav+clth+clw+varl+tcui+tcuo+var2-vari-vars
k,61,0,hcav+clth+clw+varl+tcuit+tcuo+var2-vari-varg-olid
k,62,08ir+osip-gap-varS-varé6-var7,hcav+clth+clw+varl+tcui+tcuo+var2-
var3-var4-olid

k,63,08ir+osip-gap-varsS-vareé, hcaveclth+clw+varl+tcui+tcuo+var2-vari-
var4-olid

k,64,08ir+osip-gap-vars, hcav+cltheclw+varl+tcui+tcuo+var2-vard-vars-
olid

k,65,08ir+o8ip-gap, hcav+clth+clw+vari+tcui+tcuo+var2-vari-var4-olid
/com, Horizontal lines in inner (first) part of the outer shell
1,1,2

1,4,5

1,7,8

1,11,12

1,17,18

1,24,25

1,30,31

1,30,35

1,31,35

1,32,36

1,33,37

1,34,38

lesize,all,,,2,1,1

lgel, none

/com, Horizontal lines in second part of the outer shell

1,2,3

1,5,6

1,8,9

1,12,13

1,18,19

1,25,26
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1,31,32

1,35,36

1,39,40

1,43,44

1,46,47

1,50,51
lesize,all,,,.2,1,1
1sel,none

/com, Horizontal lines in inner part of the trunnion collar
1,7.4

1,8,5

1,9,6

1l,10,6

1,9,10

1,13,14

1,19,20

1,26,27

1,32,33

1,36,37

1,40,41

1,44,45

1,47,45

1,44,47

1,43,46
legize,all,,,2,1,1
1sel,none

/com, Horizontal lines in the thin section of the lower trunnion collar
1,11,7

1,12,8

1,13,9

1,14,10

1,15,10

1l,14,15

1,20,21
lesize,all,,,2,1,1
1sel,none

/com, Horizontal lines in the thick section of the lower trunnion
collar

1,15,16

1,21,22
lesize,all,,,1,1,1
1lsel, none

/com, Horizontal lines in the outer part of the upper trumnion collar
1,27,28

1,33,34

1,37,38

1,41,42

1,45,42

1,41,45

1,40,44

1,39,43
lesize,all,,.2,1,1
1sel,none

/com, Horizontal lines in the gap
1,52,46

1,49,50
lesize,all,,,1,1,1
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lsel,none

/com, Horizontal lines in the extended outer shell 1lid
1,64,65

1,59,60

1,54,55

1l,48,52

1,48,49

1,49,52

1,50,46

1,51,47

lesize,all,, , 4,1,1

1sel,none

/com, Horizontal lines in the extended lid reinforcement ring
1,63,64

1,58,59

1,53,54

1,53,48

1,48,54

1,52,55

lesize,all,, 4,1,1

lsel,none

/com, Horizontal lines in the extended 1id reinforcement ring - left
side gection

1,62,63

1,57,58

1,57,53

1,53,58

1,54,59

1,55,60

legize,all,, , 4,1,1

lsel,none

/com, Horizontal lines in the outer lid
l,61,62

1,56,57

lesize,all,,,6,.0625,1

1sel,none

/com, Horizontal lines in the closure lid
1,23,24

1,29,30

lesize,all,,,6,.0625,1

1sel,none

/com, Vertical lines above the symmetry line
1,1,4

1,2,5

1,3,6

lesize,all,,,6,.06,1

1sel,none

/com, Vertical lines in the lower part of the trunnion collar
1,11,17

1,12,18

1,13,19

1,14,20

1,15,21

1,16,22

lesize,all,,,2,1,1

1sel,none

/com, Vertical lines in the middle part of the trunnion collar
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1,17,24

1,18,25

1,19,26

1,20,27
lesize,all,,,2,1,1
1sel, none

/com, Vertical lines in the closure lid
1,23,29

1,24,30

1,25,31

1,26,32

1,27,33

1,28,34
legize,all,,,1,1,1
lsel,none

/com, Vertical lines in the upper part of the trunnion collar
1,35,39

-1,36,40

1,37,41

1,38,42
lesize,all,,, s, .2,1
1sel,none

/com, Vertical lines in the outer lid
l,61,56

l,62,57

l1,63,58

1,64,59

1,65,60
lesize,all,,,2,1,1
1sel,none

/com, Define areas starting from the region close to bottom symmetry
plane

allsel
al,1,84,2,83
al,13,85,14,84
al,2,26,3,25
al,14,27,15,26
al,27,28,29
al,3,41,4,40
al,15,42,16,41
al,29,43,30,42
al,43,44,45
al,4,87,5,86
al,16,88,17,87
al,30,89,31,88
al,45,90,46,89
al,47,91,48,90
al,s,93,6,92
al,17,94,18,93
al,31,95,32,94
al,81,97,82,96
al,e6,98,7,97
al,18,99,19,98
al,32,100,33,99
al,49,101,50,100
al,?,9,8
al,19,10,20,9
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al,33,11,34,10

al,so0,12,51,11

al,20,103,21,102

al,34,104,35,103

al,s1,105,52,104

al,21,5s,22,56

al,3s,54,36,55

al,s52,53,54

al,22,38,23,39

al,36,37,38

al,23,66,24,65

al,57,65,58,64

al,62,64,63

al,e69,71,70

al,61,72,62,71

al,74,76,75

al,es,77,69,76

al,60,78,61,77

al,79,107,80,106

al,73,108,74,107

al,e7,109,68,108

al,s59,110,60,109

/com, Outer shell and lid mesh

alls

type,1 ! planel3

mat,1 ! Alloy 22

smrt,of f

mshkey, 1

amesh,all

/com, Apply displacement/symmetry constraints
nsel, s, loc,y, 0

d,all,uy,0

nsel,s,loc,x,-.001, .001

d,all,ux,0

allsel

save

/nerr, ,100000

/SOLU

ANTYPE, TRAN, NEW,

NROPT, FULL, ,ON,

TRNOPT, FULL,

ALLS

TIME, 3S

/COM, Thermal initial boundary condition for the WP at 20
degrees C

TUNIF, 20

/COM, Apply loads and solve for 0 to 35 seconds
nsel, g, loc,y, hcav+clth+clw+varl+tcui+tcuo+ (var2/2) ,hcav+clth+clwsvarl+t
cui+tcuo+var2 ! Select volume of first HAZ from coil induction

D,ALL, TEMP, 1120

nsel, s, loc,y,hcav+clth+clwevarl+tcui+tcuo, hcav+clth+clw+varl+tcui+tcuo+
(var2/2)-0.0001 ! Select volume of second HAZ from coil induction
D,ALL, TEMP, 750

nsel, s, loc, y, hcav+clth+clw+varl, hcav+cltheclws+varl+tcui+tcuo-0.0001
! Select volume of third HAZ from coil induction
D,ALL, TEMP, 500
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nsel, s,loc,y,hcav+clth+clw+varl+tcui+tcuo+var2-var3d-
var4+0.0001, hcav+clth+clw+varl-0.00001 ! Select volume of fourth HAZ
from coil induction
D,ALL, TEMP, 250
/COM, Set time integration parameters for the first time
interval
ALLS
NSUBST,S5,10,4,0N,
KBC, 0
AUTOTS,ON
OUTRES, ALL,ALL
SOLVE
]
!
/COM, Solve from 35 to 45 seconds
TIME, 45
nsel, s,loc, y,hcav+clth+clw+varl+tcui+tcuo+ (var2/2) ,hcav+clth+clws+varl+t
cui+tcuo+var2 ! Select volume of first HAZ from coil induction
D,ALL,TEMP, 1120
nsel, s,loc,y,hcav+clth+clw+varls+tcui+tcuo, hcav+clth+clw+varl+tcui+tcuo+
(var2/2)-0.0001 ! Select volume of second HAZ from coil induction
D,ALL, TEMP, 750
nsel, s, loc, y, hcav+clth+clw+varl, hcav+clth+clw+varli+tcui+tcuo-0.0001
! Select volume of third BAZ from coil induction
D,ALL, TEMP, 500
nsel, s,loc,y,hcav+clth+clw+varl+tcui+tcuo+var2-vari-
var4+0.0001, hcav+clth+clw+varl-0.00001 ! Select volume of fourth HAZ
from coil induction
D,ALL, TEMP, 250
ALLS
OUTRES, ALL, ALL
SOLVE
]
{
/COM, Solve from 45 to 75 seconds
nsel,all
DDELE, ALL, TEMP | Delete previously set boundary
conditions
TM_START=46
TM_END=75
TM_INC=1
ALLS
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
! Identify and group all surface nodes for quenching
1sel,s,,, 75
1sel,a,,,70
lgel,a,,,63
lgel,a,,,58
1gel,a,,, 24
1gel,a,,, 66
lgel,a,,,37
1gel,a,,,53
lgel,a,,,105
nsll,s,1
cm, s_nodes,node
alls
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! Select first set of surface nodes for quenching
nsel,s,,,s_nodes
nsel, r, loc,y, hcav+clth+clw+varl+tcui+tcuo+ (var2/2) , hcav+clth+clwevarl+t
cui+tcuo+var2
cm, surfl,node
D,ALL, TEMP, 1120- ( (1000/29) * (TM-46) )
! Select second surface area for quenching
nsel,s,,,s_nodes
nsel,r, loc,y,hcav+clth+clwsvarl+tcui+tcuo, hcavecltheclwsvari+tcui+tcuo+
(var2/2)-0.0001
cm, surf2, node
D,ALL, TEMP, 750- ((730/29) * (TM-46) )
! Select third surface area for quenching
nsel,s,,,s_nodes
nsel,r,loc,y, hcav+clth+clw+varl, hcav+clth+clwsvarl+tcui+tcuo-0.0001
cm, surf3,node
D,ALL, TEMP, 500- ( (480/29) * (TM-46))
! Select fourth surface area for quenching
nsel,s,,,s_nodes
nsel,r,loc,y, hcav+clth+clw+varl+tcui+tcuo+var2-vars-
var4+0.0001,hcav+clth+clw+varl-0.00001
cm, surf4,node
D,ALL, TEMP, 250- ((230/29) * (TM-46) )
ALLS
NSUBST,2,4,1,0N,
OUTRES, ALL, ALL
SOLVE
*ENDDO
]
!
/COM, Solve from 75 to 1800 seconds
nsel,s,,,surfl
nsel,a,,,surf2
nsel,a,,,surf3
nsel,a,,,surfd
D,ALL, TEMP, 20
TM_START=80
TM_END=1800
TM_INC=5
ALLS
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
NSUBST, 2,4,1,0N,
OUTRES, ALL, ALL
SOLVE
*ENDDO
!
FINISH
/POST1
SET, LAST
alls
! Select first surface area for quenching
nsel,s,,,s_nodes
nsel, r, loc,y,hcaveclth+clwevarl+tcui+tcuo+(var2/2) ,hcaveclth+clws+varl+t
cui+tcuo+var2
cm, surfl,node
! Select second surface area for quenching
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nsel,s,,,s_nodes

ngel, r, loc,y,hcav+clth+clw+varl+tcui+tcuo, hcav+clth+clwivarl+tcui+tcuo+
(var2/2)-0.0001

cm, surf2, node

! Select third surface area for quenching

nsel, s, ,,s_nodes

nsel, r,loc,y,hcav+clth+clw+varl, hcav+clth+clwsvarl+tcui+tcuo-0.0001
cm, surfl, node

! Select fourth surface area for quenching

nsel, s, ,,s_nodes

nsel, r,loc,y, hcav+clth+clw+varl+tcui+tcuo+var2-var3-
var4+0.0001,hcav+clth+clw+varl-0.00001

cm, surf4,node

nsel, s, , ,surfl

nsel,a,,,surf2

nsel,a,, ,surf3

nsel,a,,,surf4

nsort,s,z,0,0,1

*get,sz_max, sort, ,max ! 2-STRESS (COMPRESSION) MAXIMUM REAL
VALUE

comp_mx=200e€6+82_max ! OBJECTIVE FUNCTION: MAXIMUM
COMPRESSION

! POSITIVE NUMBER FOR MINIMIZATION
OBTAINED

{ USING 200 MPa OFFSET

FINISH

/OPT

OPVAR, comp_mx,OBJ,,, .01 | OBJECTIVE FUNCTION

OPVAR, varl,DV,0.085,0.15, .002
OPVAR, var2,DV,0.01,0.025,.002
OPVAR, var3,DV,0.03,0.06, .002
OPVAR,var4,DV,0.01,0.06,.002
OPVAR, vars5,DV,0.01,0.05,.002
OPVAR,varé6,DV,0.01,0.08,.002

DESIGN VARIABLE #1
DESIGN VARIABLE #2
DESIGN VARIABLE #3
DESIGN VARIABLE #4
DESIGN VARIABLE #5
DESIGN VARIABLE #6

L

OPVAR,var7,DV,0.01,0.08,.002 ! DESIGN VARIABLE #7

OPSAVE, INITIAL, OPT ! SAVE INITIAL DESIGN

OPTYPE, SUBP { OPT METHOD IS SUBPROBLEM APPROX.
OPSUBP, 30 ! OPTIMIZE FOR 30 ITERATIONS (MAX)
OPEXE ! PERFORM SUB-PROBLEM APPROX.
OPTIMIZATION

OPLIST,ALL,,1 ! LIST DESIGN SETS

FINISH

/BXIT,NOSA

/EOF
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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K The values in “coeff” are written out to the file "data” in
D:wniv2\data the D:\univ2 directory

coefl

The objective function %iven above as polynomial "p" is minimized using "Monte Carlo Programming":
Approximate minimum hoop stress = -299,382,000 Pa

Corresponding design variables:
x1 =92 mm
x2 =15 mm
x3 =41 mm
x4 =60 mm
x5 = 49 mm
x6 =77 mm
x7 =12 mm

Next, ANSYS solution for the values of design variables given above (x1 through x7) are
obtained: Actual minimized hoop stress = -23,409,699 Pa
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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R The values in "coeff” are written out to the file "data" in
D:wniv2\data the D:\univ2 directory

coeff

First, the objective function given above as polynomial "p" is minimized using "Monte Cario
Programming”:
Approximate minimum hoop stress = -337,154,000 Pa

Corresponding design variables:
x1 =150 mm

x2=17 mm

x3 =39 mm

x4 = 58 mm

x5 =48 mm

x6=77 mm

x7 =10 mm

'::t:ti' :l:SYS solution for the values of design variabies given above (x1 through x7) are
ned:
Actual minimized hoop stress = -76,166,379 Pa
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. The values in "coeff" are written out to the file "data" in
D:\univ2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Carlo
Programming™
Approximate minimum hoop stress = -236,905,000 Pa

Corresponding design variables:
x1 =95 mm
x2 =24 mm
x3 =38 mm
x4 =58 mm
x5 =49 mm
x6 = 14 mm
x7 =10 mm

N:t:t" :‘{MSYS solution for the values of desigr. variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -83,654,169 Pa
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vz gives the corresponding hoop stresses from ANSYS
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g The values in "coeff” are written out to the file "data" in
D:univ2\data the D:\niv2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Cario
Programming™:
Approximate minimum hoop stress = -196,155,000 Pa

Corresponding design variables:
x1 =97 mm
x2 =24 mm
x3 = 31 mm
x4 = 58 mm
x5=14mm
x6 =78 mm
X7 =12 mm

N:éh:LQSYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -135,790,023 Pa
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R’ The values in "coeff’ are written out to the file "data” in
D:wniv2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Carlo
Programming™:
Approximate minimum hoop stress = -199,218,000 Pa

Corresponding design variables:
x1 =145 mm

X2 =24 mm

x3 =32 mm

x4 = 56 mm

x5 = 50 mm

x6 =12 mm

x7 =11 mm

Ngt:t_. Al;lSYs solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -87,555,938 Pa
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" The values in "coeff” are written out to the file "data” in
D:wniv2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Cario
Programming”:
Approximate minimum hoop stress = -177,281,000 Pa

Corresponding design variables:
x1 =132 mm

x2 =25 mm

x3 =30 mm

x4 = 54 mm

x5=35mm

x6 =79 mm

x7=11mm

N:t:t_.n:‘r’JSYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -113,421,927 Pa
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37 data points: Mxy gives the values of 7 variables;
vz gives the comresponding hoop stresses from ANSYS
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k The values in "coeff’ are written out to the file "data" in
D:wniv2\data the D:Wniv2 directory

coefl

First, the objective function given above as polynomial “p" is minimized using "Monte Cario
Programming”:
Approximate minimum hoop stress = -312,935,000 Pa

Corresponding design variables:
x1 =149 mm

x2 =23 mm

x3 =59 mm

x4 =29 mm

x5 =49 mm

x6 =79 mm

x7 =79 mm

N:t:‘g. Q‘I:SYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -23,960,716 Pa
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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R The values in "coeff" are written out to the file "data” in
D:\univ2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Carlo
Programming"™:
Approximate minimum hoop stress = -199,748,000 Pa

Corresponding design variables:
x1 =87 mm
x2 =25 mm
x3 =30 mm
x4 = 37 mm
x5 =48 mm
x6 = 80 mm
x7 =17 mm

N:é{. :::SYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -110,954,614 Pa
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vz gives the corresponding hoop stresses from ANSYS
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. The values in "coeff" are written out to the file "data" in
D:wniv2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Carlo
Programming™:
Approximate minimum hoop stress = -201,030,000 Pa

Corressponding design variables:
x1=85mm

X2 =24 mm
x3 =31 mm
x4 = 60 mm
x5=14 mm
x6 = 14 mm
X7 =12 mm

N:t:t.hﬁSYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -4,347,296 Pa
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37 data points: Mxy gives the values of 7 variables;

vz gives the corresponding hoop stresses from ANSYS
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i The values in "coeff’ are written out to the file "data" in
D:wniv2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial “p" is minimized using "Monte Cario
Programming":
Approximate minimum hoop stress = -329,016,000 Pa

Corresponding design variables:
x1 = 147 mm

x2=10mm

x3 =30 mm

x4 = 60 mm

x5 =10 mm

x6=71mm

x7 =13 mm

N:t:t" gzlSYs solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -63,177,822 Pa
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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. The values in "coeff’ are written out to the file "data” in
D:univ2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Cario
Programming™:
Approximate minimum hoop stress = -481,532,000 Pa

Corresponding design variables:
x1 =87 mm
x2 =25 mm
x3 =30 mm
x4 = 58 mm
x5 =42 mm
x6 = 57 mm
x7 =80 mm

N:t:t.hczlSYs solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -95,536,865 Pa
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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., The vaiues in "coeff’ are written out to the file "data” in
D:\niv2\data the D:\univ2 directory

coefl

First, the objective function given above as polynomial "p" is minimized using "Monte Cario
Programming™:
Approximate minimum hoop stress = -458,349,000 Pa

Corresponding design variables:
x1 =150 mm

x2 =24 mm

x3 =59 mm

x4 = 33 mm

x5=11mm

x6=78 mm

X7 =73 mm

N:t:t_hle\gSYs solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -3,646,239 Pa
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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R The values in "coeff” are written out to the file "data” in
D:wniv2\data the D:wniv2 directory

coeffl

First, the objective function given above as polynomial “p" is minimized using "Monte Carlo
Programming”:
Approximate minimum hoop stress = -817,799,000 Pa

Corresponding design variables:
x1 =139 mm

x2=15mm

x3 =34 mm

x4 = 60 mm

x5=50mm

x6 =10 mm

X7 =78 mm

Ngét, n»:l;lSYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = -32,639,757 Pa
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37 data points: Mxy gives the vaiues of 7 variables;
vz gives the corresponding hoop stresses from ANSYS
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R The vaiues in "coeff" are written out to the file "data” in
D:\univ2\data the D:\niv2 directory

coefl

First, the objective function given above as polynomial “p" is minimized using "Monte Carlo
Programming™:
Approximate minimum hoop stress = -649,567,000 Pa

Corresponding design variables:
x1 =87 mm
X2 =24 mm
x3 =59 mm
x4 = 57 mm
x5 =25 mm
xB=11mm
X7 =79 mm

N:t:t" Ie\l:SYS solution for the values of design variables given above (x1 through x7) are
obtained:
Actual minimized hoop stress = 40,284,471 Pa
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Monte Carlo Programming

Read coefficients from data file

dimension c(36) ,xi(7),y(7),x(7),2(7),R(7)
open{10,file="'data"')

do i=1,36

read (10, ' (£25.5) ') c(i)

end do

close(10)

! Read lower limits of all design variables

open(11,file='lower’')
do i=1,7
read(11,'(£5.3)"') 2(i)
end do

close(11)

! Read range of all design variables

open(12,file='range’)
do i=1,7

read (12, ' (£5.3) ') R{i)
end do

close(12)

! 7 design variables defined

pmin=9999999.0
do 1 i=1,10000000

1
! define minimum and maximum values of design variables
!
t set design variable values; generate random dimensions where
applicable
!
do j=1,7
x(j)=(R(j) *rand () ) +2(3)
end do

! define objective function for minimization
pP=c({1l) *x (1) *x(7) +c(2) *x(2) *x(7) +c(3)*x(3) *x(7) +c(4) *x(4) *x(7) &

+C(5) *x(S) *x(7)+c(6) *x(6) *x(7) +c(7)*x(7) *x(7) +c(8) *x(7) +c(9) *x (1) *x (6)

&
+c(10) *x(2)*x(6) +c(11) *x(3) *x(6) +c(12) *x (4) *x(6) +c(13) *x(5) *x(6)
&
+C(14) *x(6) *x (6) +c(15) *x(6) +c(16) *x (1) *x(5) +c(17) *x(2) *x(5) &
+C(18) *x(3) *x(5) +c(19) *x(4) *x(5) +c (20) *x(5) *x(5) +c(21) *x(5) &
+c(22) *x (1) *x(4) +c(23) *x(2) *x(4) +c(24) *x(3) *x(4) +c (25) *x(4) *x(4)
&

+C(26) *x(4) +c(27) *x (1) *x(3) +c(28) *x (2) *x(3) +c(29) *x(3) *x (3) +c(30) *x(3)
&
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+C(31)*x (1) *x(2) +c(32) *x(2) *x(2) +c(33) *x (2) +c(34) +c(35) *x (1) &
+c(36) *x (1) *x(1)
if (p.lt.pmin) go to 2

go to 1
2 continue
do 6 m=1,7
6 xi(m)=x(m)
pmin=p

1 continue
open(8,file='results.out’')
write(8,*) 'Optimized values for the design variables:'
write(8,*)'x1l= ',xi(1),' m'
write(8,*) 'x2= ',xi(2),' m!'
write(8,*) 'x3= ',xi(3),' m'
write(8,*)'x4= ',xi(4),' m'
write(8,*) 'x5= ',xi(5),' m'
write(8,*) 'x6= ',xi(6),' m'
write(8,*)'x?7= ',xi(7),' m'
write(8,*) 'Minimum hoop stress value (pmin)= ', pmin,' Pa'
close (8)
stop
end
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{ Input file "data" that contains the coefficients "c(i)"
-11357899923.136808
12969185152.092247
-31376155986.570736
79883454388.56168
35839288778.38199
41388842723.27731
-999522962.6249875
-2139550492.8222687
5572905159.830531
-8334057497.072403
15421267715.515356
-43618645775.58822
-19535055607.283867
11873910577.68694
-3042531400.4525332
4700517963.664221
-7085553309.342083
13457992852.888754
-37756320685.95624
31104311072.908985
-3852048353.274278
10137651892.921741
~15226659389.14586
30462734893.138264
93676314855.89244
-11931257968.203974
-6689377714.943879
4165108680.611187
219706386886 .0258
-20711393665.17791
-539769083.9075795
776076173307.2313
-22588362570.563152
1143742756.019714
-673910654.7738097
2956202642.474992
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! Input file "lower" that contains the lower limits "2Z(i)"
0.085
0.01
0.03
0.01
0.01
0.01
0.01

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



248

! Input file "range" that contains the range "R(i)"
0.065
0.015
0.03
0.05
0.04
0.07
0.07

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



! Output file "results.out" that contains the results
Optimized values for the design variables:

X1l=
X2=
X3=
X4=
XS=
X6=
X7=

Minimum hoop stress value (pmin)=

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

9.16534E-02
1.51475E-02
4.05489E-02
5.97101E-02
4.87860E-02
7.69588E-02
1.17495E-02

aaza3zas

-2.99382E+08 Pa
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Extracting Coefficients from Multi-Variate Regression (#1)

Multi-variable second degree polynomial regression is used to fit a function to 37 data points.
The regression function is used to solve the coefficients of the polynomial.

Define matrices that include the values of 7 independent variables:

(0.085 0.016 0.042 0.03 0.026 0.038 o.osa}
0.098 0.016 0.042 0.03 0.026 0.038 0.038
0.111 0.016 0.042 0.03 0.026 0.038 0.038
0.124 0.016 0.042 0.03 0.026 0.038 0.038
0.137 0.016 0.042 0.03 0.026 0.038 0.038
0.15 0.016 0.042 0.03 0.026 0.038 0.038
0.111 001 0.042 0.03 0.026 0.038 0.038
0.111 0.013 0.042 0.03 0.026 0.038 0.038
0.111 0.019 0.042 0.03 0.026 0.038 0.038
0.111 0.022 0.042 0.03 0.026 0.038 0.038
0.111 0,025 0.042 0.03 0.026 0.038 0.038
\0.111 0.016 0.03 0.03 0.026 0.038 0.038

(0.111 0.016 0.036 0.03 0.026 0.038 0.038)
0.111 0.016 0.048 0.03 0.026 0.038 0.038
0.111 0.016 0.054 0.03 0.026 0.038 0.038
0.111 0.016 0.06 0.3 0.026 0.038 0038
0.111 0.016 0.042 0.01 0.026 0.038 0.038
0.111 0.016 0.042 0.02 0.026 0.038 0.038
0.111 0016 0.042 0.04 0.026 0.038 0.038
0.111 0.016 0.042 0.05 0.026 0.038 0.038
0.111 0.016 0.042 0.06 0.026 0.038 0.038
0.111 0.016 0.042 0.03 0.01 0.038 0.038
0.111 0.016 0.042 0.03 0.018 0.038 0.038
(0.111 0.016 0.042 0.03 0.034 0.038 0.038 )

Bxy =

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(0.111
0.111
0.111
0.111
0.111
0.111
Cxy := | 0.111
0.11
0.111
0.111
0.111
0.111
(o.m

0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.021

0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.031

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

0.042
0.05
0.026
0.026
0.026
0.026
0.026
0.026
0.026
0.026
0.026
0.026

Stack A, B, and C matrices to obtain Mxy:

ABxy = stack(Axy , Bxy)

Mixy := stack(ABxy,Cxy)
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0.038
0.038
0.01
0.024
0.052
0.066
0.08
0.038
0.038
0.038
0.038
0.038
0.053

0.038 )
0.038
0.038
0.038
0.038
0.038
0.038
0.01
0.024
0.052
0.066
0.08

0.01
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(36616568 )
37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS 22200656
37097322
renn 31736332
X . . 8 10.038 28339273
0.0 0.0 _m' X 0.038 10.038 99543
W X 0.038 10.038 263
—0.0310. 0.038 ]0.038 36493172
0.0310. 0.03810.038 23698965
W . .U T lﬂ(Y; W”s
0.03[0. 0.038 [|0.038
50310 5038 6038 17111637
0.030. 0.03810.038 134211136
0,030,025 [0.035 [0.038 93672103
0.0310. “;; 0.038 36448620
Gm X 0.038 [0.038
W X 0.038 ]0.038 16928727
[ 0.03]0. 5.0380.038 45893010
0.0310. 5.038 10.038 $0971165
W X 0.038 10.038
: 1404389329
661 X 0.038 10.038 32
0.02[0.025 [0.038 [0.038 68229458
My 0704 [0.028 [0.038 0052 vz:=| 860031
W@ 0.038 [0.038 -23459964
—o-,w X 0.038 10.038 6217825
~0.03] 0.07(0.0380.038
—0.03[0.018 0.038 [0.03 64502322
—0.0310.034 oﬂd; ).038 50194254
m D.04 ||'\<7; 0.038 24701456
0.03 llllll‘; 0.038
0.03 o.";WnlU: 12184933
D.03 lo'r';m 0.03¢8 -741879
0.03 oc';lo'.i' 0.038 72349661
.': ||::;| o';:; oﬂ::: $3812611
0.0 ‘l illl l 0.038
0.0310.026 10.038] 0.0 21389186
0.0310.026 aolY; 0.0: 6461343
0.03]0.026 [0.038 10.052 ~7376020
5.0310.026 10.038 [0.068
0.02610.038] 0.08 14713633
5.035(0.0531 0.01| 34878853
36262139
Minimum 0.085 0.010 0.030 0.0100.010 0.010 0.010 37176709
Maximum 0.150 0.025 0.060 0.060 0.050 0.080 0.080
Difference  0.0650.015 0.030 0.050 0.040 0.070 0.070 38547459
\-129570000 y,
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The "Mxy' matrix holds the independent variables and the
‘2’ matrix holds the depenedent variables. The degree of
the polynomal is 'n’.

n=2 vs := regress(Mzxy,vz,n)

The first three elements of the output vector contain information for the
interp function. The values after that are the coefficients of the ﬁt:@':g
polynomial. For multi-dimensional fitting, the program below is u

to match the coefficients with the terms.

The coefficients can be extracted from the vector "vs"

The coefficients are:  coeff = suhmatrix(vs 3 ,last(vs(°)) ,0 ,0)
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& Program for Coefficients
A polynomial in nvar variables of degree deg has a number of terms given
by the function Nterms:
u
Nterms(nvar ,deg) = M
deg! -nvar!

The number of variables of the polynomial is: Nvars := cols(Mxy)
The number of data points is: Ndata := rows(Mxy)

Nterms(Nvars ,n) < Ndata Nterms(Nvars ,a) = 36

The ordering of the coefficients employed by regress for a given number of
variables and degree can be determined by using the programs below.

Step(v,Nvar,deg) .= | for ic€0..deg if Nvar= 1}
vioe vio+i
for icO.Nvar-1 if deg= 1
viie v i+l
otherwise
inc « Nterms(Nvar ,deg - 1)
for ie0. inc-1
Vi, Nvar-1 € Vi Nvar-1 +1
v « stack(Step(submatrix(v,0,inc - 1,0,cols(v) — 1) ,Nvar ,deg - 1) ,Step(sab

COrder(Nvar ,deg) = VNterms(Nvar, deg)-1,Nvar-1 — 0
Step(v,Nvar ,deg)

[ Program for Coefficients
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For the data above:
Nvar = cols(Mxy) deg :=n

Compute the "identity” matrix for the coefficients:

I := COrder(Nvar ,deg) rows(l) = 36 Independent variables

x1 x2 x3 x4 x5 x6 x7

- O

ol-s
'ol..s.s..s..s..s

ooLoo-oo

ol ol o] of o
ol ol ol ol o o] o o} o] o] =l ] -] o ] ]

bl

-solglolooo-ooooooo-s

coefl = ibs

wht] b - - O O = O O

o -l ol o o]

ol

ooqolooooooodoo

of
a-aooaooc;[ooo[aoooqlooo-soo

-ndo-n
-

ol=loololadddda

EEEEE
oooooorol oloioo

oioa;roloolol
oooJoodJ ol o

ol el o
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The polynomial definition can be automated by using a summation:

last(coefl) ‘
Pl 12,03, 14,18,36,40) = coefl;-x1'%-x2"1.x3% 2. xq"3. ygh4. 5615 ygh0
i=0

The following best salution from ANSYS will be used as an example to test the function value:

p(0.107,0.021,0.031 ,0.059,0.039,0.053,0.01) = -1.2957 x 10° (consistent with actual
point vaiue)

Next, objective function given above as polynomial "p" is minimized using "Monte Carlo Programming":
minimum hoop stress = -299,382,000 Pa

Corresponding design variables:
x1 =92 mm
x2=15mm
x3=41 mm
x4 =80 mm
x5=49 mm
x6=77mm
x7=12mm

ANSYS solution for the values of design variables given above (x1 through x7) = -23,409,699 Pa

, The values in "coeff" are written out to the file "data” in
D:wniv2\data the D:\univ2 directory

coefl

The customized stand-alone optimization algorithm steps are applied below to determine the
range

of hoop stress considering all data points:

Stress range : From -129,570,000 Pa to 140,489,329 Pa

Then, the lower half of the stress range is selected:
Lower half: From -129,570,000 Pa to 5,459,665 Pa

The minimum and maximum values of the corresponding design variables and the same range
after expansion are determined below (all dimensions are in meters):

vl V2 V3 V4 V5 ve V7

Minimum 0.107 0.016 0.031 0.030 0.026 0.038 0.010
Maximum 0111 _0.021 0.042 0.059 0.050 0.080 0.038

Difference 0.004 0.005 0.011 0.029 0024 0.042 0.028

Expanded minimum 0.107 0.015 0.030 0.027 0.024 0.034 0.010
Expanded maximum 0.111 0.022 0.043 0.060 0.050 0.080 0.041
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS

_ mmtﬂcllﬂc
. wm.ﬂ{'ok

D.0 ilil D.05

D.04 [0.053
0.039 10.05

\4 T I
0.03710.058

030073}

50T%
TTitd
Criry

(LiE]

0.047| 0.08

0.048(0.077

0.012

Minimum

Difference

0.092 0.015 0.030 0.027 0.024 0.034 0.010
Maximum 0.1110.022 0.043 0.060 0.050 0.080 0.041
0.0190.007 0.013 0.033 0.026 0.046 0.031

( 68663056
-18623241
53275572
76842884
41493887
26171269
-82747934
-58488139
-48558463
18599673
-58836042
26066154

-154626854
-68405480

-153782728
-30743855
~25406901
~39074544

860031
~23459964
9494100
-127380157
2834275
~31573362

-156817999

~741879

—44348423
~78384532
~56857964
-28219569
~7376020
-82445815
-82845264
-83927901
-67138974
~23409699

\ ~129570000
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The polynomial definition can be automated by using a summation:

last(coefl)
POl 12,53,14,15,16,10) = Y coefl;-x1 " x2" 1 g3l 2. g B3 g gl4 16l gpl6
i=6

The following best solution from ANSYS wili be used as an example to test the function value:

p(0.107,0.021,0.031 ,0.059 ,0.039,0.053,0.01) = —1.279553064 x 10° (consistent with actual
point value)

Next, objective function given above as polynomial “p" is minimized using "Monte Cario Programming":
minimum hoop stress = -1,540,010,000 Pa

Corresponding design variables:
x1 =107 mm

x2 =22 mm

x3 =43 mm

x4 =28 mm

x5 = 49 mm

x6 = 35 mm

X7 =39 mm

ANSYS solution for the values of design variables given abave (x1 through x7) = - 5,472,892 Pa

R The values in "coeff” are written out to the file "data" in
D:\univ2\data the D:\univ2 directory

coefl

The customized stand-alone optimization algorithm steps are applied below to determine the
range

of hoop stress considering all data points:

Stress range : From -156,817,999 Pa to 76,842,884 Pa

Then, the lower half of the stress range is selected:
Lower haif: From -156,817,989 Pa to -39,987,558 Pa

The minimum and maximum values of the corresponding design variables and the same range
after expansion are determined below (all dimensions are in meters):

vl V2 V3 Vv4 V5 vé v7

Minimum 0.107 0.015 0.030 0.028 0.033 0.050 0.010
Maximum 0.111_0.022 0.041 0.059 0.050 0.080 0.041

Difference 0.004 0.007 0.011 0.031 0.017 0.030 0.031

Expanded minimum 0.107 0.015 0.030 0.025 0.031 0.047 0.010
Expanded maximum 0.111 0.022 0.042 0.060 0.050 0.080 0.044
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS

X X X . X .01
0022]0 51 0.05] 0080044
‘0‘62"0‘63‘1‘615‘55‘5‘&5 0.049 0.04

0020032 ]0.054 [0.033 (0052 10;
17]0.017|0.037(0.055[0.048 | 0.05[0.025
00T I0.03810. 0.04 |0.065[0.035
0.047[0.035[0.049| 0.08[0.041
0T (0037 {0,058 0045 (0076 | 0,07
0.021 10,031 10.058 [0.046 [0.076| 0.01

WWWW 0.011
0.019(0.029(0.056 [0.044 0077 b"ﬂﬁ
0.011]

0.019(0.032 [0.050[0.046 [0.077[0.012

My = IO 0.015[0.047| 0.05(0.048(0.078| 0.07]

- ; 7%.%% 037(0.059(0.049(0.075| 0.01
TTT[0017 (0031 0.04(0.0460.073(0.014

0020053 [0.031 [0.037 0072|0074

0.035 0. 036[0.074[0.017
Minimum 0.107 0.015 0.030 0.0250.031 0.047 0.010

Maximum 0.111.0.022 0.042 0.060 0.050 0.080 0.044

Difference 0.004 0.007 0.012 0.0350.019 0.033 0.034

(~2997440 )
-18490060
-82057416
-70185365
-66814434
-94661249
-82747934
-58488139
-48558463
-103952383
-58836042
-156679548
-154626854
~68405430
-153782728
-95010402
-93180318
-68870157
-83526732
-6678775
-151712231
-127380157
-11565982
-37259671
-156817999
-158272820
-44348423
-78384532
-56857964
-94068927
-128998472
-82445815
-82845264
-83927901
-67138974
-5472892

\~129570000 /
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The polynomial definition can be automated by using a summation:

last(coefl)
p(x1,x2,x3,x4,35,%6,x7) = Z coeﬂ’i-xl""-le"'-13'“-!4“"-xsl‘"-xﬁl‘"-x'll‘"
i=0

The following best solution from ANSYS will be used as an exampie to test the function value:

p(0.107,0.021,0.031 ,0.059,0.039,0.053,0.01) = -1.2975886773 x 10® (consistent with actual
point vaiue)

Next, objective function given above as polynomial "p" is minimized using "Monte Cario Programming":
minimum hoop stress = -846,447,000 Pa

Corresponding design variables:
xt=111 mm

x2=15mm

x3 =31 mm

x4 = 50 mm

x5 =32 mm

x6 = 80 mm

X7 =44 mm

ANSYS solution for the values of design variables given above (x1 through x7) = - 59,527,399 Pa

. The values in "coeff” are written out to the file "data” in
D:wniv2\data the D:wniv2 directory

coefl

The customized stand-alone optimization algorithm steps are applied below to determine the

ran
of h%‘bp stress considering all data points:
Stress range : From -158,272,820 Pa to -2,997,440 Pa

Then, the lower haif of the stress range is selected:
Lower half: From -158,272,820 Pa to -80,635,130 Pa

The minimum and maximum values of the corresponding design variables and the same range
after expansion are determined below (all dimensions are in meters):

vl V2 V3 V4 V5 ve V7

Minimum 0.107 0.017 0.030 0.045 0.036 0.049 0.010
Maximum 0.111 0.021 0041 0.058 0.050 0.080 0.040
Difference 0.004 0.004 0.011 0.014 0014 0.031 0.030

Expanded minimum 0.107 0.017 0.030 0.044 0.035 0.046 0.010
Expanded maximum 0.111 0.021 0.042 0.060 0.050 0.080 0.043

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS

.1110.017]0.

1o {037 [0.055 (0048 0075 007
0.01510.0311 0.05(0. 080044
[0.0370. X X 0.01

Minimum 0.107 0.017 0.030 0.044 0.035 0.046 0.010

Maximum 0.111 0.021_0.042 0.0800.050 0.080 0.043

Difference 0.004 0.004 0.012 0.016 0.015 0.034 0.033

(-102618374
-59791608
-82057416
-82283207
~85856049
-94661249
-82747934

-107500227
-87846516

-103952383
-65656479

~156679548

-154626854
-89164536
-153782728
~95010402
-93180318
-94865311
-83526732
-44584059
~151712231
-127380157
-79295732
-75127038

-156817999
-158272820
~73550472
~84364636
~149281963
-94068927
~128998472
-82445815
-82845264
-83927901
~147940978
-59527399

\~129570000 )
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The polynomial definition can be automated by using a summation:

last(coefl)
p(x1,x2,x3,x4,x5,x6,x7) := Z coell'i-xl""-le"'-x3""-x4""-xsl'"-xsl‘"-ﬂl‘"

The following best solution from ANSYS will be used as an example to test the function value:

p(0.107,0.021,0.031,0.059,0.039,0.053,0.01) = —1.29480206 x 10° (consistent with actual
point value)

Next, objective function given above as polynomial "p" is minimized using "Monte Carlo Programming™:
minimum hoop stress = -1,623,110,000 Pa

Corresponding design variables:
x1 =107 mm

x2 =17 mm

x3 =42 mm

x4 = 46 mm

x5=40mm

x6 = 46 mm

X7 =42 mm

ANSYS solution for the values of design variables given above (x1 through x7) = - 46,531,710 Pa

. The values in "coeff" are written out to the file "data” in
D:univ2\data the D:Wniv2 directory

coefl

The customized stand-alone optimization algorithm steps are applied below to determine the
range

of hoop stress considering all data points:

Stress range : From -158,272,820 Pa to -44,584,059 Pa

Then, the lower half of the stress range is selected:
Lower half: From -158,272,820 Pa to -101,428,440 Pa

The minimum and maximum values of the corresponding design variables and the same range
after expansion are determined below (all dimensions are in meters):

vl V2 Vi V4 V5 ve V7

Minimum 0.107 0.017 0.030 0.053 0.039 0.046 0.010
Maximum 0111 0021 0.033 0.059 0.048 0.080 0.016

Difference 0.004 0.004 0.003 0.006 0.009 0.034 0.006

Expanded minimum 0.107 0.017 0.030 0.052 0.038 0.043 0.010
Expanded maximum 0.111 0.021 0.033 0.060 0.049 0.080 0.017
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37 data points: Mxy gives the values of 7 variables;
vz gives the corresponding hoop stresses from ANSYS

.107[0. X X
0.107[0.077 0.03(0.
0.107[0.077[ 0.03[0.
0.01710.037

bfom'm1 0:057 0:047

E
:Zﬁé%
‘EEEEEEE

Minimum 0.107 0.017 0.030 0.046 0.038 0.043 0.010

Maximum 0.111 0.021 0.042 0.060 0.049 0.080 0.042

Difference 0.004 0.004 0.012 0.014 0.011 0.037 0.032

(-102618374
-80490163
-88024012
-93954191
-101580312
-10281618S
-109114420
~107500227
-136812565
-103952383
-101631971
-156679548
-154626854
-91933278
-153782728
-85157929
-81999183
~79598642
-94440811
-88554076
-151712231
-127380157
-98083739
~101351077
-156817999
-158272820
-101667129
-91253783
~149281963
~79919850
-128998472
-127703683
-113013381
-111084660
-147940978
-46531710

\ —129570000
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Difference between the minimum and maximum values of design variables (second termination
criterion, approximately half the value of the initial DV intervals):

D1=4mm 30 mm

D2=4mm <10 mm

D3I=12mm <15mm

D4=14mm <25mm

D5=11mm <20mm

D6=37mm ~35mm

D7=32mm <35mm

Total number of iterations = 124

124 > maximum number of iterations (I e, =100) (third termination criterion)

Calculate standard deviation of data points:

aum := 36 Number of data points after final iteration
3 vsam
m:= =
vsu iz- ] v vavg p—

vavg = ~1.1128476344 x lo' Average value of "num” data points

sdev = (nnn:-l)'zgs (vai - vave)? ’

sdev = 2.8185836294 x 10 Standard deviation of data points
pdev = (’d—w-)-(-l) Standard deviation devided by the average value of data points
vavg
pdev = 02532766879 pdev < 0.3 (fourth termination criterion, ratio of standard deviation to
average hoop stress)

The minimum hoop stress is the same as the one obtained in the previous loop (-158,272,820 Pa).
Therefore, the first termination criterion, as outlined in the program algorithm, has been satisfied.

The best solution is given below:

x1 =107 mm
x2=21mm
x3=31mm
x4 = 57 mm
x5 = 47 mm
x6=75mm
x7 =10 mm

Minimum hoop stress = -158,272,820 Pa
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/BATCH, LIST

1
! 2-D axisymmetric model for induction aneealing

! Obective function: Maximum compression on the outer surface
! State variable: None

! 7 design variables

]

/config,nres, 10000

/units,si

1

!

*do,nit,1,10,1

n=10 ! Number of iterations = array size
*dim,vxl,array,n,1

*dim, vx2,array,n,1

*dim,vx3,array,n,1

*dim, vx4,array,n,1

*dim, vx5,array,n,1

*dim,vx6,array,n,1

*dim,vx7,array,n,1
vx1{1)=0.107,0.111,0.108,0.109,0.211,0.11,0.11,0.107,0.108,0.11
vx2(1)=0.015,0.022,0.016,0.022,0.02,0.021,0.017,0.016,0.021,0.022
vx3(1)=0.03,0.043,0.03,0.035,0.036,0.037,0.031,0.034,0.038,0.032
vx4 (1) =0.027,0.06,0.028,0.03,0.035,0.037,0.055,0.057,0.059,0.031
vx5(1)=0.024,0.05,0.024,0.026,0.03,0.031,0.048,0.035,0.04,0.042
vx6(1)=0.034,0.08,0.035,0.038,0.04,0.041,0.05,0.06,0.065,0.07

vx7(1)=0.01,0.041,0.013,0.038,0.015,0.02,0.025,0.03,0.035,0.04
!

.

! SET INITIAL VALUE OF DESIGN VARIABLES

varl=avxl (nit) ! Trunnion collar upper section length (variable
#1)

var2avx2 (nit) ! Outer lid closure weld length (variable #2)
var3avx3 (nit) { Bxtended lid outer fillet weld base length
(variable #3)

var4=vx4 (nit) ! Extended 1lid inner fillet weld base length
(variable #4)

varSavxs (nit) ! Extended outer shell lid thickness (variable
#5)

var6=vx6 (nit) ! Reinforcement ring (variable #6)
var7=vx7(nit) ! Ring weld section - inner (variable #7)

!

!

/prep?

/title, FEA to determine residual stresses due to induction coil
heating of closure welds

/vecon, ,0

et,1,planel3,4,,1 ! Axisymmetric model for the outer shell
!

mptemp,1,20,1120

mpdata,ex,1,1,206e9,134e9 ! Alloy 22 Elastic Modulus
mpdata,nuxy,1,1,0.278,0.46 ! Alloy 22 Poisson's ratio

! Material properties of outer shell

tb,biso,1

tbtemp, 20

tbdata,,310e6,0.847e¢9 ! Alloy 22

tbtemp, 1120

tbdata, ,85e6,0.173e9 ! Alloy 22
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!

mp,dens, 1,8690.0 ! Alloy 22
mpdata,alpx,1,1,12.4e-6,16.2e-6 ! Alloy 22

! Thermal properties of Alloy 22

/COM, Define conductivity

MPTEMP, 1, 48, 100, 200, 300, 400, 500,
MPTEMP, 7, 600,

MPDATA, KXX, 1, 1, 110.1, 11.1, 13.4, 15.5, 17.5, 19.5,
MPDATA, KXX, 1, 7, 21.3,

/COM, Define specific heat

MPTEMP, 1, 52, 100, 200, 300, 400, 500,
MPTEMP, 7. 600,

MPDATA, C, 1, 1, 414, 423, 444, 460, 476, 485,
MPDATA, C, 1, 7, 514,

/com, Define Parameters

]

! Parameters along x-axis

0o8ir=0.762 ! Outer shell inner radius

osip=0.004 ! Outer shell inner part

osop=0.016 ! Outer shell outer part

tcti=0.02 ! Trunnion collar thickness - inner

tctm=0,005 ! Trunnion collar thickness - middle

tcto=0.015 ! Trunnion collar thickness - outer

gap=0.004 ! Gap between extended outer shell 1lid and outer shell
1

! Parameters along y-axis

cav=4.775+0.03+0.01+0.03+0.07 ! Distance between outer shell 1lid
inner surfaces

hcav=cav/2 ! Half distance between outer shell lid inner surfaces
trl=0.1 ! Trunnion ring length

tcl=0.14 { Trunnion collar length

tcbi=0.005 ! Trunnion collar bottom - innner region

tcbo=0.02 ! Trunnion collar bottom - outer region

clth=0.01 { Closure lid thickness

clw=0.01 ! Closure lid weld

tcui=0.02 ! Trunnion collar upper section - inner part of the
fillet weld

tcuo=0.02 ! Trunnion collar upper section - outer part of the
fillet weld

olid=0.025 ! Extended lid base

{

/com, Define keypoints

csys, 0

k,1,08ir,

k,2,08ir+o8ip,

k,3,08ir+osip+osop,

k,4,08ir, hcav-trl-tcl-tcbi-tcbo
k,5,08ir+o8ip, hcav-trl-tcl-tcbi-tcbo
k,6,08ir+osip+osop, hcav-trl-tcl-tcbi-tcbho
k,7,08ir, hcav-trl-tcl-tcbi
k,8,08ir+osip,hcav-trl-tcl-tcbi
k,9,08ir+osip+osop,hcav-trl-tcl-tcbi
k,10,08ir+osip+osop+tcti,hcav-trl-tcl-tcbi
k,11,08ir, hcav-trl-tcl

k,12,08ir+o08ip, hcav-trl-tcl
k,13,08ir+osip+osop, hcav-trl-tcl
k,14,08ir+osip+osop+tcti,hcav-trl-tecl
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k,15,08ir+osip+osop+tcti+tcetm, hcav-trl-tel
k,16,08ir+osip+osop+tcti+tetm+tcto, hcav-trl-tel

k,17,08ir hcav-trl

k,18,08ir+o8ip, hcav-trl

k,19,08ir+o8ip+osop, hcav-trl

k,20,08ir+osip+osop+tcti,hcav-trl
k,21,08ir+osip+osop+tcti+tcetm, hcav-trl
k,22,08ir+osip+osop+tcti+tctm+tcto, hcav-trl

k,23,0,hcav

k,24,08ir,hcav

k,25,08ir+0s8ip,hcav

k,26,08ir+os8ip+osop, hcav

k,27,08ir+osip+osop+teti, hecav
k,28,08ir+osip+osop+tcti+tetm+tcto, hcav

k,29,0,hcav+clth

k,30,08ir+o8ip-clw, hcav+clth

k,31,08ir+osip,hcav+clth

k,32,08ir+osip+osop, hcav+clth

k,33,08ir+osip+osop+tcti, hcav+clth
k,34,08ir+osip+osop+tcti+tctm+tcto, hcav+clth

k,35,08ir+o8ip, hcav+clth+clw

k,36,08ir+osip+osop, hcav+clth+clw

k,37,08ir+osip+osop+tcti, hcav+clth+clw
k,38,08ir+osip+osop+tcti+tctm+tcto, hcavicltheclw

k,39,08ir+osip, hcav+clths+clw+varl

k,40,08ir+osip+osop, hcav+clth+clw+varl

k,41,08ir+osip+osop+tcti, hcav+clth+clwevarl
k,42,08ir+osip+osop+tcti+tetmetcto, hcaveclthiclwevarl
k,43,08ir+osip, hcav+clth+clw+varl+tcui

k,44,08ir+osip+osop, hcav+clth+clw+vari+tcui
k,45,08ir+osip+osop+tcti,hcav+clthsclws+vari+tcui

k,46,08ir+os8ip, hcav+clth+clw+varl+tcui+tcuo

k,47,08ir+o8ip+0osop, hcav+clth+clws+varl+tcui+tcuo
k,48,08ir+osip-gap-vars, hcav+clth+clw+vari+tcui+tcuo+var?2
k,49,08ir+osip-gap, hcav+clth+clwsvari+tcui+tcuosvar2
k,50,08ir+o8ip, hcav+clth+clw+varl+tcui+tcuo+var
k,S51,08ir+os8ip+osop, hcav+clth+clw+varl+tcui+tcuo+var
k,52,08ir+osip-gap, hcav+clth+clw+varl+tcui+tcuo
k,53,08ir+osip-gap-var5-var6, hcav+clth+clw+varl+tcui+tcuo+var2-varl
k,54,08ir+osip-gap-vars, hcav+clth+clw+varl+tcui+tcuo+var2-varl
k,55,08ir+osip-gap,hcav+clth+clw+varl+tcui+tcuo+var2-var3
k,56,0,hcav+clth+clws+varil+tcui+tcuo+var2-vard-vard
k,57,08ir+osip-gap-var5-var6-var?,hcav+clth+clw+vari+tcui+tcuo+var2-
var3-var4

k,58,08ir+osip-gap-var5-var6, hcav+clith+clwsvarlis+tcui+tcuo+var2-varl-
var4

k,59,08ir+osip-gap-vars, hcav+clth+clw+varl+tcuistcuo+var2-varl-vars
k,60,08ir+osip-gap,hcav+clth+clw+varl+tcui+tcuo+var2-varl-vars
k,61,0,hcav+clth+clws+varl+tcui+tcuo+var2-vari-vars-olid
k,62,08ir+og8ip-gap-varS-var6-var?, hcav+clth+clws+varl+tcui+tcuo+var2-
var3-var4-olid

k,63,08ir+o8ip-gap-var5-varé, hcav+clth+clw+varl+tcui+tcuo+var2-vars-
var4-olid

k,64,08ir+osip-gap-vars, hcav+clth+clw+varl+tcui+tcuo+var2-vari-vars-
olid

k,65,08ir+osip-gap, hcav+clth+clw+vari+tcui+tcuo+var2-var3d-vars-olid
/com, Horizontal lines in inner (first) part of the outer shell
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lesize,all,,,2,1,1
1sel,none

/com, Horizontal lines in second part of the outer shell
1,2,3

1,5,6

1,8,9

1,12,13

1,18,19

1,25,26

1,31,32

1,35,36

1,39,40

1,43,44

l1,46,47

1,50,51
lesize,all,,,2,1,1
lsel,none

/com, Horizontal lines in inner part of the trunnion collar
1,7,.4

1,8,5

1,9,6

1,10,6

1,9,10

1,13,14

1,19,20

1,26,27

1,32,33

1,36,37

1,40,41

1l,44,45

1,47,45

1,44,47

1,43,46
lesize,all,,,2,1,1
1sel,none

/com, Horizontal lines in the thin section of the lower trunnion collar
1,11,7

l1,12,8

1,13,9

1,14,10

1,15,10

1,14,15

1,20,21
lesize,all,,,2,1,1
1sel,none
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/com, Horizontal lines in the thick section of the lower trunnion
collar

1,15,16

1,21,22

lesize,all,,,1,1,1

1sel,none

/com, Horizontal lines in the outer part of the upper trunnion collar
1,27,28

1,33,34

1,37,38

1,41,42

1,45,42

1,41,45

1,40,44

1,39,43

lesize,all,, ,2,1,1

lsel,none

/com, Horizontal lines in the gap
1,52,46

1,49,50

lesize,all,,,1,1,1

1sel,none

/com, Horizontal lines in the extended outer shell lid
1,64,65

1,59,60

1,54,55

1,48,52

1,48,49

1,49,52

1,50,46

1,51,47

lesize,all,, , 4,1,1

l1sel,none

/com, Horizontal lines in the extended lid reinforcement ring
1,63,64

1,58,59

1,53,54

1,53,48

1,48,54

1,52,55

lesize,all,, 4,1,1

lsel,none

/com, Horizontal lines in the extended lid reinforcement ring - left
side section

1,62,63

1,57,58

1,57,.53

1l,53,58

1,54,59

1,55,60

legize,all,, 4,1,1

1sel,none

/com, Horizontal lines in the outer 1lid
l,61,62

1,56,57

lesize,all,, ,6,.0625,1

1lsel,none
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/com, Horizontal lines in the closure 1lid
1,23,24

1,29,30

lesize,all,, , 6, .0625,1

1sel,none

/com, Vertical lines above the symmetry line
1,1,4

1,2,5

1,3,6

lesize,all,, ,6,.06,1

1sel,none

/com, Vertical lines in the lower part of the trunnion collar
1,11,17

1,12,18

1,13,19

1,14,20

1,15,21

1,16,22

lesize,all,,,2,1,1

1sel,none

/com, Vertical lines in the middle part of the trunnion collar
1,17,24

1,18,25

1,19,26

1,20,27

legize,all,,,2,1,1

lsel,none

/com, Vertical lines in the closure 1lid
1,23,29

1,24,30

1,25,31

1,26,32

1,27,33

1,28,34

lesize,all,,,1,1,1

1sel,none

/com, Vertical lines in the upper part of the trunnion collar
1,35,39

1,36,40

1,37,41

1,38,42

lesize,all,, ,6,.2,1

1sel,none

/com, Vertical lines in the outer lid
1,61,56

1,62,57

1,63,58

1,64,59

1,65,60

lesize,all,,,2,1,1

1sel,none

/com, Define areas starting from the region close to bottom symmetry
Plane

allsgel

al,1,84,2,83

al,13,85,14,84

al,2,26,3,25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



273

al,14,27,15,26
al,27,28,29
al,3,41,4,40
al,15,42,16,41
al,29,43,30,42
al, 43,44,45
al,4,87,5,86
al,16,88,17,87
al,30,89,31,88
al,45,90,46,89
al,47,91,48,90
al,s5,93,6,92
al,17,94,18,93
al,31,95,32,94
al,s1,97,82,96
al,6,98,7,97
al,18,99,19,98
al,32,100,33,99
al,49,101,50,100
al,7,9,8
al,19,10,20,9
al,33,11,34,10
al,so0,12,51,11
al,20,103,21,102
al,34,104,35,103
al,51,105,52,104
al,21,55,22,56
al,35,54,36,55
al,s2,53,54
al,22,38,23,39
al,36,37,38
al,23,66,24,65
al,s7,65,58,64
al,62,64,63
al,69,71,70
al,61,72,62,71
al,74,76,75
al,e8,77,69,76
al,60,78,61,77
al,79,107,80,106
al,73,108,74,107
al,67,109,68,108
al,59,110,60,109
/com, Outer shell and lid mesh
alls

type,1 ! planel3
mat,1 ! Alloy 22
smrt,off
mshkey, 1

amesh, all

/com, Apply displacement/symmetry constraints
nsel, s, loc,y, 0
d,all,uy,0

nsel, s,loc,x,-.001,.001
d,all,ux,0
allsel

/nexrr, ,100000
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finish

/SOLU

ANTYPE, TRAN, NEW,

NROPT, FULL, ,ON,

TRNOPT, FULL,

neqgit, 100

ALLS

TIME, 35

/COM, Thermal initial boundary condition for the WP at 20
degrees C

TUNIF, 20

/COM, Apply loads and solve for 0 to 35 seconds

nsel, s, loc,y,hcav+clth+clw+varl+tcuistcuo+ (var2/2) ,hcavecltheclwevarl+t
cui+tcuo+var2 ! Select volume of first HAZ from coil induction
D,ALL,TEMP, 1120

nsel, s, loc,y,hcav+clth+clws+varl+tcui+tcuo, hcav+clth+clw+varl+tcui+tcuo+
(var2/2)-0.0001 ! Select volume of second HAZ from coil induction
D,ALL, TEMP, 750

nsel, s,loc,y,hcav+clth+clw+varl, hcav+clth+clw+varl+tcui+tcuo-0.0001

! Select volume of third HAZ from coil induction

D,ALL, TEMP, 500
nsel, s, loc, y, hcav+clth+clw+varl+tcui+tcuo+var2-var3-
var4+0.0001, hcav+clth+clw+varl-0.00001 ! Select volume of fourth HAZ

from coil induction

D,ALL, TEMP, 250

/COM, Set time integration parameters for the first time
interval

ALLS

NSUBST,S,10,4,0N,

KBC, 0

AUTOTS, ON

OUTRES, ALL, ALL

SOLVE

!

!

/COM, Solve from 35 to 45 seconds

TIME, 45

nsel, s, loc,y, hcav+clth+clw+varl+tcui+tcuo+ (var2/2) ,hcav+clth+clw+varl+t
cui+tcuo+var2 ! Select volume of first HAZ from coil induction
D,ALL, TEMP, 1120

nsel, s, loc,y,hcav+clth+clwe+varl+tcui+tcuo, hecav+clth+clwevarl+tcui+tcuo+
(var2/2)-0.0001 ! Select volume of second HAZ from coil induction
D,ALL, TEMP, 750

nsel, s, loc,y, hcav+clth+clw+varl, hcav+clth+clw+varl+tcui+tcuo-0.0001

! Select volume of third HAZ from coil induction

D,ALL, TEMP, 500

nsel, s, loc,y,hcav+clth+clw+varl+tcui+tcuo+var2-var3-
var4+0.0001,hcav+clth+clw+varl-0.00001 ! Select volume of fourth HAZ
from coil induction

D,ALL, TEMP, 250

ALLS

OUTRES, ALL, ALL

SOLVE

!
/COM, Solve from 45 to 75 seconds
nsel,all
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DDELE, ALL, TEMP ! Delete previously set boundary
conditions
TM_START=46
TM_END=175
TM_INC=1
ALLS
*DO, T, TM_START, TM_END, TM_INC
TIME, T™,
! Identify and group all surface nodes for quenching
lgel,s,,,75
1lsel,a,,, 70
lgel,a,,, 63
lsel,a,,,58
lgel,a,,, 24
lsel,a,,,66
lgel,a,,, 37
lgel,a,,,53
lsel,a,,, 105
nsll,s,1
cm, s_nodes,node
alls
! Select first set of surface nodes for quenching
nsel,s,,,s_nodes
nsel,r,loc,y, hcav+clth+clw+varl+tcui+tcuo+ (varz2/2) ,hcav+clth+clw+varli+t
cui+tcuo+var2
cm, surfl,node
D,ALL, TEMP, 1120- ((1000/29) * (TM-46) )
! Select second surface area for quenching
nsel,s,,,s_nodes
nsel, r,loc,y, hcav+clth+clw+varl+tcui+tcuo, hcav+clth+clw+varl+tcui+tcuo+
(var2/2) -0.0001
cm, surf2, node
D,ALL, TEMP, 750- ( (730/29) * (TM-46) )
! Select third surface area for quenching
nsgel,s,,,s_nodes
nsel,r,loc,y, hcav+clth+clw+varl, hcav+clth+clw+varl+tcui+tcuo-0.0001
cm, surf3, node
D,ALL, TEMP, 500- ((480/29) * (TM-46) )
! Select fourth surface area for quenching
nsel,s,,,s_nodes
ngel,r,loc,y,hcav+clth+clw+vari+tcui+tcuo+var2-var3-
var4+0.0001, hcav+clth+clw+varli-0.00001

cm, surf4, node
D,ALL, TEMP, 250~ ( (230/29) * (TM-46) )
ALLS
NSUBST,2,4,1,0N,
OUTRES, ALL, ALL
SOLVE
*ENDDO
14
!
/CoM, Solve from 75 to 1800 seconds

nsel,s,,,surfl
nsel,a,,,surf2
nsel,a,,,surf3
nsel,a,,,surf4
D,ALL, TEMP, 20
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TM_START=80
TM_END=1800
TM_INC=5
ALLS
*DO, TM, TM_START, TM_END, TM_INC
TIME, T™,
NSUBST,2,4,1,0N,
OUTRES, ALL, ALL
SOLVE
*ENDDO
finish
[]
/POST1
SET, LAST
alls
! Select first surface area for quenching
nsel, s, ,,s_nodes
nsel, r, loc,y,hcav+clth+clw+varl+tcui+tcuo+ (var2/2) ,hcav+clth+clwevarl+t
cui+tcuo+var2
cm, surfl,node
! Select second surface area for quenching
nsel,s,,,s_nodes
nsel,r, loc,y, hcav+cltheclw+varl+tcui+tcuo, hcavecltheclwsvarl+tcui+tcuo+
(var2/2)-0.0001
cm, surf2,node
! Select third surface area for quenching
nsel, s,,,s_nodes
nsel,r, loc,y, hcav+clth+clw+varl, hcaveclth+clwevarl+tcui+tcouo-0.0001
cm, surf3,node
! Select fourth surface area for quenching
nsel, s, ,,8_nodes
nsel, r, loc,y, hcav+clth+clw+varl+tcui+tcuo+var2-var3-
var4+0.0001,hcav+clth+clws+varl-0.00001
cm, surf4,node
nsel, s, ,,surfl
nsel,a,,,surf2
nsel,a,,,surf3
nsel,a,,,surf4
nsort,s,2,0,0,1
*get, sz_max, sort, ,max ! Z2-STRESS (COMPRESSION) MAXIMUM REAL
VALUE

! #akwestrsessd DPRINT STATUS OF ALL DVs and MAXIMUM COMPRESSIVE STRESS
L2222 22232233

!

*gtatus, varl

*gtatus, var2

*gtatus,var3

*gtatus,vard

*gtatus,vars

*gtatus,varé

*gtatus,var?

*status,sz_max

1

| sadddddbtdn Clear database for next iteration AR A LS S A
]

finish
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/clear
!

*ENDDO
!

/EXIT,NOSA
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APPENDIX XII

MATHCAD CALCULATION FILE FOR SENSITIVITY ANALYSIS OF THE BEST
SOLUTION OBTAINED FROM THE SUCCESSIVE HEURISTIC QUADRATIC

APPROXIMATION
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Sensitivity Analysis of the Best Solution Obtained from the
Customized
Stand-Alone Optimization Algorithm

The following previously obtained sets of optimization solutions are used for sensitivity
analysis of the best solution. Six different sets are used for this analysis:

Solution set #1:
V1=107 mm,V2=21mm, V3 =31 mm, V4 =56 mm, V5 =45 mm, V6 = 76 mm, V7 = 10

mm
Minimum hoop stress = -156,679,548 Pa

Solution set #2:
V1=107 mm, V2 =21 mm, V3 =31 mm, V4 = 58 mm, V5 =46 mm, V6 =76 mm, V7 = 10

mm
Minimum hoop stress = -154,626,854 Pa

Solution set #3:
V1 =107 mm, V2=21 mm, V3 =31 mm, V4 = 59 mm, V5 = 48 mm, V6 = 74 mm, V7 = 10

mm
Minimum hoop stress = -151,712,231 Pa

Solution set #4;
Vi=107mm,V2=21mm,V3=31mm,V4=56 mm,V5=48 mm, V6 =73 mm, V7 =10

mm
Minimum hoop stress = -156,817,999 Pa

Solution set #5:
VIi=107mm, V2=21mm,V3=31mm, V4 =57 mm,V5=47mm, V6 =75mm, V7 = 10

mm
Minimum hoop stress = -158,272,820 Pa

Solution set #6:

V1 =107 mm, V2=21 mm, V3 = 32 mm, V4 = 59 mm, V5 = 48 mm, V6 = 72 mm, V7 = 11
mm

Minimum hoop stress = -101,667,129 Pa » .

Two design variables are selected for the sensitivity analysis: V4 and V8. The rest of the
variables do not significantly change among the six different sets of solutions given above.
A graphical representation of the function evaluations for V4 and V6 is determined below:

( 56.0) ( 76.0)
58.0 76.0
59.0 74.0
v4 = mm v6 = mm
56.0 73.0
57.0 75.0
(590 (72,0
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The design variable piot given above indicates that the minimum stress value (-158,272,820
Pa corresponding to V4 = 57 mm, V6 = 75 mm), is surrounded by higher stress values.
Therefore, the minimum stress value (-158,272,820 Pa) is an optimum solution.
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APPENDIX XIII

MATHCAD FILE FOR THE COMPRESSIVE STRESS PENETRATION DEPTH

CALCULATIONS
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Compressive Stress Penetration Depth Calculations

The hoop stress results that are given in Appendix Il are used below to determine the
compressive hoop stress penetration depth by linear interpolation.

Original Design:

Caiculation of the penetration depth from the induction annealing surface:
depthl := 5.65 mm stressl := 58.1 MPa

depth2 := 595 mm stress2 := 68.6 MPa

stress := 0.2:310 MPa  20% of Alloy 22 yield strength (310 MPa) is the threshold
stress, see Chapters 3 and 7

depth := depthl + [(stms  stress1). (dPth2 = d'-'P'M)]

(stress2 - stress!)

depth = 5.8 mm

Calculation of the penetration depth from the closure-weld surface:

deptht :=95 mm stressl := 51.1 MPa

depth2 := 9.75 mm stress2 := 68.8 MPa

- a | (depth2 — depthl)
depth := depthl +[(stms stress1) ( -strusl)]

depth = 9.7 mm
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Optimization Problem #1:

Calcuiation of the penetration depth from the induction annealing surface:
depth] := 5.66 mm stressl := 36.6 MPa

depth2 := 6.36 mm stress2 := 63.8 MPa

stress := 0.2:310 MPa  20% of Alloy 22 yield strength (310 MPa) is the threshold
stress, see Chapters 3 and 7

depth := depthl +| (stress — stressl) (depth2 - depthl)
(stress2 — stressl)

depth = 6.3 mm

Calculation of the penetration depth from the closure-weld surface:

depthl := 7.75 mm stress] := 58.5 MPa

depth2 := 80 mm stress2 := 68.6 MPa

- _ sress1). {depth2 — depth)
depth depmn[(sms stress1)-- _ml)]

depth = 7.8 mm
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Optimization Problem #2:

Calculation of the penetration depth from the induction annealing surface:

depthl :=38 mm stressl := 56.3 MPa

depth2 := 4.02 mm stress2 := 69.3 MPa

stress := 0.2:310 MPa  20% of Alloy 22 yieid strength (310 MPa) is the threshold
stress, see Chapters 3and 7

depth := depthl + [(stms ~ stress]). {4cpth2 - dept “P"‘_‘)]

(stress2 — stressl)

depth = 3.9 mm

Calculation of the penetration depth from the ciosure-weld surface:

depthl := 11.44 mm stressl := 529 MPa

depth2 := 11.88 mm stress2 := 66.1 MPa

depth := depthl +| (stress ~ stressl)
P P [( " (stress2 - stress1)

(depth2 - depthl)]

depth = 11.7mm
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Optimization Problem #3:

Calculation of the penetration depth from the induction annealing surface:
depthl := 442 mm stress] := 43.3 MPa

depth2 := 4.72 mm stress2 := 65.5 MPa

stress := 0.2:310 MPa  20% of Alloy 22 yield strength (310 MPa) is the threshold
stress, see Chapters 3 and 7

depth = depth] +[(ms — stress1) (depth2 - depthl)]

(stress2 — stressl)

depth = 4.7 mm

Calculation of the penetration depth from the closure-weld surface:

depthl := 84 mm stressl := 58.6 MPa

depth2 := 8.61 mm stress2 := 72.1 MPa

. e, (depth2 - depthl)
depth := depthl +[(stms stress1) (stress2 —smssl)]

depth = 8.5 mm
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Customized Stand-Alone Optimization:

Calculation of the penetration depth from the induction annealing surface:
depthl ;=44 mm stressl := 46.2 MPa

depth2 := 4.61 mm stress2 := 66.6 MPa

stress := 0.2-:310 MPa  20% of Alloy 22 yield strength (310 MPa) is the threshoid
stress, see Chapters 3 and 7

(stress2 - stressl)

depth = 4.6 mm

Calculation of the penetration depth from the closure-weld surface:

depthl := 9.24 mm stressl := 50.9 MPa

depth2 := 945 mm stress2 := 63.6 MPa

- _ , (depth2 - depthl)
depth := depthl +|:(strm stressl) (mz-ml)]

depth = 94 mm
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