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The reactor pressure vessel (RPV) is a critical structural component in pressurized-water reactors, and it is
designed to withstand extreme conditions, such as high pressures, elevated temperatures, and prolonged radi-
ation exposure. Ensuring RPV integrity is essential for the safe and reliable long-term operation of nuclear power
plants, especially as aging mechanisms such as fatigue and irradiation embrittlement pose increased risks. Fa-
tigue, caused by cyclic thermal and mechanical loading, can lead to crack initiation in localized high-stress
regions. Simultaneously, neutron irradiation, particularly in the beltline region, progressively reduces fracture
toughness, increasing susceptibility to brittle fracture. These combined effects of fatigue and irradiation
embrittlement potentially impact the RPV structural integrity, necessitating fitness-for-service assessments.

This study applies the fracture toughness master curve approach to evaluate the impact of irradiation
embrittlement on RPV fatigue life. A coupled thermo-mechanical stress analysis identifies critical stress locations
under normal service transients, pinpointing regions most vulnerable to fatigue crack initiation and growth.
Stress intensity factors for postulated flaws at these locations are calculated, enabling an assessment of fatigue
life under irradiated and unirradiated conditions. The results indicate that neutron irradiation embrittlement
accelerates the conditions in which a critical crack can form and lead to failure, particularly at lower temper-
atures. The failure occurs where reduced fracture toughness limits the material’s resistance to crack growth.
Axial cracks at nozzle corners are the most life limiting without irradiation, while circumferential cracks
demonstrate longer fatigue lives. The findings highlight the importance of incorporating irradiation effects into
fatigue life predictions to ensure the long-term structural integrity of RPVs.

combined effects in long-term operation of the nuclear reactor system.

1. Introduction

The reactor pressure vessel (RPV) is one of the most critical and life-
limiting structures of any nuclear reactor system. For pressurized-water
reactor (PWR) applications, it is designed to withstand operating con-
ditions that include a combination of elevated temperatures and high
pressures while under material properties altering neutron flux. Hence,
the integrity of the RPV is essential for the long-term safe and reliable
operation of the plant. As modern reactors are designed to operate for
60 years or more (International Atomic Energy Agency, 2009a),
ensuring the durability and structural integrity of the RPV has become
paramount. Aging mechanisms such as fatigue and irradiation embrit-
tlement are of critical concern, necessitating an evaluation of their

Fatigue is a prevalent failure mode in nuclear reactor structures and
can play a significant role in the aging process of RPVs. Fatigue arises
from the progressive deterioration of material strength and structural
integrity due to repeated cyclic loading, which results from fluctuating
thermal and mechanical loads during plant operations. Over time, these
cyclic stresses can lead to the initiation of cracks in areas of the RPV
where the material experiences the greatest localized microstructural
damage (Dowling, 2013). These critical regions are often associated
with geometric discontinuities, stress concentrators, or areas exposed to
harsh environmental conditions (International Atomic Energy Agency,
2023).

In addition to fatigue, the RPV shell materials, especially in the
beltline region adjacent to the active fuel, are continuously exposed to
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Nomenclature Kigemin  Minimum stress intensity factor due to mode I fracture at
the surface point B during a transient e (MPa m%%)
ART Adjusted reference temperature (°C) K Fracture toughness (MPa m°>)
a Crack depth (m) Kmax Maximum stress intensity factor (MPa m®%®)
ajc Flaw aspect ratio Kmin Minimum stress intensity factor (MPa m®%®)
ag Initial crack depth (m) k Thermal conductivity (W/m-K)
ap/co Initial flaw aspect ratio LEFM Linear elastic fracture mechanics
ap/t Initial through-wall crack depth ratio M Margin
a, Crack depth during a transient e (m) m(x,a) Weight function
ag/t Final through-wall crack depth ratio N, Total number of cycles in a normal operating transient e
a; Current total crack depth (m) (cycles)
Qi1 Next total crack depth (m) Ni Nickel (weight %)
Cc Scaling constant for the Paris equation Nug Free-convection Nusselt number
Che Scaling constant for the Paris equation at the deepest point Nuy Forced-convection Nusselt number
A during a transient e n Slope of the log(da/dN) versus log(AK;) for the Paris
Cge Scaling constant for the Paris equation at the surface point equation
B during a transient e Nae Slope of the log(da/dN) versus log(AK;) for the Paris
CF Chemistry factor, a function of copper and nickel content equation at the deepest point A during a transient
(°F) Np, Slope of the log(da/dN) versus log(AK;) for the Paris
Cu Copper (weight %) equation at the surface point B during a transient
c Half crack length (m) P Phosphorus (weight %)
Co Initial half crack length (m) Pry Free-convection Prandtl number
Ce Half crack length during a transient e (m) Prg Forced-convection Prandtl number
Ci Current total half crack length (m) PWR Pressurized-water reactor
Cii1 Next total half crack length (m) R Stress ratio (Kmin/Kmax)
da/dN  Fatigue crack growth rate (m/cycle) Rae Stress ratio at the deepest point A during a transient
da,/dN, Fatigue crack growth rate in the depth direction during a Rge Stress ratio at the surface point B during a transient
transient e (m/cycle) Rey Reynolds number
dc./dN, Fatigue crack growth rate on the surface direction during a R; Inner radius (m)
transient e (m/cycle) RPV Reactor pressure vessel
d. Equivalent hydraulic diameter (m) RTnpr  Reference temperature of nil-ductility temperature (°C)
E Number of transients SIF Stress intensity factor
e Normal operating transient event T(t) Time-dependent crack tip temperature (°C)
FCG Fatigue crack growth t Thickness (m)
f Neutron fluence at any depth in the wall (10*°n/cm?, E> 1 t Time
MeV) USE Upper shelf energy
Sourt Neutron fluence at the inner wetted surface of the vessel at USE, Charpy V-notch upper shelf energy
the location of the postulated defect (10'°n/cm? E > 1 USE; Irradiated upper shelf energy (ft-1b)
MeV) USE, Unirradiated upper shelf energy (ft-1b)
G Mass flow rate (kg/m?s) x Through-wall distance from the inner surface moving
Gry Free-convection Grashof number positive toward the tip of the crack (m)
g Acceleration of gravity (m/s?) B Temperature coefficient of volumetric expansion (K™1)
h Heat-transfer coefficient (W/m?K) Aa Cumulative crack depth increment after a time period (m)
iRTypr  Initial reference temperature of nil-ductility temperature Ad, Crack depth increment during a transient e (m)
Q) Ac Cumulative half crack length increment after a time period
K; Stress intensity factor due to mode I fracture (MPa m®®) (m)
Kiamax  Maximum stress intensity factor due to mode I fracture at Ace Half crack length increment during a transient e (m)
the deepest point A (MPa m®®) AK; Stress intensity factor range due to mode I fracture (MPa
Kise Stress intensity factor due to mode I fracture at the deepest m®®)
point A during a transient e (MPa m®?) AKjae Stress intensity factor range due to mode I fracture at the
Kuemax Maximum stress intensity factor due to mode I fracture at deepest point A during a transient e (MPa m®®)
the deepest point A during a transient e (MPa m®?>) AKjpe Stress intensity factor range due to mode I fracture at the
Kisemin  Minimum stress intensity factor due to mode I fracture at surface point B during a transient e (MPa m?%®%)
the deepest point A during a transient e (MPa m®>) AKy, Stress intensity factor range threshold (MPa m®®)
Kimax  Stress intensity factor due to mode I fracture at the surface AKpae  Stress intensity factor range threshold at the deepest point
point B (MPa mo.s) A during a transient e (MPa m%®)
Kige Stress intensity factor due to mode I fracture at the surface AN, Number of cycles during a transient e (cycles)
point B during a transiente(MPa m®>) ARTnpr Shift in reference temperature of nil-ductility transition
Kipemax ~Maximum stress intensity factor due to mode I fracture at °Q)
the surface point B during a transient e (MPa m®®) AT Temperature difference between the wall and the fluid
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(assumed to be 3 K)

n Dynamic viscosity (Pa-s)

v Kinematic viscosity (m2/s)

o(x) Stress distribution along the crack plane (MPa)

Oemax Maximum stress distribution along the crack plane during

a transient e (MPa)
Minimum stress distribution along the crack plane during a
transient e (MPa)
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Omax Maximum stress distribution along the crack plane (MPa)

Omin Minimum stress distribution along the crack plane (MPa)

Oys 0.2% offset yield strength at the upper shelf temperature
(MPa)

] Neutron fluence is neutron flux (®) integrated over time

() (neutron/cm?)

high levels of neutron irradiation. This exposure degrades the material’s
mechanical properties over time through a process known as irradiation
embrittlement. Specifically, prolonged neutron irradiation reduces the
fracture toughness of RPV steels, making the material more prone to
brittle fracture, particularly at lower operating temperatures. This
embrittlement is characterized by changes in the material’s micro-
structure, including the formation of matrix-feature defects such as va-
cancies and dislocation loops (International Atomic Energy Agency,
2009a), as well as precipitates (Eason et al., 2013); all of which hinder
its ability to resist crack initiation and growth.

The combined effects of thermo-mechanical cyclic loading and
neutron irradiation can have a significant impact on the fatigue life and
overall structural integrity of RPVs. As a result, the effect of irradiation
embrittlement on fatigue life should be considered in fitness-for-service
assessments and in the development of long-term operation strategies
for nuclear power plants. Traditional fatigue analyses, including cu-
mulative usage factor method, omit irradiation embrittlement effects.
This can underestimate the rates of crack growth and the reduction in
fracture toughness, compromising safety during extended plant opera-
tion. A promising method for evaluating the effects of irradiation on RPV
steels is the fracture toughness master curve (or K;. master curve)
approach (International Atomic Energy Agency, 2009b; International
Atomic Energy Agency, 2005a), which provides a systematic approach
to assess fracture toughness over a range of temperatures. By applying
the master curve approach, the extent of embrittlement and its impact
on fatigue life can be predicted, enabling more reliable assessments of
the long-term integrity of RPVs under irradiated conditions.

This paper presents an application of the K. master curve approach
to assess the effect of irradiation embrittlement on the fatigue life of a
PWR RPV under Service Level A normal operating conditions. A design
based on a two-loop Westinghouse PWR is utilized as a case study due to
the availability of data (Westinghouse Electric Company, 2011). A
coupled thermo-mechanical stress analysis of the RPV, considering
typical normal service transients, was performed. Critical locations on
the RPV were identified based on stress response, with particular
attention to the beltline region. The stress intensity factors (SIFs) for
postulated flaws were then calculated at these critical locations, fol-
lowed by an evaluation of fracture responses and the reactor’s fatigue
life under irradiated and unirradiated conditions. By incorporating
neutron irradiation effects into fatigue assessments, this study offers
valuable insights into the long-term structural integrity of RPVs.

2. Methodology
2.1. Finite element model

A solid model of an RPV was constructed based on the dimensions
outlined in Westinghouse’s design control documents for the AP1000
reactor. These documents are openly accessible in the U.S. Nuclear
Regulatory Commission Agencywide Documents Access and Manage-
ment System (ADAMS) public repository (Westinghouse Electric Com-
pany, 2011). Fig. 1 shows the 3D solid model of the RPV, accompanied
by a quarter cross-section to provide the inside view of the RPV. The RPV
is approximately 12 m tall, with an inner diameter of roughly 4 m, and a
wall thickness of about 220 mm. The model was developed using the

Upper Head

Upper Shell

Inlet Nozzle

Injection Nozzle

Outlet Nozzle

Lower Shell

Lower Head

Fig. 1. Model of RPV, inlet, outlet, and injection nozzles.

Symmetric
boundary conditions

Applied
internal pressure
and
convective heat
flux

Applied
end-cap loads

Fix node against
axial displacement

Fig. 2. (a) FE mesh of a quarter-symmetry 3D RPV showing symmetric
boundary conditions, (b) applied internal pressure and convective heat flux,
and (c) applied end-cap loads.
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open-source FreeCAD software package (Riegel et al., 2011-2023). The
model consists of the RPV shells and heads, four inlet nozzles, two outlet
nozzles, and two injection nozzles.

The developed solid model was meshed using Coreform Cubit (Cubit,
2024), providing a finite element (FE) discretization for the RPV ge-
ometry. Fig. 2 shows a 3D quarter-symmetry meshed FE model of the
RPV with 237,925 eight-node linear hexahedral elements. Symmetric
boundary conditions were applied to represent the quarter-symmetry
model, as illustrated in Fig. 2a. A node located at the base of the FE
model was constrained against displacement in the axial direction.

Structural integrity assessments of reactor components involve
solving coupled systems of partial differential equations. In this work,
the BlackBear code (BlackBear Source Code Repository), built on the
MOOSE (Multiphysics Object-Oriented Simulation Environment)
framework (Lindsay et al., 2022), was employed to perform the thermal
and mechanical stress analyses. For simplicity, the RPV and its nozzles
were assumed to consist entirely of SA-508 steel base metal, with
temperature-dependent material properties obtained from Reference
(Muransky et al., 2011).

It should be noted that flaws located in weld regions, particularly
those joining RPV forgings in the beltline area, can significantly affect
the structural integrity of the RPV under operating conditions. Weld
flaws generally exhibit fatigue characteristics different from those of
base metal, especially under neutron irradiation and thermo-mechanical
cyclic loading. However, evaluating such weld flaws is outside the scope
of this study.

2.2. Loading conditions

The design and construction of RPVs are typically evaluated ac-
cording to the American Society of Mechanical Engineers (ASME) Boiler
& Pressure Vessel Code Section III requirements for Class 1 components
to ensure fitness for service. The evaluation process began with a system-
level thermal-hydraulic analysis to generate the temperature and pres-
sure histories experienced by the RPV during operation. These temper-
ature and pressure histories were then applied to a thermo-mechanical
model of the vessel. The resulting stress profiles at critical locations on
the RPV were used as inputs for detailed fracture-mechanics assessments
of individual flaws.

In this study, the fitness-for-service evaluation focuses on design
conditions, serving as a representative example of the overall assessment
process. The analysis primarily addresses the pressure and temperature
loadings that form the basis for the design and are expected to occur
during normal operating conditions. These normal conditions, catego-
rized as Level A Service Conditions, require a detailed assessment of
fatigue due to cyclic stresses. These stresses arise during system startup,
operation in the design power range, hot standby, and system shutdown.

Table 1 presents an overview of the design transients, their corre-
sponding descriptions, and the number of transients. This information is
necessary for evaluating fatigue life under Level A Service Conditions
(Westinghouse Electric Company, 2011). These design transients were
used to derive the applied internal pressure, end-cap loads, and heat-
transfer coefficients for the RPV and its inlet, outlet, and injection
nozzles. The internal pressure and thermal loading were applied to the
inner surface of the FE model as shown in Fig. 2b. The induced end-cap
loads were applied to the free ends of the nozzles, illustrated in Fig. 2c,
to account for the axial stress due to internal pressure.

The heat-transfer coefficient (or film coefficient) is a quantitative
characteristic of convective heat transfer between a fluid (water) and the
wall surface (inner surface of the RPV and its nozzles). There are two
modes of convective heat transfer: natural (or free) convection and
forced convection. Natural convection involves heat transfer driven
solely by the fluid’s inherent motion. In the case of forced convection,
external forces actively influence the fluid’s movement. Throughout
reactor system operation, forced convection is the dominant mode of
heat transfer. This is driven by external forces, such as coolant pumps,
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Table 1
Service Level A design transients, descriptions, and number of cycles expected
during normal operating condition.

Transient  Description Cycles
1 Reactor coolant pump startup and shutdown (cycles of

start and stop)
la Cold startup transients 200
1b Reactor coolant system heat-up and cool-down 200
1c Hot functional reactor coolant pump stops and starts 400
1d Transients and miscellaneous 2,200
2a Heat-up at 100 °F/hr (55.6 °C/hr) 200
2b Cool-down at 100 °F/hr (55.6 °C/hr) 200
3a Unit loading between 0% and 15% full power (FP) 500
3b Unit unloading between 15% and 0% FP 500
4a Unit loading at 5%,/min between 15% and 100% FP 2,000
4b Unit unloading at 5%,/min between 100% and 15% FP 2,000
5a Step load increase of 10% FP between 15% and 100% FP 3,000
5b Step load decrease of 10% FP between 100% and 15% FP 3,000
6 Large step load decrease with steam dump 200
7 Steady-state fluctuation and load regulation
7ai Initial 75,000
7aii Initial 75,000
7bi Random 2,300,000
7bii Random 2,300,000
7c Load regulation within 15% to 95% FP 750,000
8 Boron concentration equalization 2900
9 Feedwater cycling at hot shutdown
9a Mode 1 (every 2 hrs) 3,000
9b Mode 2 (every 24 mins) 15,000
10 Core lifetime extension 40
11 Feedwater heaters out of service 180
12 Refueling 40
13 Turbine roll test 20
14 Primary-side leakage test 200
15 Secondary-side leakage test 80
16 Core makeup tank high-pressure injection test 5
17 Passive residual heat removal tests 5
18 Reactor coolant system makeup 2,820
19 Daily load follow operation 17,800

which propel the fluid’s movement. When the reactor system is not
active, natural convection takes precedence in the absence of external
forces, allowing fluid motion to be guided purely by natural influences.

For natural convection in enclosed spaces, the internal heat-transfer
coefficients can be calculated with (Holman, 2010):

Nus = 0.55(Gr;Pry)"/*

hd ara?) 1"
—£=0.55 {(ﬂ_) Prf} (@))

k V2

where Nuy, Gry, and Pry are the free-convection Nusselt, Grashof, and
Prandtl numbers, respectively, h is the heat-transfer coefficient, d, is the
equivalent hydraulic diameter, k is the thermal conductivity of the fluid,
g is the acceleration of gravity, p is the temperature coefficient of
volumetric expansion, AT is the temperature difference between the
wall and the fluid, and v is the kinematic viscosity. For forced convec-
tion, when considering fully developed turbulent flow within smooth
tubes for fluid heating, the corresponding internal heat-transfer co-
efficients are given by (Holman, 2010):

Nuy = 0.023Re;**Pry*

0.8
% =0.023 <G58> pry* @)

where Nug, Reg, and Pry are the forced-convection Nusselt, Reynolds,
and Prandtl numbers, respectively, G is the mass flow rate, and y is the
dynamic viscosity.

The thermophysical properties of water, as functions of pressure and
temperature, are readily accessible in References (Holman, 2010;
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Rohsenow et al., 1998; Wagner and Kretzschmar, 2008), which provided
the necessary parameters for Egs. (1) and (2). The heat-transfer co-
efficients in Egs. (1) and (2) can subsequently be calculated for natural
and forced convections, respectively. These heat-transfer coefficients
were then used to apply convective flux boundary conditions to the
interior surfaces of the RPV and its nozzles as shown in Fig. 2b. Detailed
pressure, temperature, and heat-transfer coefficients for inside the RPV
and the inlet, outlet, and injection nozzles, calculated using the above
equations, are provided for each transient in Appendix Table Al. Since
reactor systems are typically well-insulated, it is reasonable to assume
that no heat loss is occurring across the exterior surfaces of the RPV. This
assumption is conservative, as it results in the maximum thermal
gradient across the wall thickness. Furthermore, the heat-up and cool-
down rates were maintained below 55 K/h (55 °C/hr or 100 °F/hr)
for temperatures above the hot standby temperature of 450 K (175 °C)
within the reactor system. The material’s stress-free temperature was set
at the ambient temperature of 294 K (21 °C).

2.3. Stress intensity factor calculation

After computing the stress field for the full RPV through the FE
model, the subsequent analysis stage focuses on determining the SIFs
using the weight function methodology. Guidance for calculating SIFs
using the weight function method is outlined in the ASME Code, Section
XI, Nonmandatory Appendix A, Article A-3000 (ASME, 2019). The
weight function approach enables calculating SIFs for arbitrary surface-
breaking cracks, using stress distributions acting normal to the crack
plane. The weight function approach relies on the superposition prin-
ciple, which was originally proposed by Bueckner (Bueckner, 1970) and
subsequently elaborated on by Rice (Rice, 1972). The superposition
principle demonstrates that the SIF on a crack face stemming from a load
state, achieved through applied far-field surface tractions, is equivalent
to the SIF arising from the application of tractions at the location of the
crack due to the same load state if that crack was not present.

In this study, hypothetical 2D internal semi-elliptical surface-
breaking cracks in both axial and circumferential directions were eval-
uated at a few critical locations inside the RPV. These locations are
where the axial and hoop stresses are the greatest and were chosen
because these stresses are primary drivers of circumferential and axial
cracks, respectively. Additionally, a location in the beltline region,
where irradiation embrittlement is most severe, was also considered.
Fig. 3 illustrates these internal semi-elliptical surface-breaking cracks in
a cylinder, with point A representing the deepest point and point B
representing the surface point. The SIFs at these locations for mode I
fracture, K;, were calculated by integrating the product of the weight
function, m(x, a), provided by ASME Code Section XI, Article A-3000
(ASME, 2019), and the stress distribution, o(x), along the crack plane
extracted from the FE model, expressed as:

Ki(a) = /0 " m(x, @) o(x)dx 3)

where x is the through-wall distance from the inner surface moving
positive toward the tip of the crack and a is the crack depth. A range of
initial crack depths, ay, was considered, varying from 5% to 80%" of the
wall thickness with increments of 0.1%. The initial half crack length, co,
was assumed to be three times the initial crack depth, consistent with the
guidelines provided in ASME Code Section XI, Appendix L (ASME,
2019). The flaw aspect ratio, a/c, was allowed to vary throughout the
calculation of the SIFs as the crack evolves.

Fracture toughness, Kj., is a material property representing the
critical SIF value, above which a crack may experience unstable prop-

! Note that an 80% through-wall crack corresponds to the upper validity limit
for the weight function method.
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agation, potentially resulting in sudden failure. The K. value used in this
study is based on the lower bound of static-initiation K; values, which
are a function of time-dependent temperature, T(t), and reference nil-
ductility temperature, RTypr. Although stable crack growth can occur
within the brittle-to-ductile transition region, where it is more appro-
priately characterized by a J-R curve, the conservative approach adop-
ted here ensures that the SIFs remain below Kj.. The specific K. values
utilized were obtained from ASME Code Section XI, Article A-4200
(ASME, 2019), as follows:

Kie(T(t) — RTapr ) = 36.5 + 22.783exp[0.036(T(t') — RTnpr ) . 4

2.4. Irradiation embrittlement

Irradiation embrittlement is a significant concern for reactor com-
ponents, as it can lead to premature failure under the high pressures and
temperatures encountered during operation or increase the likelihood of
failure under off-normal conditions. It is a key factor in the design,
maintenance, and life extension of nuclear reactors. The beltline region
of the RPV, located adjacent to the reactor core, is particularly suscep-
tible to irradiation embrittlement due to its exposure to high neutron
fluence (ASTM E185, 1998). This elevated neutron exposure can in-
crease the ductile-to-brittle transition temperature, reducing the frac-
ture toughness and ductility of RPV steels (Odette and Lucas, 2001).

The master curve approach offers a robust method to assess the ef-
fects of irradiation embrittlement by characterizing the fracture tough-
ness of RPV steels as a function of temperature, based on RTypr. By
employing the master curve in conjunction with a model for the
irradiation-induced shift in RTnpr, the reduction in fracture toughness
due to neutron irradiation can be quantified. The master curve with the
shifted RTypr quantifies the material’s transition from ductile to brittle
behavior at lower temperatures.

In the case of the AP1000 reactor, the RPV shell is constructed from
SA-508 Grade 3 Class 1 steel (Westinghouse Electric Company, 2011).
The master curve for this material, corresponding to an RTypr of 0 °C in
Eq. (4), is represented by the solid black curve in Fig. 4a. To account for
irradiation effects, the adjusted reference temperature (ART) of nil-
ductility temperature (NDT) was calculated using the methodology
outlined in the U.S. Nuclear Regulatory Commission’s Regulatory Guide
1.99, Rev. 2 (US Nuclear Regulatory Commission, 1988), as follows:

ART = iRTnpr + M+ ARTnpr 5)

where the mean value of the adjustment in reference temperature
caused by irradiation, ARTnpr (in °F), was calculated as follows (US
Nuclear Regulatory Commission, 1988):

ARTNDT —_ (CF)f(O.zs—O.lologf)' (6)

Based on the copper and nickel content for the base metal listed in
Table 2 and the correlations in Reference (US Nuclear Regulatory
Commission, 1988), the chemistry factor, CF, was determined to be 37.

Due to the relatively high scattering cross-section of steel for fast
neutrons (typically E > 1 MeV), the fast neutron fluence diminishes as it
penetrates through the RPV wall. The attenuation of neutron fluence, f,
from the surface neutron fluence, f,¢, at any depth, x (in inches), into
the vessel wall can be described by the following equation (US Nuclear
Regulatory Commission, 1988):

f = faurrexp(—0.24x). 7

Eq. (7) indicates that the neutron fluence is highest at the inner wetted
surface, where the material is directly exposed to the neutron source. As
neutrons penetrate deeper into the material, their fluence decreases
exponentially. This attenuation occurs because the neutrons are absor-
bed by the material, losing intensity as they travel through it. Therefore,
for semi-elliptical surface-breaking cracks, the surface point B (see
Fig. 3) at the wetted surface experiences higher neutron fluence, leading
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(a) Axial crack X

7

Rj 2c

Deepest point A

Surface point B
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(b) Circumferential crack X

Deepest point A V

N

Fig. 3. Illustration showing internal semi-elliptical surface-breaking cracks in a cylinder: (a) axial crack and (b) circumferential crack.
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Fig. 4. (a) Effect of irradiation embrittlement on fracture toughness master curve and (b) variation of nil-ductility transition reference temperature, ARTnpr, With
neutron fluence following U.S. Nuclear Regulatory Commission Regulatory Guide 1.99, Rev. 2 (US Nuclear Regulatory Commission, 1988).

Table 2
Maximum limits for chemical elements of the AP1000 RPV (weight %).
Copper Phosphorus Vanadium  Sulfur  Nickel
SA-508 Grade 3 0.06 0.01 0.05 0.01 0.85

Class 1

to higher irradiation-induced embrittlement. In contrast, the deepest
point A (see Fig. 3) in the vessel wall is shielded by the surrounding
material, resulting in lower neutron fluence and a slower rate of
embrittlement.

A margin, M, of 27.78 °C (50 °F) was assumed for base metal (Choi
et al., 2019), providing an upper bound for the ART. This margin ac-
counts for uncertainties in both the initial nil-ductility reference tem-
perature, iRTypr, and the shift in the nil-ductility transition reference
temperature, ARTypr. The iRTypr was set at 33 °C (60 °F) as stipulated
in Reference (US Nuclear Regulatory Commission, 2007). The ART was
then substituted back into Eq. (4) in place of RTnpr to calculate the
master curve with irradiation embrittlement considered. The solid green
curve in Fig. 4a illustrates the shift in the master curve due to the iRTnpr,
while the solid light-blue curve depicts the additional shift in the master
curve resulting from both iRTypr and M.

Neutron fluence generally increases embrittlement in SA-508 Grade
3 Class 1 steel by promoting nano-precipitation (e.g., Cu, Ni, Mn, Si) and
the formation of irradiation-induced matrix defects (Bai et al., 2017;
International Atomic Energy Agency, 2005b; Jiang, 2024; Odette,
1994). Once the solubility limit of these precipitating elements is

reached, further precipitation does not significantly increase embrittle-
ment (Bai et al., 2017; Ortner et al., 2024). However, it is essential to
account for flux effects when comparing neutron fluence in typical
power reactors with that in accelerated test reactors. High-flux condi-
tions in accelerated tests often accelerate precipitation kinetics, whereas
lower flux conditions typical of power reactor operation over 40 to 60
years may delay precipitation, potentially affecting predictions of
embrittlement (Ortner et al., 2024).

In this study, SA-508 steel was assumed to contain the maximum
chemical limits listed in Table 2 (Westinghouse Electric Company,
2011). Under these conditions, Eq. (6) indicates that ARTypr reaches a
maximum of about 32.3 °C at a neutron fluence of 25.1E19 n/cm?, as
marked in Fig. 4b. Although stable matrix defects can continue to form
and incrementally harden the steel beyond this fluence, their effect on
ARTypr is relatively small once the solubility-driven precipitate satu-
ration is attained. As shown in Reference (Spencer et al., 2020), a typical
40-year reactor operation might accumulate a fluence of approximately
1E19 n/cm?, assuming an annual fluence rate of 2.5E17 n/cm?. At this
neutron fluence level, ARTypr is around 20.6 °C, as depicted by the
marker in Fig. 4b. The solid blue curve in Fig. 4a illustrates the shift in
master curve resulting from the ART at the maximum ARTypr of 32.3 °C,
corresponding to 25.1E19 n/cm? neutron fluence. The thin blue lines
represent the master curve at various intermediate neutron fluence
levels.

Although fracture toughness and Charpy V-notch tests measure
different properties—fracture toughness tests quantify a material’s
resistance to the propagation of an existing crack, while the Charpy V-
notch test measures the energy absorbed by a material during rapid
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fracture under an impact load—they can be related at the upper shelf
energy (USE). The USE corresponds to the energy absorbed by the ma-
terial in the ductile zone (International Atomic Energy Agency, 2009a).
At this upper shelf, the effects of loading rates and notch acuity are less
critical compared to those in the transition-temperature region (Barsom
and Rolfe, 1999). As a result, fracture toughness (K;.) can be estimated
from Charpy V-notch upper shelf energy (USE.). An empirical correla-
tion between K}, and USE, is provided in References (Barsom and Rolfe,
1999; Teran et al., 2016) as follows:

2
<&> =0.64 (%70.01> 8

Oys Oys

where oy is the 0.2% offset yield strength at the upper shelf tempera-
ture. From ASME Code Section XI, Nonmandatory Appendix A, Article
A-4000 (ASME, 2019), the upper bound on K}, at USE was assumed to be
240 MPa m®>. Using this value, the USE, can be calculated from Eq. (8).
At the USE, RPV steels exhibit greater toughness due to their high
ductility at elevated temperature, making them less prone to brittle
fracture. The relationship between the unirradiated (USE,, in ft-1b) and
the irradiated (USE;, in ft-1b) Charpy USE can be expressed through the
following (Eason et al., 1998):

55.4, forwelds
USE; = 0.0570USEL*® +{ 61.0, forplates
66.3, forforgings

(Dt/ 0.2223
%) ©
10

— [17.5f(Cu) (1 + 1.17Ni®#*) + 305P | (

where Cu, Ni, and P are the weight % of copper, nickel, and phosphorus,
@ is the neutron flux, and ¢ is the irradiation time, and

11 Cu—0.138
f(Cu) = {Eﬁ-ztanh (W) } (10)

At the beginning of the RPV’s service life, the USE, was assumed to
be equal to the USE,. As the RPV is exposed to neutron irradiation, the
USE; decreases. This reduction in energy-absorbing capacity is described
by Egs. (9) and (10), which account for the effects of neutron fluence, the
manufacturing process, and the material’s composition, particularly the
influence of copper, nickel, and phosphorus content. In this study, the
value specific to the forging manufacturing process was used. The USE;
was then substituted back into Eq. (8) in place of USE, to calculate the
corresponding reduction in K, in the ductile regime. The reduction in K},
at varying levels of neutron fluence is shown in Fig. 4a, illustrating the
effect irradiation has on the material’s ability to absorb energy.

2.5. Fatigue crack growth

For a given material, the crack growth behavior can be obtained
through the relationship between the cyclic crack growth rate, da/dN,
and the SIF range, AK; = Kpax —Kmin. The fatigue crack growth (FCG)
rate for a material can be divided into three regimes: low growth,
midrange growth, and high growth rates. Test data and corresponding
fitted curves are generally presented on a log-log plot. At midrange
growth rates, the fitted curve often forms a straight line. This linear
relationship can be described by the Paris equation (Paris and Erdogan,
1963):

d
@a = C(AK)" an

where C and n are a scaling constant and an exponent, respectively.
Fatigue crack growth behavior is influenced by the stress ratio, R,
where higher values of R lead to an accelerated rate of crack growth.
Conversely, when the AK; falls below the threshold AKj,, the FCG rate
becomes negligible, indicating that crack growth is effectively arrested
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under such conditions. The threshold SIF ranges, AKy,, as stipulated by
ASME Code Section XI, are as follows:
AKy =55 forR < 0,

AKy =5.5(1 — 0.8R)for0 <R < 1.0. 12)

For the SA-508 ferritic steel material exposed to a light-water reactor
environment, the FCG rate follows the Paris Eq. (11), with parameters C
and n specified in ASME Code Section XI, Article A-4000 (ASME, 2019).
These parameters, and thus the FCG rate in the Paris equation, are not
changed by irradiation.

In this study, the fatigue life, under thermo-mechanical cyclic
loading, was evaluated using linear elastic fracture mechanics (LEFM).
The process began with the calculation of maximum and minimum SIF
values, Kja., at the deepest point A, and Kjg, at the surface point B, for
each transient, e. Next, the maximum SIF values, Kjae, max and Kige, max»
were compared to the fracture toughness value, K}, at which failure was
assumed to occur. If the failure condition was reached, the analysis was
terminated. The SIF ranges, AKj, at the deepest point A and surface point
B for each transient were also evaluated. If they fell below the threshold
value, AKy, the crack ceased to propagate, and the analysis was termi-
nated with no further crack growth. To account for crack growth over
multiple transients, the superposition principle was utilized. The accu-
mulated crack increments, Aa and Ac, over a given time period (1 year in
this study) were determined by summing the contributions from each
transient, Aa, and Ac,. The final crack size was calculated as the sum of
the initial crack size and the total crack growth increment from all
transients, E. A flowchart of this fatigue life evaluation procedure is
provided in Fig. 5, detailing the process of tracking the crack evolution
for both axially and circumferentially oriented cracks, starting from the
initial crack size through to the final critical crack size.

3. Results and discussion
3.1. Stress analysis

The thermo-mechanical stress analysis was performed for all Service
Level A design transients listed in Table 1, except for Transient 15
(secondary-side leakage test), which pertains to the secondary loop and
is outside the scope of this analysis. Detailed pressure and temperature
loadings, along with heat-transfer coefficients for each timestep, are
provided in Table A1l. The analysis identified the maximum axial and
hoop stresses for each transient, the times at which they occurred, and
their corresponding locations (referred to as critical locations) in the
RPV. Fig. 6a identifies two critical locations at the surface wall: Critical
Location 1 (CL1), corresponding to the maximum axial stress, and
Critical Location 2 (CL2), corresponding to the maximum hoop stress.”
Both these critical locations are situated on the upper shell of the RPV, at
the inner corners of the inlet and outlet nozzles, where geometric and
loading conditions promote high axial and hoop stresses. In addition,
Fig. 6a introduces a third critical location, CL3, located in the middle of
the RPV’s lower inner shell wall in the beltline region. CL3 is considered
critical not due to high operational stresses but because of the high
neutron flux in this area, which leads to irradiation embrittlement of the
RPV steel (SA-508 Class 1) (Spencer et al., 2020). A flaw in this
irradiation-embrittled region could potentially become life limiting for
the RPV, even when this region experiences lower stress levels compared
to stresses in the other two critical locations (CL1 and CL2).

The progression of FCG is primarily influenced by A6 = 6max —6min,
making it essential to identify the maximum and minimum stresses at
the critical locations, as well as the timesteps at which they occur. The

2 Note that the axial stresses resulting from the reactor operational transients
promote the initiation and growth of circumferential cracks, while the hoop
stresses promote the initiation and growth of axial cracks through the RVP wall
thickness.



M.N. Tran et al.

Nuclear Engineering and Design 443 (2025) 114269

Inputs:
@0, €05 Te.max; Temins ANe

|
Y

B’I;’l:'.mz\x: [/\’IA« .min
KBemax, K1Bemin
AK7ae = Kraemax — Kraemin

AKrpe = K1pemax — KrBemin

Check:

Kiaemax < Kie Yes AKrae > AKpa No
Kipemax < Kie AKrpe > AKype
Crack Arrest
R;'l/z _ A:IAr.min and RB(z _ A:IBramiu
K I Ae,max AIB(‘.max

l

da, . IS de, "
. = Cue(AK4.)" " and an, = Cp(AK )"
Aae = 29 AN, and Ac, = 2 AN,
.= —AN, and Ac, = —AN,
TN, TN,

!

E E
Aa = Z Aa, and Ac = Z Ac,
e=1 e=1

l

Or

a1/t > 809

Max Iteration
Reached

(4

Fig. 5. Flowchart of FCG history calculation for all transients.

SIF range AKj, which is proportional to As in LEFM analysis, drives FCG
behavior. To illustrate the identification of these key timesteps, the two
most severe transients are examined in detail: (a) Transient 2 (heat-up
and cool-down), and (b) Transient 14 (primary-side leakage test); see
Table Al. Transient 2 is the most stress-inducing among all analyzed
transients; however, the high stresses occur at elevated temperatures,
where the material exhibits greater ductility and is less prone to fracture.
Transient 14 is less stress-inducing overall; however, this transient
generates high stresses at low temperatures, making the material more
brittle and susceptible to fracture. Fig. 7 illustrates the pressure and
thermal loads associated with Transients 2 and 14, highlighting the
critical timesteps where stress extremes occur. For Transient 2, Fig. 7a
reveals that timestep T1 corresponds to the minimum axial and hoop
stresses at all three critical locations. Timestep T2 is when the axial and
hoop stresses at CL3 reach their maximum values, and timestep T3 is
when the maximum axial stress at CL1 and the maximum hoop stress at
CL2 are observed. For Transient 14, Fig. 7b indicates that timestep T1
corresponds to the minimum axial and hoop stresses at all three critical
locations. At timestep T2, the maximum axial stress occurs at CL1. And
at timestep T3, the maximum axial and hoop stresses occur at CL3, along
with the peak hoop stress at CL2.

Fig. 6b and c provide cross-sectional views of the stress fields at stress
extremes for Transients 2 and 14, respectively. These figures also

highlight the critical path (indicated by a magenta arrow), representing
the shortest through-wall distance where stress profiles were extracted
for the follow-up SIF analysis (Section 3.2). Fig. 8 shows the through-
wall stresses extracted along the critical paths at the three identified
critical locations. For Transient 2, Fig. 8a and b shows that axial and
hoop stress are the highest at the inner surface and rapidly decrease
through the wall thickness at CL1 and CL2. A similar behavior can be
observed for the hoop stresses at CL2 in Transient 14; however, the axial
stress range at CL1 during this transient is lower at the inner surface and
increases toward the outer surface. This increase is attributed to a slight
concentration of stress at the outer upper corner of the outlet nozzle,
caused by a combination of pressure loads and nozzle geometry. Fig. 8c
and d show that axial and hoop stress ranges at CL3 for both Transients 2
and 14 remain relatively constant due to the uniform cylindrical ge-
ometry of the lower shell. Moreover, the hoop stress ranges at CL3 are
about twice those of the axial stress ranges. The differences in stress
ranges at the three critical locations suggest distinct SIF patterns, which
are discussed in Section 3.2. Understanding these localized stress dis-
tributions is crucial for evaluating FCG behavior under Service Level A
operating conditions.
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3.2. Stress intensity factor analysis

To perform fatigue life analysis using LEFM, it is necessary to
calculate the SIF range (AKp) from the maximum and minimum K;
values. These K; values® were computed by integrating the product of
the weight function (Section 2.3) and the through-wall stress profiles
(Fig. 8), which were extracted from the maximum and minimum stress
extremes” observed during the most severe operating transients identi-
fied by the stress analysis as Transients 2 and 14 (Section 3.1). The K;

3 Note that these K; values were computed assuming cylindrical geometry.
More sophisticated methods may yield different K; values.

4 Note that K; values were calculated at each timestep in a transient for crack
depth ratios a/t ranging from 5% to 80% of the wall thickness, in increments of
5%, at a constant a/c = 1/3. These K; values were then summed from a/t = 5%
to 80%. In each transient, the maximum stress profile corresponds to the
highest K; value and the minimum stress profile corresponds to lowest K; value.
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Fig. 6. (a) Critical locations on RPV with maximum and minimum axial and hoop stress fields for (b) Transient 2 (heat-up and cool-down) and (c) Transient 14
(primary-side leakage test).

values were determined for crack depth to wall thickness ratios, ag/t
ranging from 0.05 to 0.8, while the initial aspect ratio of crack depth (ay)
to half crack length (co) was kept constant at ag/co = 1/3. These K;
values were calculated incrementally as the crack propagated until it
reached a critical size, where K; equaled the material’s fracture tough-
ness (Kic), indicating critical crack growth leading to failure. The FCG
calculation process is summarized in the flowchart shown in Fig. 5.
Fig. 9 illustrates the evolutions of maximum K; values for both axial
and circumferential cracks at the deepest point A and the surface point B
(Fig. 3), from crack initiation (open symbols) to final crack depths at the
three critical locations: CL1, CL2, and CL3. These results are presented
for an initial crack depth of 5% through the vessel wall. Two Kjc master
curves are shown: the solid green curve represents the fracture tough-
ness of the as-received SA-508 steel (without considering the impact of
irradiation embrittlement on its fracture toughness), and the solid blue
curve accounts for neutron-irradiated SA-508 steel with a neutron flu-
ence of 25.1E19 n/cm? (Section 2.4). While irradiation embrittlement
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Fig. 7. Coolant pressure and temperature histories during (a) Transient 2 (heat-up and cool-down) and (b) Transient 14 (primary-side leakage test).

was not considered for the outlet and inlet nozzles (CL1 and CL2,
respectively), as these locations are far from the reactor core (Fig. 6a), its
impact was assessed in the beltline region at CL3 due to its proximity to
high neutron fluence levels. To assess the impact of material embrit-
tlement on FCG and ultimately the life of the RPV, analyses were per-
formed both with and without considering irradiation embrittlement of
the material.

The evolutions of maximum K; values for axial cracks at the deepest
point A and the surface point B are illustrated in Fig. 9a and 9b,
respectively, under Transients 2 and 14. Reference (Tran et al., 2024)
identified these two transients as having the highest FCG rates, under-
scoring their importance in evaluating crack growth behavior. When
considering axial cracks, the hoop stresses at CL2 and CL3 are consid-
ered relevant. At CL2 during Transient 14 (Fig. 9a), the maximum K at
the deepest point A, Kja max, begins at approximately 53 MPa m®?® and
grows to about 98 MPa mo.s’ intersecting the K;c master curve (solid
green curve) and indicating critical crack size. At CL3, both with and
without irradiation embrittlement consideration, the initial Kjj max value
starts at around 28 MPa m®> due to lower operational stresses (Fig. 8b
and d). Without irradiation, Kjs max increases to about 95 MPa m®> when
it intersects the Kjc master curve (solid green curve). When irradiation
embrittlement is considered, Kja max intersects the Kjc master curve at a
maximum neutron fluence of 25.1E19 n/cm? (solid blue curve) at 44
MPa m®®. This highlights a significant reduction in fracture toughness
caused by irradiation-induced material embrittlement. The intersection

10

of Kipmax With the Kjc master curve at the maximum neutron fluence
suggests that shallow initial cracks, which propagate over extended
periods, experience higher neutron fluence levels. During Transient 2,
the Kia max values at CL2 and CL3 are similar to those observed during
Transient 14. However, higher crack tip temperatures during Transient
2 result in increased fracture toughness, preventing failure despite more
severe hoop stresses, as shown in Fig. 8b.

At the surface point B in Fig. 9b, Kjp max at CL2 for Transient 14 starts
at approximately 35 MPa m®® and grows to about 96 MPa m®>. At CL3,
Kigmax begins at about 19 MPa m0'5, reaching 42 MPa m®® with irra-
diation embrittlement and 97 MPa m®® without it. Similar trends are
observed for Transient 2, where higher temperatures increase fracture
toughness. However, Kjg max at CL2 and CL3 for both Transients 2 and 14
do not reach the fracture toughness threshold. Consequently, failure is
more likely at the deepest points A, with or without irradiation
embrittlement, for both locations and transients.

Fig. 9¢ and d examine circumferential cracks (Fig. 3b) at CL1 and
CL3. When analyzing circumferential cracks, only CL1 and CL3 are
considered, as the axial stresses in CL2 are not critical for driving
circumferential crack growth to failure. At CL1 in Fig. 9¢, Kja max for
Transient 14 starts at approximately 10 MPa m®® and increases to 71
MPa m®® but does not intersect the Kic master curve. For Transient 2,
Kia max begins at about 44 MPa m%® and increases to 96 MPa m®>. This
increase is attributed to the thermal conditions during Transient 2 at
CL1. Because CL1 is located at the upper corner of the outlet nozzle in
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the upper shell of the RPV (Fig. 6a), during the cool-down from opera-
tion in Transient 2° (Fig. 7a), the fully insulated RPV cools more slowly
near the outer surface than near the inner surface. Hence, as the crack
propagates outward from the inner surface, the crack tip moves into
regions of higher temperature, leading to an increase in crack tip tem-
perature as the crack grows. As a result of this temperature increase,
Kia max at CL1 for both Transients 2 and 14 does not reach the fracture
toughness threshold. Therefore, failure at the deepest points is unlikely
at CL1.

At CL3 in Fig. 9¢, Kjamax begins at about 12 MPa m®® for both
irradiated and unirradiated conditions. Without irradiation embrittle-
ment, Kjs max grows to 91 MPa m®® but does not reach the Kjc master
curve. When irradiation embrittlement is considered, Kja max intersects
the Kjc master curve (solid blue curve) at 43 MPa mo.s, indicating po-
tential failure due to reduced fracture toughness. For Transient 2, the
Kia max values are comparable to those in Transient 14 but do not reach
the K¢ master curve, meaning failure at CL3 occurs only under

5 As shown in Table 1, Transient 2 consists of two sub-transients. Sub-tran-
sient 2a covers the heat-up period, when the reactor is brought from a shut-
down state to its normal operating pressure and temperature. Sub-transient 2b
covers the cool-down period, when the reactor is taken from normal operating
conditions back down to shutdown state.

11
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axial and hoop stress profiles along critical paths for Transient 2 (heat-up and cool-down) and Transient 14 (primary-side

irradiation embrittlement during Transient 14.

Fig. 9d shows the K; evolution for circumferential crack at surface
point B. At CL1 during Transient 14, Kjpmax Starts at approximately 8
MPa m®® and increases to 57 MPa m®®. For Transient 2, it starts higher
at about 31 MPa m®® and rises to 240 MPa mo.s, intersecting the K¢
master curve (solid green curve) in the USE region, suggesting failure at
surface point B. At CL3 during Transients 2 and 14, Kjgmax begins at
about 8 MPa m®®, reaching 61 MPa m®® without irradiation embrit-
tlement and 30 MPa m®> when the impact of irradiation embrittlement
is included. In both transients, Kjp max at CL3 does not intersect the Kj¢
master curve, indicating failure is unlikely at surface points.

Analysis of the Kj max and Kjp max values for initial crack depths ao/t
ranging from 5% to 80% reveals that without irradiation embrittlement
the final K; values converge to similar levels. This convergence happens
because K; evolutions for all considered a/t follow a similar trajectory.
This behavior is attributed to the design loads for each transient in
Service Level A remaining unchanged for every cycle, resulting in uni-
form stress responses under these conditions. As a result, K; increases
proportionally with crack depth (Equation (3) due to the unvarying
application of these design loads. This means that, while initial crack
depths ao/t influence the initial K;, they have limited impact on the final
K;, especially in unirradiated conditions. In contrast, irradiation
embrittlement introduces variability in final K; values due to time-
dependent neutron fluence. This variability highlights the influence of
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Fig. 9. SIF evolution from an initial 5% through-wall crack depth until failure for axial and circumferential cracks at the deepest and surface points.
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(b) Axial crack, surface point B
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Fig. 10. Final crack depths at failure for initial depths from 5% to 80% of the wall thickness in the beltline region CL3, highlighting critical and subcritical crack
growth regions for (a) axial cracks without irradiation and (b) circumferential cracks with irradiation. The cylinder thicknesses are exaggerated for illustration.
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irradiation embrittlement, operational stresses, and crack geometry on
K; evolution, which directly affects FCG (discussed in Section 3.3).

3.3. Fatigue crack growth analysis

The SIF range AKj, derived from the stress range Ao, was used to
calculate FCG rates in accordance with ASME Code Section XI, Article A-
4000 (ASME, 2019). These FCG rates form the basis for determining the
crack growth history, which was calculated using the methodology
outlined in the flowchart in Fig. 5. This crack growth history offers
insight into how cracks of different orientations, such as axial and
circumferential, evolve under varying stress conditions.

To illustrate these insights, Fig. 10 presents examples of final crack
depths as/t, derived from the crack growth history, focusing on
subcritical and critical growth regions. For axial cracks, Fig. 10a shows
the evolution of as/t for a range of initial crack depth ratios ao /t from 5%
to 80% of the wall thickness, in increments of 0.1%, specifically for the
beltline region CL3 without irradiation embrittlement. Notably, an
initial crack depth ratio ag/t of 5% results in a final crack depth of 75%,
corresponding to a Kia max of 95 MPa m®S at CL3, as shown in Fig. 9a. As
ap/t increases, initial axial cracks become critical at shallower depths,
with a turning point around 42% through the wall, as marked in
Fig. 10a. Beyond this depth, cracks transition into critical growth. These
transitions are depicted in the figure: the blue region represents
subcritical growth, where cracks propagate stably, while the pink region
indicates critical growth, leading to full wall penetration. The hatched
area represents the upper validity limit of the weight function method,
restricting further analysis of crack behavior.

When it comes to circumferential cracks, Fig. 10b examines crack
growth at CL3 under irradiation embrittlement. For an initial a /t of 5%,
the final depth reaches 43%, corresponding to a Kia max of 43 MPa m?%®,
as shown in Fig. 9c. Unlike axial cracks, circumferential cracks maintain
relatively stable depths as ao/t increases, up to 58% through-wall, as
marked in Fig. 10b. Beyond this threshold, circumferential cracks also
transition into critical growth. The blue and pink regions in the figure
similarly represent subcritical and critical growth, respectively. A key
observation from comparing axial and circumferential cracks at CL3 is
that unirradiated axial cracks propagate deeper than irradiated
circumferential cracks. This difference arises from the higher fracture
toughness of unirradiated axial cracks, as shown in Fig. 9a and c.

To expand on these observations, Fig. 11 compares the final depths of
axial and circumferential cracks under both irradiated and unirradiated
conditions. Fig. 1la focuses on axial cracks. Without irradiation
embrittlement, an initial ay/t of 5% results in final crack depths of 28%
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at the inlet nozzle CL2 (dashed blue curve) and 75% at the beltline CL3
(dashed green curve). These correspond to K max of 98 MPa m®® and
95 MPa m®?, respectively, at the deepest point A during Transient 14, as
shown in Fig. 9a. As the initial crack depth increases to a critical level,
the final depths reduce to 19% at CL2 and 42% at CL3, as marked in
Fig. 11a. When irradiation embrittlement is introduced, the final frac-
ture response is severely limited. For an initial ap/t of 5%, the final crack
depth at CL3 drops from 75% to 18% (solid green curve), corresponding
to a Kia max of 44 MPa mo.s’ as shown in Fig. 9a. Notably, the final critical
crack depth at CL3 becomes similar to that at CL2, approximately 19%,
as marked in Fig. 11a. These findings emphasize the pronounced effect
that irradiation embrittlement has on accelerating the transition of axial
crack growth from the subcritical to the critical region, especially in the
beltline region CL3.

Fig. 11b highlights the behavior of circumferential cracks. Without
irradiation embrittlement, an initial ag/t of 5% produces a final as/t of
78% at the outlet nozzle CL1 (dashed blue curve), with the critical initial
crack depth reaching 80% (the upper validity limit of the weight func-
tion method), as marked in the figure. At this location, the corre-
sponding Kjp max is 240 MPa m®® at the surface point B during Transient
2, as shown in Fig. 9d. With irradiation embrittlement, the final as/t for
the same initial ao/t drops to 43% at CL3 (solid green curve), corre-
sponding to a K max of 43 MPa m®> at the deepest point A during
Transient 14, as shown in Fig. 9c. At critical initial depth, the final a;/t at
CL3 increases to 58%, as marked in Fig. 11b. Note that circumferential
crack results without irradiation embrittlement are not reported because
the analysis reaches the upper limit of the weight function method
without crossing the Kjc master curve. This suggests that circumferential
cracks without irradiation embrittlement at CL3 could potentially grow
deeper if a weight function valid for longer cracks were available. These
observations indicate that, in the beltline region CL3, irradiation
embrittlement prompts an earlier progression of circumferential crack
growth from subcritical to critical behavior.

To further analyze crack behavior, Fig. 12 explores the final aspect
ratios ay/cy of axial and circumferential cracks across a range of initial
crack depths, illustrating the impact of crack orientation and irradiation
embrittlement on crack shape evolution. Fig. 12a focuses on axial
cracks. Without irradiation embrittlement, axial cracks tend to grow
deeper rather than wider. For an initial ao/t of 5%, the aspect ratio at
CL2 increases from 33% to 59% (dashed blue curve), elongating the
axial crack along the depth direction. At CL3, axial cracks grow even
more extensively in depth, with the aspect ratio increasing to 82%
(dashed green curve). With irradiation embrittlement, the final aspect
ratio at CL3 decreases to 72% (solid green curve), though it remains
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Fig. 11. Final crack depths before failure for initial depths ranging from 5% to 80% of the wall thickness: (a) axial cracks and (b) circumferential cracks.
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Fig. 12. Final aspect ratios before failure for initial depths ranging from 5% to 80% of the wall thickness: (a) axial cracks and (b) circumferential cracks.

higher than ar/cs at CL2. As ao/t increases, final aspect ratios for axial
cracks converge toward their initial values at the same critical initial
depths as those shown in Fig. 11a, where critical crack growth occurs.
Fig. 12b highlights the growth characteristics of circumferential cracks.
Without irradiation embrittlement, circumferential cracks at CL1 pri-
marily grow in length, reaching a final as/c; of 14%, which remains
consistent across deeper initial cracks. At CL3, circumferential cracks
maintain an aspect ratio close to their initial value of 33%, with minimal
variation. Similar to axial cracks, final aspect ratios for circumferential
cracks converge toward their initial values at the same critical initial
depths as those shown in Fig. 11b, where critical crack growth occurs.
Figs. 11 and 12 show the impact of irradiation embrittlement, crack
orientation, and crack location on FCG behaviors, which play a critical
role in determining the fatigue life of the RPV. Axial cracks predomi-
nantly grow deeper, particularly in the beltline region CL3, while
circumferential cracks predominantly grow longer, especially at the
outlet nozzle CL1. Despite these differences in growth behavior, both
crack orientations tend to converge toward their initial aspect ratios as
initial crack depths increase. These crack growth patterns and final
fracture responses underscore the influence that initial crack geometry
has on the fatigue life of the RPV, which is discussed Section 3.4.
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3.4. Fatigue life analysis

Neutron irradiation embrittlement is a critical factor that can
significantly limit the service life of RPVs in nuclear power plants.
Fig. 13 illustrates its impact on fatigue life for initial ao/t ranging from
5% to 80%, focusing on axial and circumferential cracks. Fatigue life
predictions were calculated using the Paris equation (Equation (11)
under both irradiated and unirradiated conditions. The dashed lines in
the figure represent fatigue life without irradiation, while the solid lines
show the reduced fatigue life when irradiation is considered. Markers at
the bottom of the figure indicate critical initial crack depths, where
fracture toughness is reached immediately upon initiation, resulting in
failure. The hatched region highlights areas beyond the upper validity
range of the weight function used in the analysis.

Fig. 13a presents fatigue life predictions for axial cracks, comparing
the effects of irradiation embrittlement in the inlet nozzle corner CL2
and the beltline region CL3. At CL2 without irradiation, fatigue life
predictions (dashed blue curve) indicate a limiting initial ag/t of 14% at
around 100 years. At this depth, the crack becomes critical at approxi-
mately 19%, as shown in the figure. Beyond this depth, any initiating
crack leads to immediate failure. At CL3, where neutron fluence is the
highest, the impact of irradiation embrittlement is pronounced. Without
irradiation, the fatigue life prediction (dashed green curve) at 100 years
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Fig. 13. Fatigue life with and without irradiation embrittlement for initial depths ranging from 5% to 80% of the wall thickness: (a) axial cracks and (b) circum-

ferential cracks.
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corresponds to a limiting initial ao/t of 37%, with critical crack growth
occurring at 42%. When irradiation embrittlement is considered, fatigue
life is dramatically reduced (solid green curve). At 100 years, the
limiting initial aog/t decreases to 12%, with critical crack growth
occurring at 19%. This highlights how irradiation embrittlement severe
reduces fatigue life for axial cracks in the beltline region CL3.

Fig. 13b presents fatigue life predictions for circumferential cracks,
providing fatigue life predictions for the outlet nozzle corner CL1 and
the beltline region CL3. At CL1 without irradiation, fatigue life pre-
dictions (dashed blue curve) at 100 years indicate a limiting initial crack
depth of 75%. As the initial crack depth increases, fatigue life decreases,
with the critical initial crack depth reaching 80% through-wall (the
upper validity limit of the weight function). At CL3, circumferential
crack behavior is markedly different due to irradiation embrittlement.
Without irradiation, the analysis reaches the upper validity limit of the
weight function at 80% through-wall without showing critical crack
growth, so fatigue life predictions for this case are excluded from the
figure. With irradiation (solid green curve), fatigue life is significantly
reduced. At 100 years, the limiting initial ay/t decreases to 42%, with
critical crack growth occurring at 58%. Beyond this point, further crack
growth leads to failure. These results demonstrate the pronounced
impact of irradiation embrittlement on circumferential cracks in high-
fluence regions such as the beltline.

Fig. 13 illustrates the substantial impact of irradiation embrittlement
on fatigue life, particularly in regions exposed to high neutron fluence
such as the beltline region CL3. In this region, the fatigue life of both
axial and circumferential cracks is markedly reduced compared to that
of unirradiated conditions, emphasizing the critical role of neutron
exposure in accelerating structural degradation. Despite this, circum-
ferential cracks in the outlet nozzle region CL1 exhibit relatively long
fatigue lives, highlighting the varying sensitivity of different regions and
crack orientations to irradiation effects. This observation underscores
the importance of considering location-specific factors when assessing
RPV integrity.

4. Conclusion

In this study, we conducted a detailed thermo-mechanical stress
analysis of a representative reactor pressure vessel under Service Level A
transients to evaluate fatigue crack growth behavior and its implication
for fitness-for-service assessment. The performed thermo-mechanical
numerical analysis identified three critical locations: the outlet nozzle
corner (CL1), the inlet nozzle corner (CL2), and the beltline region
(CL3). CL1 and CL2 were identified as critical due to high operational
stresses in these regions, while CL3 was considered critical because of its
proximity to the reactor core and exposure to high neutron fluence,
which leads to irradiation embrittlement of the pressure vessel material.

Using linear elastic fracture mechanics, an algorithm was developed
to evaluate the fatigue crack growth behavior for all Service Level A
transients for crack depth ratios ao /t ranging from 5% to 80%. Two most
severe Service Level A transients (Transients 2 and 14) were selected to
illustrate SIF evolution for axial and circumferential cracks at both the
deepest and surface points of the identified critical locations. Final
fracture responses, including crack depths and aspect ratios, were
assessed under irradiated and unirradiated conditions using the afore-
mentioned algorithm. Additionally, fatigue life predictions were pre-
sented, with a focus on the effects of neutron irradiation embrittlement.
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The performed analysis reveals that fatigue life is dependent on the
combination of the magnitude of extreme operational stresses
(A6 = 6max —0min) and the extent of the impact of neutron irradiation on
the fracture toughness of the material. Without consideration of material
embrittlement due to radiation, we found that the axial cracks at the
inlet nozzle (CL2) most significantly limited the fatigue life of the reactor
pressure vessel. The neutron flux above the beltline region is insufficient
to cause significant material embrittlement; however, other material-
property-altering mechanisms, such as long-term aging, might need to
be considered in future analysis. When irradiation embrittlement is
considered, axial cracks in the beltline region (CL3) became the most life
limiting due to the reduction in fracture toughness caused by the high
neutron fluence in this region. However, the current analysis considers
the neutron fluence of 25.1E19 n/cm?, which is expected to cause the
maximum drop in the fracture toughness and is unlikely to be seen in the
operation.

The performed analysis also shows that axial cracks are generally
more life limiting than circumferential cracks, particularly at CL2 and
CL3. These distinctions underscore the importance of accounting for
crack orientation and location when developing fitness-for-service as-
sessments. Furthermore, it was found that failures were more likely to
occur at lower temperatures within the brittle regime, where reduced
fracture toughness limits the material’s ability to resist crack propaga-
tion under cyclic loading. This behavior was particularly evident during
low-temperature conditions, such as those encountered during leakage
tests (Transient 14). Such conditions provide opportunities to detect and
mitigate cracks before a reactor returns to full operation.

The sensitivity of fatigue crack growth to neutron flux and temper-
ature highlights the need to assess RPVs across a range of operational
conditions. Accounting for these operational factors is essential for
ensuring the safe and reliable operation of nuclear power plants over
extended service periods.

CRediT authorship contribution statement

M.N. Tran: Visualization, Investigation, Writing — original draft,
Methodology, Software, Formal analysis, Writing — review & editing,
Conceptualization. O. Muransky: Investigation, Visualization, Writing
— review & editing, Project administration. B.W. Spencer: Software,
Supervision, Methodology, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the support provided by the
Australian Nuclear Science and Technology Organisation (ANSTO) and
Idaho National Laboratory (INL). The work of Tran and Muransky was
supported by the Australian Government through ANSTO’s internal
funding, including access to ANSTO’s high-performance computing
infrastructure. The work of Spencer was supported by Battelle Energy
Alliance, LLC under contract no. DE-AC07-05ID14517 with the U.S.
Department of Energy.



M.N. Tran et al. Nuclear Engineering and Design 443 (2025) 114269

Appendix

Table Al
Calculated applied internal pressure and far-field temperature from the design transients, and their resulting applied end-cap pressure and internal heat transfer
coefficients.

RPV Inlet Nozzles Outlet Nozzles Injection Nozzles

Event Cycles per Time Temp  Pressure h (W/ End-Cap h (w/ End-Cap h W/ Temp  Pressure End-Cap h (W/

Year (sec) (K) (MPa) mm2<K) Pressure mm2~]() Pressure mmz-K) (K) (MPa) Pressure mmz-K)
(MPa) (MPa) (MPa)

la 3.33 0 294.26  0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26  0.00 0.00 9.20E-07
1800 294.26 2.76 1.75E-03 5.31 1.89E-02 5.95 1.78E-02 294.26  0.00 0.00 9.20E-07
1b 3.33 0 294.26 0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26 0.00 0.00 9.20E-07
1800 294.26 2.76 1.75E-03 5.31 1.89E-02 5.95 1.78E-02  294.26 0.00 0.00 9.20E-07
3600 294.26  0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26  0.00 0.00 9.20E-07
1c 6.67 0 294.26 0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26  0.00 0.00 9.20E-07
1080 31093 276 2.05E-03 5.31 2.22E-02 5.95 2.08E-02 310.93 0.00 0.00 4.31E-05
2160 294.26  0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26  0.00 0.00 9.20E-07
1d 36.67 0 564.82 15.41 3.61E-03  29.67 3.90E-02  33.26 3.67E-02 335.93  0.00 0.00 4.12E-05
3600 564.82 15.24 3.60E-03 29.34 3.90E-02 32.89 3.67E-02  335.93 0.00 0.00 4.12E-05
7200 564.82 15.41 3.61E-03 29.67 3.90E-02 33.26 3.67E-02 335.93  0.00 0.00 4.12E-05
2a 3.33 0 294.26  0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26  0.00 0.00 9.20E-07
2700 335.93 0.00 1.75E-04 0.00 2.83E-04 0.00 2.60E-04 335.93  0.00 0.00 4.12E-05
5400 335.93 4.27 2.37E-03 8.23 2.57E-02 9.23 2.41E-02 33593 0.00 0.00 4.12E-05
6300 349.82 4.27 2.64E-03 8.23 2.86E-02 9.23 2.68E-02 335.93  0.00 0.00 4.12E-05
8100 349.82 6.89 2.64E-03 13.27 2.86E-02 14.88 2.69E-02 335.93  0.00 0.00 4.12E-05
25,380 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
54,180 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05
2b 3.33 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
10,800 449.82 12.38 3.62E-03  23.83 3.92E-02 26.71 3.68E-02 335.93 0.00 0.00 4.12E-05
27,000 324.82 0.00 1.61E-04 0.00 2.61E-04 0.00 2.39E-04 324.82  0.00 0.00 4.20E-05
55,800 294.26 0.00 1.09E-04 0.00 1.78E-04 0.00 1.63E-04 294.26  0.00 0.00 9.20E-07
3a 8.33 0 449.82 6.89 3.61E-03 13.27 3.91E-02 14.88 3.67E-02  335.93 0.00 0.00 4.12E-05
7200 564.82 15.24 3.60E-03 29.34 3.90E-02 32.89 3.67E-02 335.93  0.00 0.00 4.12E-05
9000 572.57 15.52 3.55E-03  29.88 3.85E-02  33.50 3.61E-02 335.93  0.00 0.00 4.12E-05
3b 8.33 0 572.57 15.52 3.55E-03 29.88 3.85E-02  33.50 3.61E-02  335.93 0.00 0.00 4.12E-05
300 564.82 15.24 3.60E-03 29.34 3.90E-02 32.89 3.67E-02  335.93 0.00 0.00 4.12E-05
4a 33.33 0 572.57 15.52 3.55E-03  29.88 3.85E-02  33.50 3.61E-02 335.93 0.00 0.00 4.12E-05
1020 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
4b 33.33 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02  335.93 0.00 0.00 4.12E-05
1020 572.57 15.52 3.55E-03  29.88 3.85E-02  33.50 3.61E-02 335.93 0.00 0.00 4.12E-05
5a 50.00 0 572.57 15.52 3.55E-03  29.88 3.85E-02  33.50 3.61E-02 335.93  0.00 0.00 4.12E-05
2845.8 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02  335.93 0.00 0.00 4.12E-05
5b 50.00 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
2845.8 572.57 15.52 3.55E-03  29.88 3.85E-02  33.50 3.61E-02 335.93  0.00 0.00 4.12E-05
6 3.33 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
900 595.82 16.38 3.03E-03  31.53 3.29E-02 35.34 3.09E-02  335.93 0.00 0.00 4.12E-05
7ai 1250.00 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
60 614.82 16.96 2.43E-03  32.65 2.63E-02 36.61 2.47E-02 33593  0.00 0.00 4.12E-05
120 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02  335.93 0.00 0.00 4.12E-05
7aii 1250.00 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
60 618.15 17.31 2.33E-03  33.32 2.53E-02  37.35 2.37E-02  335.93  0.00 0.00 4.12E-05
120 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05
7bi 38333.33 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05
180 616.21 17.09 2.38E-03 3291 2.58E-02 36.89 2.42E-02 33593  0.00 0.00 4.12E-05
360 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05
7bii  38333.33 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
180 616.76 17.17 2.38E-03  33.07 2.57E-02  37.07 2.42E-02 33593  0.00 0.00 4.12E-05
360 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05
7c 12500.00 0 616.48 17.04 2.33E-03  32.80 2.53E-02 36.78 2.37E-02  335.93 0.00 0.00 4.12E-05
60 616.48 17.00 2.32E-03 32.73 2.51E-02  36.69 2.36E-02 335.93  0.00 0.00 4.12E-05
120 616.48 16.96 2.30E-03  32.66 2.49E-02 36.61 2.34E-02 335.93  0.00 0.00 4.12E-05
180 616.48 16.92 2.28E-03  32.59 2.47E-02  36.53 2.32E-02  335.93 0.00 0.00 4.12E-05
240 616.48 16.89 2.27E-03  32.51 2.45E-02  36.45 2.30E-02 335.93  0.00 0.00 4.12E-05
300 616.48 16.85 2.25E-03  32.44 2.44E-02  36.37 2.29E-02 335.93  0.00 0.00 4.12E-05
360 616.48 16.89 2.27E-03  32.51 2.45E-02  36.45 2.30E-02  335.93 0.00 0.00 4.12E-05
420 616.48 16.92 2.28E-03  32.59 2.47E-02  36.53 2.32E-02 33593  0.00 0.00 4.12E-05
480 616.48 16.96 2.30E-03  32.66 2.49E-02  36.61 2.34E-02 335.93  0.00 0.00 4.12E-05
540 616.48 17.00 2.32E-03 32.73 2.51E-02  36.69 2.36E-02 335.93  0.00 0.00 4.12E-05
600 616.48 17.04 2.33E-03  32.80 2.53E-02 36.78 2.37E-02  335.93 0.00 0.00 4.12E-05
8 48.33 0 574.21 15.58 3.53E-03  30.00 3.83E-02 33.63 3.59E-02 335.93  0.00 0.00 4.12E-05
1800 575.53 15.63 3.51E-03  30.09 3.80E-02 33.74 3.57E-02 335.93  0.00 0.00 4.12E-05
3600 572.33 15.51 3.55E-03 29.87 3.85E-02 33.48 3.62E-02  335.93 0.00 0.00 4.12E-05
9a 50.00 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
7200 564.82 15.41 3.61E-03  29.67 3.90E-02 33.26 3.67E-02 335.93  0.00 0.00 4.12E-05
14,400 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05

(continued on next page)
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RPV Inlet Nozzles Outlet Nozzles Injection Nozzles
Event Cycles per Time Temp  Pressure h W/ End-Cap h W/ End-Cap h W/ Temp  Pressure End-Cap h W/
Year (sec) (K) (MPa) mmz-K) Pressure mm2~K) Pressure mmZ-K) (K) (MPa) Pressure mmZ-K)
(MPa) (MPa) (MPa)
9 250.00 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
1440 564.82 15.41 3.61E-03  29.67 3.90E-02 33.26 3.67E-02 335.93  0.00 0.00 4.12E-05
2880 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
10 0.67 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
3600 564.82 15.24 3.60E-03  29.34 3.90E-02  32.89 3.67E-02 335.93  0.00 0.00 4.12E-05
11 3.00 0 616.48 17.13 2.38E-03 32.99 2.57E-02 36.98 2.42E-02 335.93 0.00 0.00 4.12E-05
600 616.48 15.24 1.45E-03 29.34 1.57E-02  32.89 1.48E-02 33593  0.00 0.00 4.12E-05
12 0.67 0 333.15 0.00 1.71E-04 0.00 2.78E-04 0.00 2.55E-04 333.15  0.00 0.00 4.14E-05
2520 294.26 0.00 1.09E-04 0.00 1.78E-04 14.88 1.63E-04 294.26 6.89 11.42 2.40E-02
13,320 294.26 0.00 1.09E-04 0.00 1.78E-04 14.88 1.63E-04 294.26 6.89 11.42 2.40E-02
13 0.33 0 449.82 6.89 3.61E-03 13.27 3.91E-02 14.88 3.67E-02 335.93  0.00 0.00 4.12E-05
7452 564.82 15.24 3.60E-03 29.34 3.90E-02 32.89 3.67E-02 335.93 0.00 0.00 4.12E-05
10,800 616.48 17.13 2.38E-03 32.99 2.57E-02 36.98 2.42E-02 335.93 0.00 0.00 4.12E-05
21,600 449.82 6.89 3.61E-03 13.27 3.91E-02 14.88 3.67E-02  335.93  0.00 0.00 4.12E-05
14 3.33 0 324.82 0.00 1.61E-04 0.00 2.61E-04 0.00 2.39E-04 324.82 0.00 0.00 4.20E-05
720 335.93 17.24 2.49E-03 33.19 2.69E-02 37.20 2.53E-02 335.93 0.00 0.00 4.12E-05
4320 335.93 17.24 2.49E-03  33.19 2.69E-02  37.20 2.53E-02 335.93  0.00 0.00 4.12E-05
15 N/A N/A N/A N/A N/A
16 0.08 0 564.82 15.41 3.61E-03 29.67 3.90E-02 33.26 3.67E-02 294.26 15.41 25.53 2.42E-02
5652 477.59 15.41 3.69E-03  29.67 4.00E-02 33.26 3.76E-02 294.26 15.41 25.53 2.42E-02
10,800 477.59 15.41 3.69E-03  29.67 4.00E-02 33.26 3.76E-02 294.26 15.41 25.53 2.42E-02
17 0.08 0 449.82 6.89 3.61E-03 13.27 3.91E-02 14.88 3.67E-02 335.93  0.00 0.00 4.12E-05
1800 422.04 6.89 3.42E-03 13.27 3.70E-02 14.88 3.47E-02 335.93  0.00 0.00 4.12E-05
18 47.00 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05
28,800 616.48 15.24 1.45E-03 29.34 1.57E-02  32.89 1.48E-02 33593  0.00 0.00 4.12E-05
32,400 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
19 296.67 0 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 33593  0.00 0.00 4.12E-05
28,800 590.65 16.19 3.17E-03  31.16 3.44E-02 34.93 3.23E-02 335.93  0.00 0.00 4.12E-05
86,400 616.48 17.13 2.38E-03  32.99 2.57E-02  36.98 2.42E-02 335.93  0.00 0.00 4.12E-05

Data availability
Data will be made available on request.
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