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ABSTRACT

This thesis is about analyzing a cylinder with a complete circumferential crack. The
background of this thesis was an incident at Oskarshamn 3 in 2008, where a control rod
extension was found to have cracks. This led to many investigations using different methods to
analyze these cracks. The investigations showed that the cracks occurred and propagated due
to thermal load. The load happens due to a cyclic temperature change, which leads to the
material having different temperatures at different points, leads to stresses that are in cycles and
starts cracking due to fatigue.

OKG has ways and rules to follow when analyzing fractures on components. OKG needs
to simulate and test the cracks; the simulations could be made in ISAAC, a calculation program
for fracture mechanics assessments and damage resistance analyses. Sometimes, this software
becomes hard to use for some types of loads. In a situation where a thermal load exists, ISAAC
could be hard to use because it cannot create a thermal load on this specific geometry. This
means investigating how thermal load is simulated in ISAAC and how well it performs is of
interest. The method of predicting crack growth could be calculated in two different ways with
two crack growth laws. This means that it is also of interest to see the difference between these
crack growth laws. The crack growth laws are given in two reports, one in MD-02 and the other
in ASME XI. The laws are not named in the reports, but in this thesis, they are named after the
reports they are given in. The thesis aims to show the conservatism of the ISAAC software
compared with Abaqus. It is also to show which of the crack growth laws is the most
conservative.

The methods used in this thesis simulate a cylinder with a complete circumferential crack
and a thermal load. The thermal load is based on actual measured data but modified because it
is too hard to say exactly how it acts, as the result changes occasionally. The temperature cycles
between 85 °C and 276 °C with a hold time of ten seconds. The simulations are made in Abaqus
and ISAAC to compare the results.

The results from these simulations are the stress intensity factor (SIF). The results show a
difference in SIF over crack depth between the software. The comparison between the software
is that the SIF values for ISAAC become higher for deeper cracks than for small cracks. There
is a big difference between the results, which means something is wrong when implementing
the load in ISAAC. One explanation of this is the effect of using deformation-based and power-
based loads.

The difference between the laws is also significant. It shows that the MD-02 has a higher
crack growth rate than the modern law ASME XI. This means that the MD-02 is more
conservative than ASME, but it does not mean it is the best way to analyze the crack growth
rate.

Keywords:
Crack growth, Reactor environment, Thermal fatigue, Stress intensity factor, Fracture mechanics.
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SAMMANFATTNING

Detta examensarbete handlar om att analysera en cylinder med en helt runtomgéende
spricka. Bakgrunden till examensarbetet kommer fran incidenten pd O3 2008 dér sprickor pa
styrstavsforlingarna uppticktes. Detta ledde till flera utredningar och olika metoder anvindes
for att analysera skadorna. Utredningarna kring sprickorna visade pa att det var en termisk last
som gjorde att sprickorna uppstatt och sa att dem véxer. Lasten uppkommer genom en
temperaturvariation som gér i cykler, detta medfor att materialet kan fi variation i temperatur i
nérstdende punkter som leder till spédnningar i cykler vilket i sin tur leder till termiskutmattning.

OKG har metoder och regler att folja nir analyser av skador samt brott sker pd olika
komponenter. Det krivs att genomfora simuleringar samt tester pa skadorna eller sprickorna,
programvara skulle kunna anvindas ar ISAAC, vilket &r ett berdkningsprogram for
brottmekanik samt skadetilighetsanalyser. Vid vissa tillfdllen och vid vissa olika typer av laster
blir programmet begrdnsat och svarare att anvdnda. For den last som anvinds vid denna
utredning kan inte ISAAC skapa en egen termisk last pa en cylindergeometri. Dér av dr det av
intresse att undersoka metoden att simulera termisklast pd en cylinder samt hur pass bra
resultaten blir. Metoden som anvénds for att forutspa spricktillvaxt och hur snabbt dem vixer
anvinds tvé olika spricktillvixtlagar. Genom att det &r tvd olika lagar &r det ocksd av intresse
att undersoka skillnaderna mellan dess resultat. Tillvixtlagarna som blir undersokta i detta
examensarbete dr givna i ASME XI samt MD-02. Malen med arbetet &r att visa konservatismen
av ISAAC jamfort med Abaqus. Det dr ocksd att visa vilken av spricktillvixtlagarna som &r
mest konservativ.

Metoderna som anvinds 1 detta examensarbete &r att simulera en cylinder med en helt
runtomgaende spricka med en termisklast. Den termiska lasten dr baserad pa riktiga métdata
men modifierad fOr att det &r svart exakt sdga hur den &r for att méitningarna visar véldigt olika.
Temperaturvariationen i lasten dr mellan 85 °C och 276 °C med en halltid pa tio sekunder.
Simuleringarna dr gjorda med bade Abaqus och ISAAC for att kunna jadmfora resultaten dér
Abaqus resultaten antas vara ndrmare verkligheten.

De resultat som 4r av intresse dr spanningsintensitetsfaktorn (SIF). Resultatet fran
simuleringarna visar att det skiljer sig en del mellan programvarorna samt mellan de olika
lagarna. Jimforelsen mellan programvarorna dr att SIF virdena for ISAAC ar hogre dn for
Abaqus vid djupa sprickor, vid smasprickor under en millimeter & dem samma. Det &r en storre
skillnad mellan programmen in vad som var forvintat, vilket kan vara en konsekvens av
implementeringen av lasten i ISAAC. En potentiell forklaring skulle kunna vara att en effekt
av att anvinda deformationsstyrd i stillet for kraftstyrd last.

Skillnaderna mellan tillvéxtlagarna dr ocksa stor och visar att MD-02 har storre tillvixtgrad
dn vad den modena ASME lagen har. Detta gor att MD-02 dr mer konservativ 4n vad ASME ér
men detta betyder inte att MD-02 &r den bésta lagen att anvidnda fOr analyser av spricktillvéxt.

Nyckelord:
Spricktillvixt, Reaktormiljo, Termiskutmattning, Spanningsintensitetsfaktorn, Brottmekanik.
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NOMENCLATURE

a Crack depth, [mm)]

BWR Boiling water reactor

C Material crack growth rate constant

Cr Fatigue crack growth rate coefficient, [(mm/cycle) (MPa\/E)_n]
CGR Crack growth rate

D Diameter of cylinder, [mm]

d Diameter of circumferential crack, [mm]
da/dN Crack growth rate at specific crack depth for fatigue cracking, [mm/cycle]
FE Finite Element

] J-integral

Jic Fracture toughness

K; Stress intensity factor, [MPaym]

Kpnax Maximum SIF, [MPav/m]

Kpin Minimum SIF, interested K>0, [MPayvm]
L Length, [mm]

n Crack growth rate exponent

P Primary load

Py Applied load

P Load limit for plastic collapse

PWR Pressure water reactor

R Ratio, (Kmin/Kmax)

SENY Effect by environment on the CGR

SF, Safety factor fracture

SF;, Safety factor plastic collapse

SFT Stress fit tool

SIF Stress intensity factor

Sk Effect by ratio (R) on the CGR

SSM Strélsékerhetsmyndigheten

Sr Effect by temperature on the CGR

T Temperature, [°C]

Tx Temperature, [K]

AK Maximum range of K, (Kpmin — Kmax), [MPaym]
AK;p, Threshold SIF value, [MPaym]

o Stress

T, Load rise time, [s]

Y Geometry factor
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1.1

INTRODUCTION

This chapter introduces the theme of this project. It consists of a background that describes
some general knowledge and how the problem occurred, the scope of the project, which describes
how much this project covers, and an outline that describes the project's main point.

Background

Thermal loading and fatigue are known to fracture mechanisms in nuclear power, especially
in the reactor facility. It occurs when liquids with different temperatures are mixed. This is
something that affects the material in the components that are located in these kinds of
environments. The problem became more interesting after thermal fatigue damages were
discovered on the control rod extenders at two nuclear power plants in Sweden [1]. A control rod
in the reactor tank is sketched in Figure 1. Previous studies show that these fatigue damages are
cracks and occur due to temperature variations in the environment around the component. The
process that makes these temperature variations on the control rods has not been deleted from the
system. Actions have been taken to minimize the risk of damages and limit the consequences of
the damages, according to an interview with the supervisors at OKG.

F?ﬁi/ Control Rod Blades

L

//_‘\\
[~ ) Crack
. Fg

“—*—— Control Rod Extension

Figure 1 - This is an illustration of the control rod and where the cracks are located.

In 2008, crack growth was discovered on the control rods in the Oskarshamn 3 and Forsmark
3 rectors. These two reactors are built in the same year and work in the same way as a boiling
water reactor. These two reactors needed to be stopped while investigations were made on the
control rods. Previous studies show that these cracks are a consequence of thermal fatigue. This
is because of the environment in which the control rods are located; they are exposed to large
temperature variations that affect the material [2]. The reactor water around the control rods is
about 286 degrees, and the so-called Crud flow has a water temperature of 60 degrees, which is
why there are temperature variations. Experiments and flow analysis of the reactor environment
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show that a frequency of 0.1 Hz is the temperature variation. This, together with the big difference
in temperature, impacts the material and could lead to fatigue damage, according to an interview
with the OKG supervisors. This situation is only a background to the loads and geometries used
in this thesis. The information above is collected from people working at OKG because this
information was hard to find in documents. The people who provided this information work with
the processes inside the reactor, making the information worthwhile.

A software that could be used to analyze cracks is ISAAC, which stands for Integrity and
Safety Assessment of Components, a tool for analyzing fracture mechanics for Swedish nuclear
power plants. This software is easier and faster to use than finite element (FE)-software but is
based on complex calculations. The software has some limits that could affect the results and
make it far from reality compared to other software like Abaqus or other FE software. The
limitation of this software is, for example, the geometry, and it is not possible to make a thermal
load on every geometry in the software. The way of working with the limitations is to add the
thermal load on one geometry and then use the stresses from that analysis on the geometry that
wants to be simulated. This means it opens up more investigations to see the impacts of the
simplifications with software that could analyze and put thermal loads on more geometries. It is
not only simulations made to check if the fractures fulfill the functional requirements but also
testing made on the component. These tests are then made on the component in intervals to get
good control over the situation by knowing the aspects of crack growth, the possibility of damages
occurring, and the consequences. The method of applying this to a Swedish nuclear power plant
is described in PBM1 (Provningsbestdammelser for mekaniska anordningar) [3]. The method of
analyzing fractures at Swedish nuclear power plants is provided in the handbook 2018:18 [4]. The
analysis of permissible defect sizes and other fracture mechanisms is made with ISAAC. ISAAC
has solutions for defined geometries and exploits superposition to solve these complex problems
efficiently.

Two crack growth laws are used to provide analyses of how fast a crack can grow depending
on crack depth. It is given in MD-02, created in 1990, and modern laws in ASME XI, also provided
in the handbook 2018:18 [4]. These laws are for reactor environments. This thesis is then about
to compare ISAAC with Abaqus to see the effects of the simplifications and the conservatism of
the software. It is also interesting to see which crack growth laws are most conservative.
Conservatism in this thesis means how far the values used or results are from reality. The reality
in this case is challenging to say due to the complexity of thermal fatigue and the fact that results
from experimental tests of the load show different results each time and could vary a lot. This is
discussed more under heading 6.

Problem Statement

As named under 1.1, the temperature around the control rods changes in cycles. This
temperature change causes expansions at different levels in close points in the material, and then
stresses occur. This also leads to the control rod extensions being exposed to thermal fatigue. In
this case, the mixing process of water with different temperatures causes the loads.

This led to the company wanting to collect more knowledge about this problem. This could
be done in many ways, but in this case, a cylinder made of stainless steel is the most relevant to
look at because the control rod extensions are cylinder-formed and made in stainless steel. For a
demarcation, this thesis inspects predefined cracks, and more on the material and geometries will

8
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be discussed later in the report. The environment and the load are based on a previous project on
this kind of crack and geometry [5]. The load is also conservative because it is oversized compared
to the actual load. This is done to get the results on the safe side. The load is also oversized because
of the complexity of the actual load discussed under 1.1.

The goal is to build more knowledge and theories about crack growth in stainless steel
cylinders affected by thermal fatigue. It is to produce analyses in FEM software to verify and
check the conservatives in ISAAC. That may be caused by the limitations in the software and the
use of a deformation-controlled load and a power-controlled load. Therefore, a comparison is
good in the result, where the results from ISAAC are compared with those from Abaqus.

Existing crack growth laws in nuclear environments are also interesting, as is the difference
between the crack growth rates. These laws are ASME XI and MD-02, as they are referred to in
this thesis, and can be seen in 3.2.3.

The objectives of this thesis are listed down below:
e Compare ISAAC with Abaqus, considering the stress intensity factor over crack
depth, to see how conservative ISAAC is compared to Abaqus.
e Comparing the two crack growth laws given in MD-02 and ASME to see which is the
most conservative.
o Investigate the stress intensity factor (SIF) at given cracks in a stainless steel rod with
different depths.

Research Question
This thesis has two main research questions:

e How conservative is the software ISAAC compared with the software Abaqus,
considering the stress intensity factor, and what could be the reason for the
differences?

e  Which of the two crack growth laws is the most conservative one?

Scope of the Project

Since much information about nuclear power is secret and has limited distribution, the work
will focus more on fracture mechanics, not the processes behind the loads and previous damage.
It will be more oriented towards a general crack in a cylinder than a crack in the control rod.

The scope is to compare the results from two simulation methods (ISAAC and Abaqus). The
simulations that will be provided are crack simulations on a stainless steel cylinder, where the
crack is completely circumferential. The results of these simulations are the SIF with a variation
of crack depth. A plot will be made that shows the results from each software to make it easier to
see the difference.

This report will investigate the impact of using deformation-based loads instead of forced-
based loads with a constant pulling force and a thermal load. The two simulation methods will use
the same geometry model: a cylinder with a complete circumferential crack.
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Fractures are divided into three stages, as described in section 3.2: crack initiation, stable
crack growth, and acceleration to braking. As mentioned in the Background, the cracks are
obtained due to thermal loads and fatigue. This means that the main themes of this project are
thermal loading and crack propagation, which are large and complex themes. Therefore, it is
compromised to consider defined crack depths, the simulations are made in ISAAC and Abaqus,
and the crack growth should be calculated considering two known crack growth laws (ASME XI
and MD-02). This investigation should also recommend how the crack growth laws should be
applied considering temperature and rise time; more on this in sections 5, 6, and 3.2.3.

The comparison of the two different software is interesting because some simplifications are
made in the software ISAAC due to complex calculations, which makes the software more user-
friendly. More of which kind of simplification that ISAAC is built on is under the heading 3.5.2.
These kinds of limitations do not exist in Abaqus.

Outline

This thesis investigates and compares ISAAC and Abaqus by analyzing a cylinder with a
complete circumferential crack. It also shows which crack growth laws, ASME XI and MD-02,
are the most conservative by comparing the growth rates in one plot to see the difference easily.
The method is going to support the results for a better understanding. The thesis goes on the theme
of fracture mechanics, especially for components in a reactor environment. The method describes
how simulation setups have been analyzed to validate processes. The discussions are then based
on the results, method, and theory.

10



2.1

RELATED WORK

In this chapter, the related work is explained and discussed.

Numerical Simulation of Thermal Fatigue

Thermal fatigue is a common reason material defects occur in components exposed to high-
temperature changes. The use of predicting crack growth helps us to predict services and the life
of'a component. This project is investigating a circular disc that is exposed to thermal cycles. The
disc is simulated on crack propagation, and the loading is a thermal cycling load. The thermal
loading is taken from a real thermal fatigue experiment. The author of this project says that the
complexity of thermal fatigue problems makes it impossible to create a standard for these tests

[6].

Researchers have developed analytical models for heated disc types using stress intensity
factors. Others have used cyclic J-integral and strain intensity factors to define thermal fatigue
crack propagation. Many researchers have used numerical simulations to better understand
thermal-mechanical stresses that are damaging the components [6].

This report describes thermal fatigue as having two phases: initiation and propagation phases.
Due to previous investigations of these phenomena, the initiation phase occurs due to plasticity or
oxidation sites. This investigation was conducted on stainless steel; the results are not public.
Observations during the experimentations show that two opposed cracks initiate and propagate in
the form of speed and are called primary cracks. Secondary cracks occur later, and their
propagation speed is lower than primary cracks. This previous study investigates the interaction
between primary and secondary cracks [6].

The simulations were made using a decoupled thermo-mechanical approach, which is the
same approach used in this thesis. The thermal analysis was done in 10 cycles to reach a steady
state result. The temperature change of each node was measured and saved in a specific time
interval. This saved temperature was later used and fed into the stress analysis as an input and a
thermal load. A crack opening was observed during the thermal load cycling, according to the
stress analysis. This approach to creating thermal-mechanics analysis is used in this thesis, where
the thermal analysis is made first, and then use the result file to make the stress analysis. The
project is using a two-dimensional model to provide the simulations. This is something that this
thesis is using to model the component to save computer data. The type of meshing process that
Qayyum et al. [6] use for crack simulations is element concentration at the crack tip.

Qayyum et al. [6] have conducted experiments on the component with a thermal induction
load. These experiments and observations of the cracks that occurred are a background for their
simulations later. The component was observed through a microscope to see the cracks. The
thermal load was cyclic, and due to that, some oxide scales were obtained on the surface. This
oxide made it hard to observe and find the cracks under the oxide scale.

The results of Qayyum et al. [6] experiments and simulations show that the largest strain and
stresses occur at the component's surface, where the thermal load is applied. This conclusion
comes from observations of many cracks on the surface. They also state that thermal fatigue is
caused by the thermal gradients in the component, which leads to the material expanding. Strains

11
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are then causing thermal stresses in the component due to the constraints of the material itself.
The strains and stresses decrease when these cracks are developed on the component. This means
that the formation of cracks becomes less, and micro-crack propagation is reduced. Due to that,
the stresses occur of the thermal gradients at the component's surface, and the stresses decay with
the distance from the surface and towards the center of the component. This leads to the crack
propagation rate slowing down, and the crack often reaches some arrest at a specific depth. The
result of the thermal load shows that it stabilizes after three cycles in both the experimental and
the simulation results.

Interests for this Thesis

The goal of the Qayyum et al. [6] report explained above, where they compare secondary and
primary cracks, is not the same for this thesis. This report in this thesis aims to discuss the
numerical method and simulation used in the explained study of the disc. The type of load used
in this explained study, compared with the load in this thesis, is that the load on this disk is taken
from real experiments, and the load in the thesis is simulated and taken from previous studies. The
simulations are made with the same software (Abaqus) as in this thesis. This thesis will also use
the method of mapping the mesh in the study by Qayyum et al. [6].

Fatigue Growth of a Circumferential Surface Crack

Bremberg [5] has analyzed fatigue growth on a cylindrical bar with a circumferential surface
crack with predefined stress profiles. Axisymmetric FE models have been used to calculate the
SIF for crack depths inside the cylindric bar.

The project starts by modeling this bar using axisymmetric modeling. The diameter of the bar
is 64 mm. This means that it is just half of the cylinder that is modeled and rotates around an axis
to create the cylinder. The crack geometry is also modeled with symmetry, like in Figure 2. The
cracks cut the surface and go around the hole cylinder with an initial crack depth of 1 mm [5].
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In Figure 2, the yellow line, the symmetry line of the model, and the crack are located where
the red line is. This is done to save a lot of data when running the simulations on the model.

This component is affected by a thermal load that cycles between different temperatures. In
this case, is the thermal load not applied in these simulations. It is just a stress profile from an
external thermal and stress analysis provided by SSM. The stress profile is the stress that occurred
over the depth of the component. Then, the maximum stress profile from the thermal and stress
analysis is applied to the model. Superposition is used to apply the load on the model. The load is
measured by stress over the depth in the component from the surface to the middle. This stress

Figure 2 - Geometry of the axisymmetric model.

profile is illustrated in a plot with the stress over depth and can be seen in Figure 3 [5].

Thermal stress profile vs radial position
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Figure 3 - Thermal stress profile from Bremberg [5].
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This thermal and stress analysis has been made twice with two different heat transfer
coefficients. “Case 17 uses 3000 W/(m2°C), and “Case 2 uses 1500 W/(m2°C). The rest of the
settings for the thermal load are the same, with the lowest temperature at 85 °C and the highest
temperature at 276 °C, a hold time of 10 seconds, and a frequency of 0.05 Hz [5].

The growth rate for different crack depths calculates the crack growth. The growth rate for
every crack depth is calculated by using the SIF obtained for the respective crack depth in the
analysis with the FE software and stress profile. The crack depth that has been simulated is from
1 mm to 30 mm with a step of 1 mm [5].

This project has a validation stage where the results are compared with a handbook solving
where the results show good agreement. The reference to the handbook is not an open source but
a handbook for fracture mechanics.

The results for this axisymmetric FE-models show that for the first crack depth of 1 mm are
the SIF about 11.23 MPay/m for case one and 7.4 MPay/m for case two. And due to the handbook
calculations show that the SIF for crack depth 1 mm should be 11.42 MPay/m for case one and
7.54 MPavm for case two. The Handbook calculations involve some simplifications. The
maximum values from SIF were located at a crack depth of 4 mm and the SIF of 16.0 MPav/m
and 10.3 MPa+/m for respectively cases [5].

The calculated growth rate for every crack depth is shown in Figure 4. The growth rate in the
initial crack depth of 1 mm is about 1.9-10°> mm/cycle for case one. The other case is the crack
growth of about 0.47-10° mm/cycle. With the defined load frequency, the growth for both cases
is around 29.5 mm/year, respectively, and 7.5 mm/year [5].

107 Crack growth rate vs crack depth
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Figure 4 - Crack growth rate over crack depth [5].
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2.2.1

Interests for this Thesis

The Bremberg [5] project is very close to the analysis that is going to be done in this thesis.
The loads used for this thesis are based on the loads used in the Bremberg [5] project explained
under this heading. This kind of method of producing simulations is also used in this thesis. This
helps a lot, especially when the student version of Abaqus is used where the limitation of nodes
exists. One thing that this thesis does not consider is cutting the component where the crack is. It
is in the middle of the component (see Figure 40). For the analysis with Abaqus, the method of
applying loads is not used in this thesis, but for analysis by the software ISAAC, the same method
is used in the Bremberg [5] project. This thesis provides the stress profiles provided by its own
thermal and stress analysis, by a simulation of the component without crack. The results from this
previous study could be a direction mark for this thesis to see that the plots at least have the same
shape. It could be different values because of using various methods when modeling the cylinder.
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3

3.1

3.1.1

3.2

3.2.1

THEORY

This chapter is about relevant theories that increases the understanding of the results and how
they are produced.

Nuclear Power

The nuclear power plant Oskarshamn 3 was ready to produce electricity in 1985 and became
connected to the electricity net the same year. Oskarshamn 3 is a boiling water reactor that works
by boiling water using energy in the form of heat from fission. This leads to the water transforming
into steam, which flows through a turbine. This makes the turbine rotate, which is connected to a
generator that produces the electricity. The steam then leads to a condenser that cools down the
steam from seawater, and it becomes water again. This water is then pumped into the reactor again
[7]. Inside the reactor is fission made by separating a heavy atomic nucleus into two or more
smaller nuclei. This leads to more neutrons being released and colliding with another uranium
atomic nucleus, and then a chain reaction starts [8]. To control this chain reaction, control rods
are placed in between the nuclear fuel to attract the neutrons. This leads to the effect of the reactor
decreasing, and it becomes possible to control the heat [7].

Conservatism

Conservatism is a common word in the nuclear world and plays a big role in this thesis.
Conservatism in nuclear power is often used in security situations. This means that it measures
how far the safety margin is from reality.

Fracture Mechanics

This part of the report discusses some useful theories and tools for calculating fracture
mechanics. This chapter presents the crack growth laws, which play a major role in this thesis.

Stress Intensity Factor

The stress intensity factor, or SIF, as it is called in this thesis, is the fundamental factor used
to simulate crack propagation due to ASME XI. This factor is commonly studied when looking at
cracks in different kinds of structures or components. The SIF is a characteristic of the crack front

[4].

Wang states that before looking closer at the SIF are an understanding of the basic stressing
modes needed [9]. The first mode is just the opening, which is the one modeled in this thesis; the
next two modes are shearing in different directions, one sideways and one along the component
(see Figure 5). The first mode is the most common in the practice. A crack could be loaded in the
way of any of these modes, but it could also be a combination of the different modes.
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Figure 5 - The three modes of loaded cracks.

By various techniques, the strain, stress, and displacement fields with a crack on an elastic
solid could be solved analytically. Due to that, this thesis only considers numerical solutions by
FE models, and the analytical calculations are not provided. However, for a general approach, the
SIF depends on the applied stress (MPa), crack size (mm), and the geometry of the crack, and it
looks like Equation 1 [9].

K=Y-0-vVm-a (1)

Where K is the SIF, Yis the so-called geometry factor, o is the applied load, and a is the size
of the crack. The FE software takes these factors from the model, considering loads, geometries,
interactions, and boundary conditions. Due to Wang is the SIF defined in our geometry like
Equation 2 [9].

_0.932:P4D

Ky = 2242 for 12<2<21 )

Where P, in this case, is an applied load, D is the diameter of the rod, and d is the diameter
of the circumferential crack.

3.2.2  Superposition

Superposition is a method that could be used for solving crack problems since the
displacements and stresses are linearly proportional to the SIF. It is, therefore, an important tool
for practicing fracture mechanics for problems with the aid of handbooks. The principle of this
method is that stresses obtained by various loads can be added together. Not that the superposition
could only be applied to cases where a structure is subjected to various loads but for the same kind
of mode [9]. And in general, could the superposition of a crack look something like Figure 6.
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Figure 6 - Illustrates the principle of the superposition on a cracked component.

Figure 6 shows the combination of the two stress situations on the right side and the stress
situation on the left side. The problem with superposition is that it does not consider the geometry
of the crack. What this means is that the crack could affect the external stresses.

3.2.3 Crack Growth Law ASME XI

ASME section XI presents rules for inspections of nuclear reactors and their facility
components. ASME provides methods for inspections and testing components in light water
reactors. This section of the report contains the relationships for fatigue crack growth rates for
austenitic stainless steels provided to obtain analytical calculations. The fatigue crack growth rate
calculations are affected by metallurgical factors like chemistry and micro-structural,
environmental factors such as temperature and water chemistry, and factors that affect the local
crack-tip behavior like strain rate and crevice chemistry [10].

The specific material's fatigue crack growth rate is based on the range of the applied SIF.
Equation 3 [10] illustrates this in general.

o = Cp(AK)" (3)

Where da/dN is the fatigue crack growth rate, Cr are the environmental and loading rate
effects of the component, AK is the SIF, and » is a constant. The crack growth rate is also affected
by a ratio R which is (Ky,,;5,/Kinax)- And the definition of Cp are illustrated in Equation 4 [10].

Cr=C-SrSp"Seny “4)

Where C is the material crack growth rate constant, S; defines the effect of temperature on
the CGR, establishes Si defines the effect of R ratio on the CGR and Sgyy defines the
environmental effects on the CGR. The definitions of these parameters are illustrated in Equation
5-12.

C =0 for AK < AKyy, %)

€ =1.39-107° for AK > AK,, (6)
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n=23 (7
Sg=1forR<O0 (8)

Se=1+111-R¥*for0<R<1 9)

2516

Sy =3.39-10°- e[( for20°C < T < 150°C  (10)

2516

Sp=e Tk for150°C <T < 343°C (11)
Sgny = 107 (12)
where
AK., = 5.6 for R <0 (13)
AK., =5.6(1—0.7-R) forO<R<1 (14)

When 7, < 15, set 7, = 1 s and 7, are the load rise time.

3.2.4 Crack Growth Law MD-02

In MD-02, a crack growth law exists to obtain the crack growth rate for austenitic stainless
steel in a boiling water reactor (BWR) environment. However, the result is applicable for both
BWR and PWR environments. The result is dependent on different frequencies, and the most
interesting are those with a frequency smaller than 0.1 Hz. The results for this frequency are shown
in Table 1 [4].

Table 1 - MD-02, crack growth data for fatigue of stainless steel in reactor water.
Environment AK, [M Pa\/ﬁ] da/dN [mm/cycle]
BWR+PWR >0 4.55-1078AK235

3.2.5 R6-Method

The R6 method is a British method that uses a failure assessment diagram to correct the linear
damage mechanism due to the plasticity effects. These diagrams were developed using numerical
analysis with different material data. It has been found that it does not depend on geometry and
material compared to experiments. The method gives an estimation of the J-integral for primary
loads. When creating a limit load analysis, a material constant called the collapse parameter is
used, and it comes from the material's flow characteristics [11]. The practical use of this method
has been more accessible due to the Handbook, Dillstrém et al., and the combination with ISAAC
[4]. Different experiments have verified this method and show that, in most cases, the method is
conservative [11].

The R6 method is very easy to handle because the method needs the K; and L,.. Where K; is
the ratio between the SIF at the crack and the fracture toughness of the material, L, is the ratio
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between the applied load and the limited load of plastic of the component with the crack. When
a combination of secondary and primary loads occurs, the method does not give the exact solution.
For thermal gradients, this method has too conservative results [11].

3.2.6 Safety Factors

To make sure that a crack is acceptable to have on a component in operation are the safety
factor for fracture and plasticity collapse needed. This must be valid for the whole time between
the inspections. They have the following definition in Equation 15 and 16 [11]:

J ss{%} (15)
P
P si (16)

Where J is the J-integral, J,. is the fracture toughness, P is the primary load, and P;, is the load
limit when plastic collapse occurs. SF; and P, are the safety factors for fracture and plastic
collapse. The good thing about these definitions (15) and (16) is that they do not depend on the
method used to calculate J and P; [11].

The safety factors also depend on which kind of load the component is affected by. They are
calling it “Service Level” and it has four stages that are often too close to never be happening. The
most significant safety factor is where the load happens very frequently and is more undersized
for the loads that do not occur so much. These safety factors are found in the fracture mechanical
handbook with the R6 method [11]. This is not the focus of the thesis, but it is good to know that
it exists when crack analyses are made.

In the cases where high cycle fatigue could occur, the safety factor against fracture 3.0 against
the threshold value AK;;, when looking at cracks and the SIF (K). This margin is needed due to
the high cycling fatigue. Because, if the SIF passes the threshold value could the crack growth
rate be quick, which could lead to fracture in a short time. Then it is too late to make any changes
to it [11].

3.3 Damage Mechanisms

Here are some damage mechanisms provided to get a better understanding of the result and
the discussion.

3.3.1 Fatigue
Fatigue is the most common damage mechanism in components and structures in all types of
industries. It can occur due to many different types of loads, including thermal and vibration

fatigue [11]. The interesting fatigue in this thesis is the one affected by thermal loads, which is
called thermal fatigue.

Fatigue is a failure mechanism that leads to cracking in materials and structures due to cyclic
loads, which leads to cyclic stresses. The most interesting thing about fatigue is that it could
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initiate cracks and propagate cracks at stresses below the yield strength of the material. Fatigue
damage has three different stages: crack initiation, then crack propagation, and the last phase is
failure [12].

3.3.2 Thermal Fatigue

M. Dahlberg et al. write that thermal fatigue is a common damage mechanism that occurs in
power plants and reactor environments [13]. In most cases are thermal fatigue issues based on
something called “plug type” that are transients and steady-state thermal effects. These issues are
understood and could be controlled by different plant instrumentation systems. However, some
incidents in plants indicate that turbulent temperature mixing happens, for example in some pipe
systems or on the control rod extenders, like the problem discussed in this thesis. The loads that
occurred could be high cyclic thermal dependent, and this, in combination with other thermal and
system loads, could lead to new complex loads.

Creating thermal loads to simulate with FE software is often very conservative and, in some
cases, are catastrophic loads used, which never happens for power plants. This is because it is very
hard to define the thermal load. To avoid conservatism are the load monitoring system a good way
of taking out loads to use in the simulations. Because this system registers the operational load
during production which occurred during operation [13]. However, the problem is that the thermal
loads could be different from measurement to measurement. This leads to that it is very hard to
define these kinds of loads and know how to create them in the software [6].

In summary, thermal fatigue is caused by a cyclic thermal load with mixed temperatures.
When this happens over a long time with many cycles, it could lead to deformations on the
material in the form of cracks; this is due to thermal fatigue.

3.3.3 Reactor Water Environment

3.4

The environment in the reactor consists of most of the water which is called light water. Some
small, scaled laboratory fatigue test data shows that the fatigue life of reactor structural materials
decreases in a light water environment. The environmental effects depend on the applied
temperature, strain, strain rate, dissolved oxygen in the water, and for carbon and low-alloy steels,
the sulfur content in the steel. This means that the light water reactor environment affects the
material that the cylinder, in this case, has. It is due to temperature and rise time as also could be
seen in the equations in ASME XI [10].

Methods for Avoiding Damages

The PAKT documents consist of rules and specifications about mechanical works in Swedish
nuclear power plants. Swedish nuclear power plants have added documents to these PAKT
documents and are updated regularly [14]. When looking at damages are divided into groups and
analyzed depending on which group the damages are placed in. They are divided due to the
probability that it occurs during operation and how the consequences of the damages [14].
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3.5

3.5.1

Software

This part of the report is short information on the three software used in this thesis.

Abaqus

The general purpose of Abaqus is that it is a robust finite element analysis software and is a
good tool for engineers. It is designed to be as close to reality as possible with theories and without
any unnecessary limitations [15]. However, the version that is used in this thesis has some
limitations because of the student version (limitation of 1000 nodes). This limitation forced this
investigation to be in the two-dimensional space with an axisymmetric model.

Abaqus is a tool for engineers to simulate complex problems and advanced geometries.
Because of the library of different element types. The software could also simulate metals at
varying temperatures and strain rates [ 15]. This makes the software suitable because of the thermal
cycling load. This also means that Abaqus can provide more analyses than just stress analyses.
Abaqus could provide conductive and convective heat transfer, mass diffusion, and a couple more
analysis methods [15]. But the most interesting part of this thesis is that Abaqus could provide
heat transfer.

3.52 ISAAC

3.53

ISAAC is software that can provide damage tolerance analysis, safety assessment of defects
concerning plastic and fracture collapse, and analysis of crack growth due to fatigue and stress
corrosion. The solutions are implemented into different modules with different types of
geometries, cracks, and loadings [4].

ISAAC also has a module for the safety assessment of cracks with a procedure based on the
R6 method. It also has modules for evaluation according to the code case ASME section XI
presents for boiler and pressure vessel. The software provides simple analyzing modules, for
example, assessment of different types of imperfections on a component, analysis limiting defect
sizes, analysis of crack growth in different environments, ductile tearing, and analysis of
sensitivity. The implementations have been verified for a long time since the first version of the
software [4].

MATLAB

MATLAB is a software that combines a desktop environment and design processes. It has a
programming language that expresses array and matrix mathematics directly and has iterative
analysis. It could also provide code, output, and formatted text in a notebook in the live editor
[16].

MATLAB also has a very large number of toolboxes that have been developed by
professionals, tested, and fully documented [16]. This helps to provide analysis by plotting results
and taking out interesting parts from the obtained results. By creating your codes and specifying
the code for your purpose. The primary things used in this thesis are analyzing data and visualizing
and exploring the data by graphics.
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4 METHOD

This chapter is about the method of how the project gets the results, this includes the problem
statement, research question, expectations of the results, and the main process of the simulations.
This chapter describes the different steps needed to reach the results and how the different data is
collected.

4.1 Mesh

Engineering Software talks about how to define a crack in Abaqus and how to control the
mesh around the crack in a video [17]. The first thing that is described is how to sketch the crack
and some helping lines for the mesh in a partition. This part of the process sketches the component.
This should then, later in the process, help to create the crack and a good mesh for the simulations.
When the partition was done was the crack created inside the interaction module under special.
The first thing step in creating the crack is to assign the seam for the crack; this process is just to
select the assigned seam and then select the crack line made before in the partition. The next thing
is to create the crack by first selecting the crack tip inside the component, and then selecting the
g-vector to define the direction of the crack. When using the g-vector first select the first node at
the circle and then the crack tip again, see Figure 7.

Figure 7 - Illustrates the selection of g-vectors.

It is the two red dots in Figure 7 that should be selected, first the right one and then the middle
one. After the selection of the g-vector, it is time to set the settings for the crack and specify the
singularity. The basic explanation for adding singularity fields is that the FEM displacement creates
a singular field around the crack tip. This means that the middle node moves 0.25L, where L is a
length in mm, to create one singular point at the crack tip [18].

4.2 Material

The material used for this thesis is the austenitic stainless steel 3161, which has temperature-
dependent data, as can be seen in Table 2 and Figures 8 to Figure 11. This material is chosen
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because the ISAAC module is based on it, and it is a common stainless steel. The figures visualize
how the properties change depending on temperature.

Table 2 - Material properties

Temperature | Young’'s | Poisson’s | Mass Thermal Thermal Specific

[°C] modulus | Ratio Density | Expansion | Conductivity | Heat
[GPa] [kg/m?] | [1/°C] [W/(m-"C)] [J/(kg"O)]

20 195 0.3 8000 15.3E-06 14.2 494

100 189 0.3 8000 16.9E-06 15.4 511

200 182 0.3 8000 17.1E-06 16.9 529

300 176 0.3 8000 17,7E-06 18.3 548
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Figure 8 - Young's modulus over temperature.
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Figure 10 - Thermal conductivity over temperature.
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4.3

20 Thermal expansion as a function of temperature
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Figure 11 - Thermal expansion over temperature.

Research Design

The planning for the research starts from and is based on the research questions presented
under the heading 1.2.1. This is done to answer the questions systematically and give the reader a
better understanding of how the answer was made.

Based on how the first question is posted, deductive research lends itself to arriving at an
answer. The question is posed in such a way that the knowledge that the ISAAC software is
conservative is a fact but not how much. The theory is that the ISAAC software is conservative,
but it has not been tested before. This is why deductive research is well suited for this investigation
because this research tests existing theories according to a website [19]. By using this type of
research design, the thesis tests the theory that ISAAC is conservative by comparing the same
kind of simulations about cracks using Abaqus. The research starts with checking the existing
knowledge and, in this case, the backgrounds of ISAAC. Then, from this knowledge, make a
hypothesis that is that ISAAC is conservative compared to Abaqus. The step after the hypothesis
is to collect relevant data to make it possible to answer the question and check the hypothesis. To
collect the data are, the software programs ISAAC and Abaqus used where the interesting results
are the SIF from the crack simulations. This result is used because the ASME XI and MD-02 use
the SIF to calculate the crack growth. More details of the procedure of the simulations are found
under C. The type of data that is going to be analyzed is primary data which means that it is
collected from the author of this thesis [19]. The analyzing part of this investigation is easiest
made by comparing the data in one plot to make it easy and clear for the reader what the difference
is. To then later answer the research question and conclude if the hypothesis works or not.

The second question is a little more in line with exploratory research, where it is very clear
what is to be answered. The way of answering this question is to test both of the laws with the
results from the simulations provided with the help of Abaqus. This kind of method is typically
exploratory research where the research data is primary and used to answer a research question
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that has not been done before [19]. The analyzing process is then to see which of these laws are
more conservative than the other. The process of this research is to first identify the problem which
is done under 1.2. Then, set up a solution to make the plan for the method and how to provide the
result. The data is collected by calculations in the software MATLAB, and the equations come
from the laws ASME XI and MD-02. More details of the method are viewed under C. The next
step in this research is to analyze the data and that is made in the same way as for the first research
question with a comparison plot. The interesting values to compare for this analysis are the crack
growth in different shapes like speed and the length versus years to look from different
perspectives of growth.
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5 RESULTS AND ANALYSIS

This chapter presents all the results in tables, graphs, and figures to help readers understand.
It starts with the pilot study, then provides the results from Abaqus and ISAAC, and then, at the
end, compares the results.

5.1 Abaqus Results
5.1.1 Pilot Study and Deformation-controlled Load

The pilot study is a simulation with just a pulling load of 100 MPa, which is described under
8.1. This simulation was made to see if the process of simulating cracks in Abaqus was correct.
The first result was to look at just one specific crack of 1.3 mm.

The first result is the deformation of the crack, which can be seen in 8.1. This is only possible
with Abaqus, which means that a comparison of this is not possible.

Figure 12 - Is a zoomed-in view of the deformed crack.

Figure 12 shows that the crack acting in the way that is expected with an opening due to the
pulling force. What is also expected is that the highest stress is located very close to the crack,
and that is why the model, in this case, is one color.

The result of the stress intensity factor for the simulation in Abaqus is around 7.318 MPavm
and the result for ISAAC is 7.32 MPay/m. This means the two simulations are very close and the
difference between them is about 0.029%. This means that using Abaqus to simulate cracks in this
way is possible and could now be used in further investigation with a thermal load instead of a

pulling force. The plot in Figure 13 illustrates the counter value together with the mean value of
those and the result from ISAAC.
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Figure 13 - Illustrates the contours and mean value of Abaqus and ISAAC results.

The dots in Figure 13, which look like stars, represent the contours from Abaqus and the stress
intensity factor they have. The blue circular formed dots represent the mean value of the contours
stress intensity factor from Abaqus and the other one is the result of the stress intensity factor
using ISAAC.

The next obtained results are a comparison plot between ISAAC and Abaqus for the crack
depths used in the other simulations and viewed in Table 3. This is to illustrate that the simulations
are valid for the crack depth used in the thermal load simulations.
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Figure 14 - Are the SIF (K;) over crack depth (a) for ISAAC and Abaqus simulations.
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Figure 14 illustrates that the ISAAC and Abaqus simulation results are very close for small
cracks. It also says that the SIF for a pulling force at 100 MPa has an exponential shape over the
crack depth, with a higher SIF value for bigger crack depths. This curve is then also compared by
using two different loads, one deformation-based, and one force-based. Where the deformation-
based simulation is made by simulating the component without a crack and with the same load as
for the force based. Then, using the deformation from that simulation, take the extraction that
occurs and apply it to the component with the crack. This result is viewed in Figure 15.
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Figure 15 - Is a comparison between force-based simulation and deformation-based
simulation.

Figure 15 shows that the deformation-based simulation could be used to simulate small cracks
close to the surface of the cylinder. The “Disp load” in the figure is the simulation where a
displacement from an uncracked model is used as a load instead of the actual pulling load. The
maximum difference is 2.63% between the ISAAC curve and the Abaqus curve which is small
compared with the difference of 85.3% between the “Disp load” curve and the “Abaqus” curve.
This then means that the way of simulating the “Disp load” is not the correct way of representing
the load for deep cracks.

5.1.2 Without Crack

This section of the results is about the thermal load that is used in this thesis and is the main
load that is analyzed. As mentioned in O are the load a cyclic thermal load with temperatures of
85 °C and 276 °C with a hold time of 10 seconds and a frequency of 0.05 Hz. This load is applied
to the model as a step function and is viewed in Figure 50. The first result obtained in this
simulation is the temperature over time, which is viewed in Figure 16.
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Figure 16 - The temperature over time depends on the depth.

Figure 16 shows that the temperature changes more at the surface than in the middle of
the cylinder. It also illustrates that the temperature has not reached the stable stage in the first
100 seconds. Each line represents a depth in the cylinder and the legend in the right up corner
tells which depth each line has. Where zero millimeters is at the surface and 32.5 mm is the

middle of the cylinder. To see all the lines better and clearer are a zoomed-in view illustrated
in Figure 17.
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Figure 17 - Zoomed in view of temperature over time between 200 and 250 seconds.
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These temperatures influence the material of the cylinder, making it expand and contract.
This, in turn, leads to stresses in the cylinder. The stresses obtained from this simulation are
viewed in Figure 18.
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Figure 18 - Stress over time for different depths.

Figure 18 shows that the stress also changes closer to the surface of the cylinder. Zero mm in
the legend is on the surface, and 32.5 is the center of the cylinder. Figure 19 illustrates this clearly.
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Figure 19 - Stress over time for different depths between 200 and 250 seconds.
The stresses that occur by the thermal load are used to simulate in ISAAC. Because ISAAC,

as mentioned before, cannot simulate thermal loads. The stress profile is taken from the sequence
where the maximum stress is obtained on the surface. This stress profile is viewed in Figure 20.
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Stress over depth, at 229.7 s
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Figure 20 - Stress over depth, at the time 229.7 s.

What ISAAC and the simulations in the report explained under 2.2 do is they use this stress
profile and apply it at the end surface of the model. This is in the same way as the pilot study
applies the load at the end surface. To get a better representation from ISAAC are stress profiles
from each time that a peak in the SIF over time plot existing. It is the time for each crack depth
where the maximum SIF value is obtained by Abaqus, to better understand which time check the
dots in Figure 25. These stress profiles are illustrated in Figure 21.

Loads for every crack depth
I I

200 T i m
—2mm
150 — 3mm
——4 mm

100

50

Stress [MPa]

-50

-100

-150

-200 | | | | | |
0 5 10 15 20 25 30 35

Distance [mm]

Figure 21 - Are the different stress profiles that occurred at the time for maximum SIF.
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5.1.3 With Crack

The first result obtained from the model with a complete circumferential crack is the SIF over
time. The expected outcome of this is that the SIF is a cyclic graph like the temperature and stress.
This plot for every crack depth is viewed in Figure 22.
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Figure 22 - SIF over time for every crack depth.

Figure 23 shows a zoomed view of the SIF over time, with an interesting interval of 200
seconds to 222 seconds when the SIFs have reached the stable stage.
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Figure 23 - SIF over time at the time between 200 and 222 seconds.
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The second result from the model with a complete circumferential crack is the SIF, depending
on which crack depth the model is simulated with. This result is based on and inspired by the
result in the report discussed under 2.2. The result from these simulations, with the help of Abaqus,
is viewed in Figure 24.
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Figure 24 - SIF for every crack depth and with the threshold value.

The dots in Figure 24 are the measuring points on the model, which is the crack depth. As can
be seen, there are closer points at the beginning of the graph and the surface of the cylinder. This
is because more is happening in the beginning, and to get a smooth curve, more measures were
made close to the surface. A more detailed explanation of the result of Figure 24 is that the SIF
values are the peaks in Figure 23 and in that specific interval. This is visualized in Figure 25.
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Figure 25 - Illustrates where the peaks/max of SIF for every crack depth are located.
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The last result is the stress over the crack tip illustrated in Figure 26, which shows that the
most interesting area is close to the crack tip and that the system is symmetric.

Figure 26 — Vertical stress around the crack tip, with a crack depth of 1 mm.

Figure 27 shows a convergency plot of the SIF depending on the number of elements to
illustrate that the mesh size is good enough.
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Figure 27 - Illustrates the convergence of SIF depending on the mesh by the number of
elements.
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5.2 ISAAC Results

The results of ISAAC are made with the load from Figure 20 which is mentioned in 0. The
load is taken from a model without crack and simulated with a thermal load which comes from
the report explained under 2.2. The results are presented in the same way as for the Abaqus result.
The interesting result from ISAAC is the SIF over crack depth which is viewed in Figure 28.
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Figure 28 - SIF over crack depth made with ISAAC and with two different stress fit tools.

Figure 28 shows that it depends on which type of stress fit tool is used to read the load. Which
one is more accurate is discussed under 6.2. Two figures that illustrate the stress fit are viewed in
Figure 29 and Figure 30.

37



300

ess [MPa]

-200

— Load
—— How ISAAC reads the load

0 5 10 15 20 25 30

Position, r [mm]

Figure 29 - Illustrates the stress fit by using the second SFT.

Figure 29 is the one used to create the second curve in Figure 28 which is called “SFT 2”. A
good fit of the stress should be when the red line follows the blue line. The first SFT used to create
the line that is called “SFT 1” is viewed in Figure 30.
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Figure 30 - Illustrates the stress fit for the first SFT.
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5.3 Comparison

The research questions:
e How conservative is the software ISAAC compared with the software Abaqus,
considering the stress intensity factor, and what could be the reason for the difference?
e  Which of the two crack growth laws is the most conservative one?

5.3.1 Abaqus vs ISAAC

The first comparison is the most important one and what this thesis is about. It compares the
results of simulating a complete circumferential crack in a cylinder by ISAAC and Abaqus. The
result that is compared is the SIF obtained at different crack depths. These results are also
illustrated in their figures, Figure 24 and Figure 28. Figure 28 shows both two curves used, and it
is for the discussion about which one is the best stress fit tool to use. The comparison result is
viewed in Figure 31.
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Figure 31 - SIF over the crack depth with curves from ISAAC and Abaqus.

Figure 31 shows that the SIF for the crack depth of 1 mm is the same at the level of 11.2

MPa~/m. This result says that there is no difference between Abaqus and ISAAC for small cracks.
This also means both software programs have the same conservatism for cracks smaller than one
millimeter.

The maximum value of the Abaqus curve is located at the crack depth of 3 mm with a SIF of
13.86 MPa~y/m. For the ISAAC curve is the maximum SIF located at the crack depth of 4 mm

with a SIF of 15.8 MPa+/m. These results show that ISAAC is more conservative than Abaqus as
ISAAC has a much higher max value.

The biggest difference in percent between the SIF values is located at the crack depth of 15
mm with 62.82%. The diff is calculated between the Abaqus curve and the second ISAAC stress
fit tool curve. Conservatism has no unit or measurement procedure, but due to the high difference
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in percentage, it seems like the ISAAC software shows a very conservative result compared to
Abaqus. More about this under 6.3 and 6.4.

As mentioned before could the ISAAC curve be better in the form of looking more like the
result in the report described in 2.2. The curve is created by using different stress profiles and is
viewed in Figure 32.
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Figure 32 - The ISAAC curve is based on different stress profiles.

5.3.2 ASME XI vs MD-02

The second comparison is the crack growth rate curves, where the different crack growth laws
ASME XI and MD-02 are compared. These curves are only based on the SIF result from Abaqus.
Before the crack growth rate result could be generated, the calculations needed some more results,
like temperature rise time. The rise time can be seen from Figure 33, Figure 34, and Figure 35.
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SIF vs Time
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Figure 33 - SIF over time at the interval from valley to peak of the SIF for every crack
depth.
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Figure 34 - Temperature over SIF for every crack depth and a specific time interval.
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Temperature vs Time
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Figure 35 - Temperature over time at the interesting time interval for every crack depth.

From the three figures above, it can be seen that the rise time for every crack depth is the same,
with a rise time of 10 seconds. The rise time depends on the load with which the system is loaded, where
the holding time is 10 seconds. And that the crack depth has different start times and end times, this also
makes it clear that the peaks of the SIF are located at other times. The different start times and end times
occur because of the material properties, which causes the material to acquire a certain inertia from
transferring heat from one side to another.

In the code case ASME, it is hard to decide which temperature to use because of the definition of
the crack growth rate. It is also complicated when a cyclic load is used, where the temperature varies
depending on time. Two examples of different temperatures to use are the maximum temperature for
the crack depth and the mean value of the crack depth. These two types of temperatures are compared
in Figure 36.
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Figure 36 - Crack growth rate over crack depth depending on T.

The crack growth rate for every crack depth does not differ much between the two different
temperatures, the most significant difference is 6.54% and is located at the crack depth of 9 mm.
The resulting difference is not significant but could make a difference when used in crack growth
calculations. This means that to be safe, it is better to use the maximum temperature. The points
for the upper bound are the standard crack growth rate multiplied by a factor of 2. Another
comparison of crack growth rate is between the two crack growth laws used in this thesis, which
are explained under 3.2.3. This comparison is viewed in Figure 37.
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Figure 37 - Crack growth rate over crack depth depending on crack growth law.

From Figure 37, it is seen that the difference in crack growth rate between the laws at the
crack depth of 3 mm is 2.75¢-4 mm/cycle. Where the red dots that represent the MD-02 method
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are more significant than the ASME method of the crack growth rate, this means that the law
given in ASME XI is less conservative than the law given in MD-02. This is true for crack depths
between zero and eleven millimeters. The rest of the crack depths have the same crack growth
rate, which means there is no difference in conservatism at bigger crack depths. By using the
knowledge about crack growth rate, a graph with crack depth over years of operation can be
calculated, as viewed in Figure 38.
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Figure 38 - Crack depth over Years of operation.

The dashed lines are where the growth rate is zero and the growth ends due to the ASME law. For
the MD-02 method, there is no threshold value existing as in the newer method ASME. From Figure 38
is there easy to see that the law given in MD-02 is the most conservative due to the fact that the MD-02
curve is above the ASME XI curves. The results show how long it takes for a crack to grow to a certain
crack depth. It takes less time for MD-02 to grow to a certain crack depth than ASME XI and this makes
MD-02 to be more conservative than ASME XI.
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6

6.1

DISCUSSION

This chapter analyzes the results and discusses what they say. Improvements are also
discussed in this chapter, things that could have been done in a different way to improve the
results.

Abaqus Results

The discussion starts with the pilot study that was conducted before the real simulations, and
the first thing to discuss is the model. It was mentioned in the method that a two-dimensional
axisymmetric model was not the first idea. The first idea was to model it in three-dimensional
space with a surface crack formed as a half-moon. However, when the modeling procedure was
started, it was realized that the student version of the Abaqus software was limited to 1,000 nodes,
which was too few for a three-dimensional model. Then was the decision made that to save data,
the model could be two-dimensional and axisymmetric. This was also a good thing due to it has
been made before but with some other methods of applying the load on the model. This previous
work is written under 2.2. The simplification of using a two-dimensional model was also an easier
way to model cracks in Abaqus. The geometry of the crack was not optional because of the
axisymmetric module; the only geometry of the crack was completely circumferential. This was
also not a bad thing because ISAAC could also provide this geometry, to then be able to compare
the two simulations.

This pilot study shows that the method of simulating cracks in Abaqus is suitable. This is
because the result from ISAAC matches the results from Abaqus. The maximum difference
between the ISAAC curve and the Abaqus curve is 2.63%, which is very good; this means that
there is not a big difference between Abaqus and ISAAC. The form of the curve is also expected
due to the constant pulling force applied at one end of the cylinder. It also has this curve because
the crack becomes bigger, and less material helps to pull down the cylinder. Hand calculations
could have also made the validation, and this took a lot of time from the simulation process. But
it should have increased the truth and the worth of the results. Some real tests could have also
made the validation from reality. The problem with an experiment of this kind of geometry is to
create a complete circumferential crack on a real cylinder. Also, having the crack have the exact
depth around the hole cylinder would be hard to do. Therefore the validation is good enough
considering the resources and time limits.

The next thing to discuss is the thermal load that is used for the other simulations in this thesis.
The thermal load is based on an approximate load from the environment in which these control
rod extensions are placed. The load is an approximation because the natural thermal cycling in the
reactor is very complex, and it can vary much from time to time. The load used in this thesis and
also in the report described in 2.2 is a bigger load than in reality. This means that already in the
load is the conservatism considered.

The result of just applying the load on the cylinder without a crack, as can be seen in Figure
16, Figure 17, Figure 18, and Figure 19, is expected. Start by looking at the temperature. It is
expected that the temperature should follow the load when measuring close to the surface, and
further in the cylinder, the temperature will not change that much. This is because of the material
properties of handling temperatures, such as thermal conductivity. These temperature variations,
in turn, make the material expand and contract, which depends on if the temperature is increasing
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6.2

or decreasing. When the material expands at different speeds at points in the material that are close
to each other, stresses occur. The stress has the same graph shape as the temperature and can be
seen in Figure 19. These stresses are then creating a stress profile over the component at different
times. The time when the surface stress is highest is the one used to simulate the first simulation
in ISAAC, as shown in Figure 20. This stress profile is used because it should provide the highest
SIF value.

The next result to discuss is the SIF values from the components with cracks and with some
different plots. The SIF is like the temperature and the stress, which is a cyclic shape over time
due to the load. Worth mentioning here is that the maximum SIF does not occur simultaneously
for every crack depth. This could also be due to the material properties and the thermal inertia,
which means that it takes more time to reach the top further into the material. This is clearly
viewed in Figure 25 where the peaks are pointed out by dots. The peaks are most interesting
because they are where the maximum SIF is obtained in the material at a specific crack length. It
was also important to check if the component was acceptable or not. This also means that the
stress profile would have a different shape. Therefore, the stress profiles in Figure 21 are collected
from the simulation without cracks where the stress profiles come from the time when the
maximum SIF is obtained. One more thing about the interesting parts is that it is only the positive
SIF values that are of interest. This is because the negative SIFs occur when the crack surfaces
are in contact and are not a factor in propagating more or causing more damage to the component.

The shape of the SIF over the crack depth curve viewed in Figure 24 is as expected due to the
report discussed under 2.2. This figure also has a line with the threshold value, which means that
all points lower than this line have a zero growth rate due to the ASME method. This also tells us
that the crack will stop at this point. More about this later in the discussion.

A convergency plot was made to check if the mesh was fine enough or if it needed to have
more elements. Where the SIF for the crack depth of 5 mm is tested with a different number of
elements, this plot is viewed in Figure 27, and from this figure, it is clear that higher than 200
elements are good enough. It does not change the result if the number of elements is higher. The
choice of mesh and how to draw the helping lines was very time-consuming because it is an
iterative method of doing this with try and redo to obtain better results. If this project were done
again, it would be with a better version of Abaqus with no limitation of nodes. It became easier to
make the mesh, but the consequence should be that the time to simulate becomes longer. It also
needs to handle more data from the simulations with more nodes.

The interval in Figure 23 is selected because in this interval, the SIF values have reached the
stable state. That it has reached the stable state can be seen in Figure 22, where the peaks of the
wave do not get higher and higher anymore.

ISAAC Results

The first thing to discuss in the ISAAC results is that it depends on the type of stress fit tool
used. The difference between the two tools is viewed in Figure 28; as can be seen in this figure,
there is not so much difference when the cracks are small. This is expected from the knowledge
of how the software reads the load. Figure 29 and Figure 30 show how the software reads the load.
The first stress fit tool is linearization, and this tool is suitable for liner loads or constant loads.
This means that it fits the load at the beginning of the small crack due to the form of the stress
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6.3

profile. But further into the cylinder, it gets bad due to the shape of the stress profile that it curves.
The other stress fit tool is very good for this kind of load, where it follows the stress profile well
through every crack depth. This means that the blue line in Figure 28 is more correct than the
other line. The fact that the shape of the blue curve is also more like the one in the report described
in 2.2 amplifies this state that the blue curve is better. Both curves are then later used to make a
comparison.

Comparison

Some differences can be seen when comparing the result from ISAAC with the result from
Abaqus. Some interesting notations from Figure 31 are that small cracks up to 1 mm are the same
for Abaqus and ISAAC, but at deeper cracks, the difference in SIF value is bigger. The big
difference was expected to occur at deeper cracks than in the figure because of the privies graph
from the pilot study in Figure 14. This figure shows that the ISAAC is close to the Abaqus
simulations at small cracks. What are the differences between the ISAAC simulation and the
Abaqus simulation? The main difference between the two simulation methods is how the load is
applied and created. The load in Abaqus is a cyclic thermal load directly applied at the surface of
the cylinder. The load in ISAAC is a stress profile over the cylinder measured in Abaqus. This
method of creating the load in Abaqus to later use it in ISAAC could be the thing that makes the
difference between the SIF curves.

The next thing to discuss is one theory that could be the problem with using this method to
apply the load. It is the impact of using a power-controlled load or a deformation-controlled load.
To clearly illustrate that a deformation-controlled load has an effect on the result of a crack, this
theory was tested on the pilot study model. The result of the deformation-controlled load is viewed
in Figure 15, and the yellow line, the other line in this figure, is created with power-controlled
loads. The deformation-controlled load is created by taking the displacement from a simulation
on the cylinder with the same pulling force as for the first pilot study. Something interesting in
this figure is that the curves are very close to each other for small cracks. This phenomenon also
occurs in the simulations with the thermal load, as mentioned before. And when the crack gets
bigger, the difference between them is bigger. An explanation for why this deformation-controlled
load result is smaller could be that it becomes unloaded when the crack grows. This means it
becomes easier to hold that displacement because less material could pull down the cylinder. This
leads to the SIF value not increasing in the same way as for the power-controlled load.

The phenomenon explained above could be why the difference between the Abaqus result and
the ISAAC is big. The load for the ISAAC method is deformation-controlled, and the load for
Abaqus is power-controlled. This means that the load, in this case, greatly impacts the result. It
could be that the thermal load is affected by the crack depth that produces a change in the stress
profile. And then it turns out that in ISAAC are always the stress profile is the same and provides
other results that are not of interest. If the ISAAC software were able to apply thermal loads
directly to the software, it would be easier to compare the results.

The next thing to discuss is that the SIF peaks in Abaqus are located at different times in the
measuring interval. The most interesting results are when the SIF is at the maximum level because
it is about checking if the component will break or not. This means that some of the ISAAC results
are too low and could occur with other stress profiles. The stress profiles also change over time,
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as shown in Figure 19, when the stress changes over time. Different stress profiles were added to
the component to check if the SIF values were the maximum for ISAAC. The stress profiles are
from when the maximum SIF values occur in the Abaqus results. These stress profiles are plotted
in Figure 21 and then used to simulate the SIF in ISAAC. The result of this simulation is viewed
in Figure 32 and is the yellow line in this figure. Some problems with these results are that the
SIF values for the new results are lower than the first result for most of the crack depths. The
expected outcome would have been that the new curve had higher SIF values. This was expected
because the Abaqus SIF values become higher at these points. If the project were done again,
would the method be different in the way of running the simulations with more stress profiles and
measuring all crack depths to see if higher SIF values are obtained at different times for ISAAC
than doses for Abaqus. This kind of method was used before, but then the wrong interval was
used, and due to the time limits, this kind of analysis was not made for this interval. Those results
are illustrated in the appendix Figure 39.

The last thing to discuss is the difference between the crack laws and how to use the laws on
the SIF results. The equations behind the results of the ASME law are shown in 3.2.3, and some
of the characters are hard to understand and use. The first thing to consider is the temperature to
use because it varies over time. Then, some suggestions are analyzed in Figure 36 using the
maximum and mean temperatures over the crack depth. The mean value of the temperature is
lower than the maximum temperature. The decision of which one to use is based on how different
decisions have been made regarding fracture mechanics at nuclear power plants. It is to go for the
one with the highest value to be on the safe side, and this leads to the results being more
conservative. But what is right and wrong, considering that it is closer to reality, is hard to say and
may need more investigation.

The next thing to discuss is that the equations need the temperature rise time to calculate the
crack growth. To see the rise time, some plots were made to illustrate the temperature over time,
and some other graphs illustrate what is happening because of this temperature change. The
temperatures are of interest when the temperature goes from maximum to minimum. This is
because the SIF is positive when the temperature decreases, which means the crack opens. These
results are viewed in Figure 33, Figure 34, and Figure 35. From some of these figures, it is hard
to see the rise time. Figure 35 shows the starting point and the ending point, which are marked
with stars. From this plot, it is easy to see that the rise time is 10 seconds for every crack depth.
But to not just visualize the rise time, it is also calculated in MATLAB, and it is 10 seconds for
every crack depth.

In Figure 36 are different curves compared. One comparison is already discussed: the
maximum and mean temperature. The other comparison in that figure is between the normal crack
growth rate and the upper bound curve, which should be 2 times bigger than the normal one. It
seems like a very large difference in the crack growth rate, but when plotting the crack depth over
the year, it is not that big of a difference. Selecting which to use also depends on how conservative
the analyses must be. If the selection should be with the eye of having large safety from fracture,
the selection should be to go with the upper bound.

The last result analyzed is the crack depth over years and how long it takes to grow to a
specific crack length in Figure 38. The threshold value is marked with the dashed line, where the
growth stops. For these results, the growth stops after one and a half years when the crack is about
9 mm long. The upper bound is this stage obtained earlier, which says that it needs to be inspected
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6.4

6.5

at smaller intervals. For the method, MD-02 grows faster, but this method has no threshold value.
Choosing which of these methods to use is hard, but I would say it is enough to use the normal
ASME method. This is because of something that was discussed before, and it is that the results
are already conservative due to the load. If the ISAAC software is used, the result becomes even
more conservative. The ASME method is the one that I think is more relevant to use because of
the updates that are made in ASME. MD-02 has not been updated since the release.

Things that could have been better for these plots are more measuring points, which means
more crack depths were measured. This is because some plots are jumpy and could have been
smoother. Examples of those curves are in Figure 38, where the curves are slightly jumpy between
the measuring points. If more crack depths should have been measured, it would take more time,
because every crack depth needs to be simulated. This should increase the visualization of the
figures and make them look more “correct” than if they were jumpy. However, this would not
change the results and analyses.

The Conservatism of ISAAC Compared with Abaqus

One of the research questions was, “How conservative is the software ISAAC compared with
the software Abaqus considering the stress intensity factor, and what could be the reason why?”
this one is answered in one way but in another way not. The first thing that could be said about
this is that the ISAAC curve “SFT 1” in Figure 32 is above the blue Abaqus curve. This means
the SIF is bigger for the ISAAC simulations when the crack is bigger than one millimeter. This
also leads to the crack growth becoming faster for ISAAC than for Abaqus; therefore, we could
say that the calculation with ISAAC is more conservative for crack depths bigger than one
millimeter and smaller than 15 millimeters. We cannot say that the ISAAC is more conservative
in the end range of crack depth we were looking at because the shape of the ISAAC curve is not
expected due to the previous study explained under 2.2. This says more that it is something in the
calculations in the ISAAC software that makes this unexpected curve. The results show the
potential for improvement in ISAAC for the given geometry and the specific load used. This does
not mean the program cannot be used as a quick solution because the result is on the right side of
Abaqus's results. The shape of the curve does not agree with Abaqus, but since the whole curve
shows higher results, it means that they are conservative. This could be something to consider
when using ISAAC with the conditions used in this thesis. To get better results should, FEM
software be used, but if time is the most important thing to be short, ISAAC is a good tool to use.

The reason for this is hard to say and needs more investigation, but one theory discussed is
the unloading from the crack when using deformation-controlled and force-controlled loads. The
crack affects the load, which ISAAC does not consider.

The Most Conservative Crack Growth Law

The other research question was “Which of the two crack growth laws is the most conservative
one?” where the result answers the first part of this question, and the second part is hard to answer.
The result shows that the crack growth law given from MD-02 is the most conservative because
the growth is faster than the one given in ASME. These results can be seen in Figure 37 and Figure
38. MD-02 is more conservative because of the equations, and I think it is more conservative
because it is very old and not updated like the law from ASME.
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7 CONCLUSION AND FUTURE WORK

In this chapter, the result will be concluded and discussed in the way the problem is stated.
This chapter also includes a discussion about future work in this area, what the next step is, and
some questions that occurred during the thesis's work.

7.1  Conclusion
The research questions:
e How conservative is the software ISAAC compared with the software Abaqus,
considering the stress intensity factor, and what could be the reason for the difference?
e  Which of the two crack growth laws is the most conservative one?

The first thing is the problem with how to analyze cracks in software with a thermal cyclic
load. A common fracture mechanism in power plants is thermal fatigue due to temperature
changes over a long time. This means that it needs to be investigated and analyzed well. Analyzing
cracks with software gives accurate results and illustrates an approximative reality before it
happens. The result could tell if the inspection interval needs to be shorter or longer. This could
then lead to saving money for new components and production stops. However, some drawbacks
of this kind of simulation and analysis process are that it is time-consuming and costly. The most
time-consuming part of this process was finding a good mesh, and it needed a new simulation
setup for every crack depth.

The later phase simulates these fracture mechanisms in simpler software and is faster to set
up, like the ISAAC software. ISAAC is very user-friendly software because of the structure of the
menu and pictures that illustrate what the simulation is about. These things make it possible to
simulate and obtain the result faster. This then leads to the analyses could be started quicker and
decisions could be made faster. Sometimes, decisions need to be made quickly, and then this
software is good to use. Some drawbacks of this software are the handling of deeper cracks and
the fact that it is limited for some loads and geometries. Geometries, like pipes and cylinders, are
the most common in an industry and cover a lot but not all of them. Pressure loads are also the
most common, but if we look at power plants, thermal loads are common. Creating a thermal load
using the stress profile from FE software is time-consuming, and, in this case, it would be better
to analyze it in the FE software.

The comparison between ISAAC and Abaqus considering SIF values are small for the small
cracks and big for deeper cracks. The biggest difference is located at the crack depth of 15 mm
and has a difference of 62.82% where the ISAAC curve is situated over the Abaqus curve. This
means that ISAAC provides results that are more conservative than Abaqus, which was expected.
That which was not expected is the big difference at the deeper cracks. There were expected to be
differences, but not that much. The potential reason for this could be the effect discussed before,
which is using a power-controlled load in Abaqus and then a deformation-controlled load in
ISAAC. The effect is illustrated in the pilot study, and a big difference occurred at the deeper
cracks. The good thing about the results is that the ISAAC results are more significant than those
for Abaqus. This means that the analyses with ISAAC are on the good side and safety side. This
also means that the result with ISAAC is more conservative than Abaqus results.
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7.2

The last thing that needed to be investigated was the methods of calculating the crack growth
rate using the two laws ASME XI and MD-02. The first analysis shows a big difference between
the laws considering the crack growth rate. On the other hand, MD-02 is more conservative than
ASME, which is also much older and not updated. When creating the ASME curve, some
differences occur depending on which type of temperature to use. To be more conservative and
be on the safe side, should the maximum temperature be used. When these crack growth rates are
used to calculate how long it takes to reach a specific crack depth, the differences are not that
much. For both laws, the cracks grow fast and stop after a specific time and crack depth. The
ASME law stops at 9 mm in about 1.5 years, and the upper bound reaches the stop at 9 mm in
about 8.5 months.

o ISAAC is more conservative at the crack depth between 2 and 15 mm because [ISAAC
has more significant SIF values. ISAAC needs further investigations to see why the
end of the SIF curve has a bad shape compared with Abaqus and the previous study
explained in 2.2.

e MD-02 is more conservative than the ASME because the results are much higher for
MD-02 than for ASME.

Future Work

Under this heading are some upcoming thoughts about new works in this area presented. The
first thing to do is to look closer at what the differences between Abaqus and ISAAC are and what
it depends on. Testing some other theories as to why the difference occurs and how it could be
deleted or added something that makes the ISAAC software better and closer to Abaqus. Look
closer at the superposition method and the difference in Abaqus, for example. This would lead to
a better understanding of the software and could lead to decreasing conservatism.

Other investigations that could be made include looking closer at geometries like pipes and
cylinders with an added thermal load. Where the results from ISAAC and Abaqus are compared.
Is it going to be the same difference, or are there other reasons that it is a difference? The common
geometries at power plants affected by a thermal load are pipes and cylinders. Check other types
of loads to see if Abaqus and ISAAC differ or if they are closer to each other. Also, a good thing
to check is if the geometry of the crack has any differences between the software. It could also be
an investigation of the same geometry but for a three-dimensional model instead of an
axisymmetric model. This should then add more information, and if it would be possible to build
a three-dimensional model, more crack geometries could be simulated. The reason for not using
it was that the Abaqus version was limited to a student version with 1000 nodes, which made it
hard to simulate in three dimensions. It had also taken more time than using an axisymmetric
model.

Another future work should be digging deeper into the two crack growth laws, which describe
more details about how to use temperature, for example. The answer should not be to go with the
most conservative one for all causes, especially when other things that affect the result are
conservative, such as the load. Is MD-02 relevant to use today, or is it out of time? It could cost
money that did not need to cost. For example, if the analyses show that the inspection interval
needs to be shorter, but in reality, that is not needed.
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APPENDIX

A. Another method to get a good shape of the ISAAC results
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Figure 39 - SIF over crack depth for different stress profiles.

B. Pilot Study

The first step in this method of providing simulations of cracks on a control rod extender
where to make a pilot study of a more straightforward case. This step was made to get to know
the software and how to investigate crack problems. Due to a lack of experience in simulating
cracks using this software, it did not exist before this project. This step aimed to start with learning
the different setups for cracks and how to model them in Abaqus. To control that these test
simulations are correct is a validation made with ISAAC. The model is then based on the model
in ISAAC to make the validation easier and more correct.

The first step in making these simulations is to build the part that the loads and boundaries are
acting on. To simulate this cylinder in stainless steel where a two-dimensional axisymmetric part
was used with an initial crack of 1,3 mm from the surface toward the middle of the cylinder. The
cylinder dimensions are 65 mm in diameter and 50 mm long with a crack in the middle of the
cylinder. The dimensions of the cylinder are based on the control rods and the crack depth is a
random small number. The crack is modeled to go around the cylinder with the same crack depth.
An illustration is made of the cylinder with dimensions in Figure 40 and Figure 41.
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Figure 40- A sideway view of the dimensions of the cylinder with crack.

Figure 40 shows the whole cylinder with its dimensions. Note that this figure is not
proportional to the dimensions. It is just an illustration of the real cylinder.

65mm

Crackse==»

Figure 41- Cylinder viewed from above with crack.

Figure 41 shows the cylinder from above, and the crack goes around the whole cylinder. This
figure is also not proportional to the crack and the dimensions. These two figures support the model
built in Abaqus. The model is first sketched in the part module of Abaqus with the axisymmetric
setup. This means that just one half of the cylinder is sketched with a rectangular shape. This final
model and sketch are visualized in Figure 42.
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Figure 42- Illustrates the part or model that the simulations are based on.

Figure 42 shows the final part which is the one that these simulations are based on. The sketch
is based on meters because inserting the material properties in the correct units becomes easier. In
the figure are the symmetry line placed at the left which is the dashed yellow line. It is at this dashed
yellow line that the hole plane is rotating to simulate a cylinder. After the part was created are the
material properties inserted in the property module. For this test problem was only the elasticity
with Young’s modulus used because it is just a normal pulling load applied to the component.
When the material data was set, the section was created and assigned to the component where the
part was inserted in the assembly module. When the part was inserted where an instance type of
independent (mesh to instance) was used. This is because the part needed to have different meshes
depending on where on the part, for example, close to the crack tip where high stresses are
concentrated. It was there for a partition made on the part in the part module, where helplines for
the mesh were sketched. The crack was also sketched in this module with the dimensions from
Figure 40. The sketch with help lines is shown in Figure 43 with dimensions and it shows where
the crack is.
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Figure 43- Consists of two images of the partition sketch with and without dimensions.

Figure 43 has two pictures, one to the left with dimensions and one to the right with the help
lines and the crack marked with red. The dimensions in this picture are rounded and in meters.

The next step in this simulation process is to create a step that is static in general. The step
describes which type of analysis it is and for how long. In this case, time has no effect because the
aim is to look at the system when it has reached the static stage where the result is not changing
anymore. After the step is created is the crack settings set in the interaction module. First is the
seam assigned on the part at the red line in the right picture in Figure 43. The crack is then created
by pinpointing the tip of the crack and then selecting in what direction the crack goes. The crack is
chosen to analyze the stress intensity factor to then later be able to validate the result with ISAAC.
The settings of the crack and the mesh around the crack are that the singularity settings should be
“Collapsed element side, single node,” and the “Midside node parameter” was set to 0.25, which is
the settings for the elements around the crack. The load module is the next step in this process, and
it is where the load and boundary conditions are applied to the component. The load is set to be a
pulling force on the top surface of the component as can be seen in Figure 44. The boundary
condition in this system is that the bottom surface is fixed as in Figure 44.
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Figure 44- Presents where the load and boundaries are located on the component.

The force applied in Figure 44 is set to be a simple pressure force with a negative value of 100
MPa; this force amplitude does not matter, it is just a simple load. The value is set to be negative
to make a pulling force instead of a pressure load on the surface. The next step is to mesh the
component in a way that more elements are built around the crack because it is this part of the
component where the most significant stresses occur. All the areas in Figure 45 except the circle
are set to be structured quad elements. The circle should then be a quad-dominated sweep. The line
on the part is supposed to have different numbers of nodes, which is set in the “seed edges” button.

Figure 45- Illustrates the helping lines on the component with a zoomed-in view.
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The lines marked with red in Figure 45 are supposed to have 0.0006 m between the nodes on
the lines.

Figure 46- Illustrates the helping lines to the sweep mesh inside the circle.

The lines marked in Figure 46 are supposed to have one minimum size of 1.5¢® m and one
maximum size of 0.0003 m between the nodes. The direction of the nodes, in this case, the
minimum size close to the crack tip. The global size of the distance between the nodes is 0.009 m.
This way of defining the mesh generates 304 number of elements. The element type for this
simulation is standard quadratic with an axisymmetric family type. The last step before submitting
the job and analyzing this system is to create a new history output. This history output is for the
crack and the parameters wanted from the simulations are the stress intensity factor. The number
of contours is chosen to be five. The process of making these simulations is based on previous
experiences and a video that explains the process of modeling cracks and how to set up a good
mesh around the crack [17]. This job is made for five different meshes with five different numbers
of elements and compared to see which number of elements are enough.

The results from this way of simulating cracks in Abaqus are compared with results from a
simulation in ISAAC of the component with the same kind of load and boundaries to see if this
process is correct. The result is presented under 5.1.1, and it shows that the process is correct. The
next step is to start the simulations with the thermal load.

C. Modelling and Simulation Setup

The modeling and simulation setup for thermal load is made in different steps which are
described in this chapter. These steps are then used to create a simulation for each investigated
crack depth. This means that it is an iterative process to get the result for every crack depth. The
number of crack depth investigated in this study is 15. The specific number of investigation crack
depth points is chosen due to the curve of the stress intensity factor under the Results and Analysis.
First was the simulations made by using 13 points starting from 1 mm to 25 mm with a stepover
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by one number, which means all the even numbers in that interval. However, when the result was
plotted where the graph was not smooth enough at the beginning of the curve, this led to more
points at the beginning of the component being investigated to get a better curve. The added points
were 2 mm and 4 mm from the surface. Why the investigations end at 25 mm is because ISAAC
cannot provide any analysis on deeper crack depths. This means that crack depths after 25 mm
are not interesting to investigate in Abaqus either.

Abaqus Thermal Load

The first step in this modeling and simulation setup is to create a thermal load on the
component in the software Abaqus. This load is used both for the simulations in Abaqus and also
for the simulations in ISAAC. This is because ISAAC cannot simulate thermal loads on this
specific geometry. To create a thermal load on this component is the first thing to build the model.
This is made in the same way as for the pilot study, see  Pilot Study, where the first thing to do
is to sketch the part. The sketch of the component is based on Figure 47 which is one half of the
component.
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Figure 47- The sketch used for the different simulations where a is the crack depth.

The cylinder is sketched in two-dimensional space with an axisymmetric line, which is the
dashed line in yellow, as can be seen in Figure 47. The dimensions in Figure 47 are just for the
sketch and the simulations. In the simulations later, the settings for the boundary conditions make
it simulate an infinitely long cylinder instead of these dimensions; more about this in C2. Abaqus
Stress Analysis. This is made to save a lot of data when running the simulations.

The next step of creating the simulations is to produce a partition sketch on the component
sketched in the previous step. This sketch is, helping lines for the mesh and points out the line for
the crack. This makes getting finer mesh with more elements around the crack tip possible. Why
the mesh should be finer close to the crack tip because the crack tip is the most interesting part, and
it is expected to have stress concentrations close to the tip. The partition sketch is based on a
reference that is described in the heading 4.1.
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Figure 48 - The dimensions of the partition.

In Figure 48, the crack tip is located inside the circle with a radius of 0.5 mm and a dimension
of a mm. The partition sketch is fully constrained, which means that the hole partition sketch
follows the crack when the dimension changes. This makes it possible to simulate the component
for different crack depths.

After the partition is made is the properties assigned to the component in the same way as for
the pilot study. What is different from the pilot study is that the material has more behaviors, and
the data depends on the temperature. The material properties are visualized under the heading
Material. When the material properties are assigned, and the component is assembled as
independent of the instance type is the to define the steps. The steps are produced with a heat
transfer producer type. Every step is 10 seconds and with a transient response to imitate the reactor
environment as far as possible. The rest of the setting for the steps is illustrated in Figure 49.
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| %> Edit Step
Name: Step-1
Type: Heat transfer
Basic Incrementation  Other
Type: © Automatic () Fixed
Maximum number of increments: | 100000000

Initial Minimum  Maximum

Increment size:  0.01 0.0001 0.5

Oind ste p when tem perature chan ge is less than. :

Max. allowable temperature change per increment: | 10

Max. allowable emissivity change per increment: | 0.1

Figure 49 - The incrementation settings for the steps.

These settings are for all the steps made for the heat transfer analysis. The number of steps is
set to 30, and it is because to see when the system has reached a stable state where the peaks of K;
does not change from cycle to cycle anymore. More about this in the heading Results and Analysis.
The step after is to create the seam of the crack inside the component, which is made in the
interaction module. When the interaction module is chosen, click on the special button in the toolbar
at the top and then choose crack and assign seam. The last step, then is to select the line created in
the partition as the crack, from the tip inside the circle to the opening at the surface. When the
seams are assigned, it is time to set the interactions between the surface and the water as a surface
film condition. The goal here is to create a load that looks like Figure 50.

Thermal load
280

260 [~ =

Temperature ['C]
- - - - ) N N
N B (2} [e] o N B
o o o o o o o
T T T T T T T
I | | I | | I

>

o
T
|

©
o

0 50 100 150 200 250 300
Time [seconds]

Figure 50 - Thermal load on the surface.
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This load is based on the previous study under 2.2. Inside the interaction settings are the film
coefficient set to 3000 W/(m?°C) for all different steps, and the sink temperature starts at 85°C for
the first step and then for the second step 276°C, and so on. In this way is the load in Figure 50
produced in Abaqus. An initial temperature is set to 180.5°C inside the component to faster reach
a stable state. The last step before creating the job and simulating is to mesh the components. This
is made in the same way as for the pilot study but also in the same way described under 4.1. Where
the first thing is to assign different mesh controls for the areas that are produced by the helping
lines from the partition sketch. All surfaces excepted from the circle are set to be quad and
structured and the circle should be quad-dominated and sweep. This is illustrated in Figure 51 to
easier separate the areas from each other.

Figure 51 - Illustrates which area has which mesh control.

The green surfaces in Figure 51 are quad-structured, and the yellow surface is a quad-
dominated sweep. When the mesh controls are set, it is time to seed the edges in different ways,
like in the pilot study. This is made in the same way; see Pilot Study. Then, the mesh just generated,
and the element type is selected to be standard with a family of heat transfer and geometric order
as quadratic. The result of this simulation is shown under the heading Results and Analysis.

C2. Abaqus Stress Analysis

The thermal analysis made above is used in this stress analysis as a thermal load. The first
step in this analysis process is to, in the same model, delete all the steps and create a new one. The
new step is a static general analysis with a time of 300 seconds to reach a stable state and the
increment setting can be seen in Figure 52.

62



>

Name: Step-1

Type: Static, General

Basic Incrementation Other

Type: © Automatic () Fixed

Maximum number of increments: | 100000000
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Increment size:  0.01 0.003 0.5

Figure 52 - Increment settings for the static general step.

The time of 300 seconds is set because of the time simulated the thermal load and, as said
before, to reach a stable state of the system where the peaks of K; does not change anymore. The
next step is to set the interactions on the component. The first interaction is the crack that needs
to be created because a seam has been designed in the process of producing the load. To create a
crack is the theory under the heading Mesh used. Where first thing is to select the crack tip and in
what direction the crack propagates. When this is made, a setting window pops up. In the
singularity option, the second order mesh option is set to be 0.25 and with collapsed element side,
single node. When the crack is created, the process jumps to the load module to later come back
to the interaction module. The load is assigned to the component by the predefined filed control
window. This is because the produced thermal load should be the load in this case. The load is
imported by an output data file which in this case is the obd-file from the thermal analysis. This
is only possible if the distribution in the control window from the predefined field is set to “From
results or output database file” after the whole component is selected. Then select the obd-file
from the thermal analysis as the file name. Then select the beginning step as one and the end step
as 30 to cover the hole load.

When the load is attached to the component, the process goes back to the interaction module
to create an infinitely long cylinder. To do that, two reference points are needed to create a
constraint that is a coupling between the reference points and the surface. Below is a figure that
illustrates this; see Figure 53.
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Figure 53 - Illustrates where the reference points are located on the component.

In Figure 53 is the yellow cross with a circle around the reference points and the coupling is
to the yellow marked surface. When creating this coupling are the surfaces selected but it is just
the y-coordinates and the rotation around the z-axis that should be the same and connected. To be
able to guarantee that the surface has the same coordinates in the y-direction needs the reference
points get some boundary conditions. The upper reference point in Figure 53 is supposed to only
have a rotation boundary around the z-axis. The lower reference point should be fixed in the same
rotation boundary but also be fixed in the y-direction. Something that is also important is to
remove the predefined field that comes from the thermal analysis because it could affect the
results. The last step before submitting the job and simulation is to assign another type of element.
This is made by selecting the hole component and then changing the family type to axisymmetric
stress instead of heat transform, which was selected from the thermal analysis. After that was, the
job submitted, and the result exported to excl to later be analyzed and plotted in MATLAB. The
simulation process should then be created for every crack depth « in Table 3.

Table 3 - All crack depths that are going to be simulated.

Crack |1 2 3 4 5 7 9 11 13 15 |17 |19 |21 (23|25
depth
[mm]

C3. ISAAC Simulation Setup

The simulation in ISAAC is made by first producing a load in Abaqus in the same way
explained in the heading C1. Abaqus Thermal Load. With some differences, they do not have a
crack in the component and simulate the element as it is. The simulation was not just a thermal
simulation; it was also a stress analysis of the element without the crack. From this stress analysis
use the result and import it to ISAAC with a good amount of measuring points. What a good
amount is, being discussed under the result for ISAAC and the discussion part of the report. This
stress analysis is also created in the same way as the stress analysis with a crack. One thing that
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is not done in the thermal analysis and the stress analysis without crack is the partition with helping
lines, which is not necessary anymore due to there being no stress concentration around any crack.

When these stress profiles are taken out from the results, they are imported into Excel to be
able to insert them into ISAAC. The first thing to do in ISAAC is to, under the procedure, select
crack growth analysis and fatigue crack growth. Then, under the geometry, select the bar with a
complete circumferential surface crack, see Figure 54.
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Figure 54 - Illustrates the geometry of the ISAAC model.

Typing in the dimension of the radius of the cylinder and the crack depth in the module in
ISAAC. In input — fatigue, should the stress profile be imported from Excel by copy and paste. It
does not matter how many cycles the simulation has because the value that is of interest is the
value for zero cycles. For the bending options, it is zero because the system is not affected by any
bending forces. Something important to change in the load module is the stress fit tool. And why
it is necessary because it has a big impact on how it reads the load, more on this under the results
and discussion. The following action is to choose Fatigue crack growth law and it is chosen to be
austenitic stainless steel in a reactor water environment because it is what the cylinder is and the
correct environment. For the load data, the frequency was chosen to be 10 Hz. Then it is done to
just run the simulations and write down the result of K; in an excl-file so it becomes easier to plot
and analyze the results. This is then made for all crack depths.

This simulation has two different parts one part is that the load is only one stress profile for
all crack depths. This stress profile is taken from the time when the stress is highest on the surface
where the load is acting. The other part is that multiple stress profiles are taken out at different
times for different crack depths. These times are located where the K; has the maximum value in
a specific time interval. This interval is chosen to be at 200 seconds to 220 seconds because the
system has reached the stable state after 200 seconds. All the loads and stress profiles are
visualized in figures under the results.
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