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ABSTRACT

This report provides an update on an assessment of environmentally assisted fatigue for light
water reactor components under extended service conditions. This report is a deliverable under
the work package for environmentally assisted fatigue as part of DOE’s Light Water Reactor
Sustainability Program. In a previous report (September 2015), we presented tensile and fatigue
test data and related hardening material properties for 508 low-alloys steel base metal and other
reactor metals. In this report, we present thermal-mechanical stress analysis of the reactor pressure
vessel and its hot-leg and cold-leg nozzles based on estimated material properties. We also present
results from thermal and thermal-mechanical stress analysis under reactor heat-up, cool-down, and
grid load-following conditions. Analysis results are given with and without the presence of
preexisting cracks in the reactor nozzles (axial or circumferential crack). In addition, results from
validation stress analysis based on tensile and fatigue experiments are reported.
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1 Introduction

Use of renewable energy such as solar and wind has increasingly become a worldwide goal to avoid
catastrophic climate change. Widespread availability of clean, affordable, and reliable energy would also
be a cornerstone of the world's increasing prosperity and economic growth [1]. However, such renewable
energy sources are only intermittently available and cannot reliably be used for base-load demand.

In many countries such as the U.S., France, South Korea, and Japan, nuclear energy is extensively
used as a base-load source of electricity. However, when more and more renewable energy sources are
connected to the electric grid, a question arises: do the nuclear power plants (NPPs) have the ability to
adjust to a varying load from the interconnected grid, including daily and seasonal variations [2-10]?
Under the load-following mode, the pressure boundary components of NPPs may be subjected to
additional thermal-mechanical cycles, particularly when the fluctuation in the gap between the grid
demand and renewable energy supply is severe (in terms of both frequency and amplitude). Although
most modern nuclear plants are designed to follow grid demands to a certain extent through consideration
of a large safety factor, no study (at least none reported in the open literature) has been undertaken to
determine the stress-strain state of reactor components under grid-load following. Most previous research
on NPP component safety assessment, including our own [11-12], is based on a stress analysis of
components using simplified design transients. For accurate structural integrity assessment of NPP
components, it is necessary to perform structural fatigue evaluation under more realistic loads [13-15]. In
this regard, thermal-mechanical stress analysis of NPP components under the grid load-following mode
might be necessary for accurate fatigue evaluation. In addition, since there are plans for increasing the life
of current NPPs from their original design life of 40 years to the extended life of 80 years, aging-related
material issues [16,17] can play additional detrimental role in the structural integrity of NPP components.

Argonne National Laboratory (ANL), under the sponsorship of the Department of Energy’s Light
Water Reactor Sustainability (LWRS) program, has been involved with extensive material testing [18,19]
and mechanistic modeling [11,12] for assessing the structural integrity of NPP components under design
and extended service conditions. In this report we present detailed results from thermal mechanical stress
analysis of a reactor pressure vessel (RPV) and its nozzle (both with and without preexisting
axial/circumferential cracks) under typical reactor heat-up, cool-down, and load-following modes. This
work is a continuation of an LWRS environmental fatigue program.

This report is organized into the following sections:

1. Finite Element Model of Reactor Pressure Vessel and Nozzles

2. Temperature-Pressure Boundary Conditions under Heat-Up, Cool-Down, and Grid Load
Following

3. Heat Transfer Analysis of RPV and Nozzles

4. Material Properties for Structural Analysis

5. Stress Analysis of Laboratory Specimens under Isothermal Fatigue Loading

6. Thermal-Mechanical Stress Analysis of RPV and Nozzles without Preexisting Cracks

7. XFEM Modeling and Thermal-Mechanical Stress Analysis of RPV and Nozzles with Preexisting

Cracks
8. Summary and Future Work

1
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2 Finite Element Model of Reactor Pressure Vessel and Nozzles

We developed finite element (FE) models for both heat transfer analysis and for subsequent thermal-
mechanical stress analysis. In our earlier work [11, 12] we presented a preliminary/skeletal FE model of
an overall reactor consisting of a reactor pressure vessel, hot leg, cold leg, and steam generator. In this
work, we present a detailed FE model of the reactor pressure vessel and its nozzle only. The major aim
was to perform a stress analysis under realistic thermal-mechanical loading and to study the stress-strain
state of the RPV and its nozzles with/without the presence of crack. The details of the FE model are
discussed below.

The models were developed by using commercially available ABAQUS FE software [20]. The FE
models are based on approximate geometry determined from publicly available literature [16, 21-24]. The
RPV model includes a typical two-loop pressurized water reactor with two hot-leg (HL) nozzles and 4
cold-leg (CL) nozzles. Figure 2.1 shows the outer/inner diameter (OD/ID) surface of the RPV and its HL
and CL nozzles. For the requirement of modeling cracks (discussed in Section 8), 3D models were
developed and meshed by using eight noded 3D brick elements. In our previous work [11, 12] we found
that eight-node linear elements (DC3D8) were sufficient to model heat transfer compared to a
computationally expensive counterpart of 20-node brick elements (DC3D10). For stress analysis, the
corresponding C3D8, 8-node linear elements were used. Note that in our earlier work [11, 12], we
considered other components such as the HL, CL, and steam generator; in the present work, however, we
have not considered those components to reduce the computational burden by limiting the number of finite
elements. Instead, we included HL/CL nozzles and increased the number of elements along the thickness
direction to allow modeling of preexisting cracks. Figure 2.2 shows the OD and ID surface of the RPV
and it nozzle FE mesh. A finer mesh was selected near the nozzle area for modeling possible stress hot
spots arising due to the presence of openings, such as nozzles and preexisting cracks. Figure 2.3 shows
the magnified geometry model and FE mesh near the RPV nozzle locations. The RPV and nozzle assembly
have a total of 72,977 DC3D8 elements for heat transfer models or C3D8 elements for structural analysis
models. Table 2.1 shows the number of elements associated with individual components. The materials
properties of 508 low alloy steel (508 LAS) is used for the FE modeling of all the sections of the RPV and
its nozzles.

ANL/LWRS-16/01 2
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Figure 2.2 RPV and its nozzle FE mesh.
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Figure 2.3 Solid model and FE mesh near the nozzle area.

Table 2.1 Number of finite elements in RPV and its nozzle model.

Component Name Number of Material Type Number of finite
components elements
Pressure vessel 1 508 LAS 51,021
Hot leg nozzle 2 508 LAS 2x5012 = 10,024
Cold leg pipe 4 508 LAS 4x2800=11,200
RPV base plate 1 508 LAS 320
HL nozzle support duct 2 Artificial large stiffness material 2x78=156
CL nozzle support duct 2 Artificial large stiffness material 4x64=256
Total number of elements in assembly 72,977

The bottom section of the RPV was tied to a thick base plate, which was attached to the ground and
constrained in all directions. In contrast, the HL/CL nozzles were supported through circular supports that
mimic the duct in the RPV cavity or containment structure. In the FE model, contact boundary conditions
were selected between the ID surface of these circular supports and OD surface of nozzles. This condition
was designed to mimic the real reactor conditions, allowing free thermal expansion of the nozzle in all
three directions. However, note that the above boundary conditions are simplified assumptions and do not
necessarily represent the exact boundary conditions in a real reactor. In addition, in the present assembly-
level model, we did not consider the plane of symmetries because to model crack in one of the HL nozzles.
In addition to modeling the reactor temperature and pressure cycle, the dead load associated with reactor
coolant water and the self-weight of RPV and its nozzles were considered for the stress analysis models.
In addition, a typical RPV is subjected to substantial gravity load associated with the reactor internals.
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The approximate loads due to these internals are also included in the FE model as additional gravity
load. Based on the data given in reference [25], in the discussed model, the upper and lower internal
weights were considered as 50,000 kg and 120,000 kg, respectively. From the FE model, the volume of
the RPV and nozzle was estimated as 37.6 m3. Assuming 50% of this volume is occupied with reactor
coolant water, the weight of the coolant water was estimated to be 18,800 kg. Using ABAQUS, we
performed a frequency/modal analysis to estimate the self-weight of the RPV and its nozzles. This
parameter was estimated as 325,663 kg. The total dead weight (including self-weight of RPV and internals
and weight due to coolant) was estimated to be 514,463 kg. This total weight was modeled as distributed
gravity load, with an artificial gravity constant (g,,+ificial) €Stimated through the following relation:

masSgelf 514,463 9.81 15.497 2
L — == "9, = . m/sec”.
8artificial masstotal 8actual 325,663 /

5
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3 Temperature-Pressure Boundary Conditions under Heat-Up, Cool-Down, and Grid-
Load Following

The heat transfer and structural analysis requires an appropriate temperature and pressure (T-P)
boundary condition as input to the FE model. These inputs can be obtained through performing system-
level thermal-hydraulic and computational fluid dynamics (CFD) analysis. Performing system-level
thermal-hydraulic and CFD analysis is highly complex, computationally intensive, and not the major focus
of our work. Hence, we used an approximate T-P boundary condition estimated based on literature data.
In the present work we considered one reactor operation cycle comprising heat-up, normal operation under
grid load following, and cool-down conditions. The estimation of associated T-P boundary conditions is
briefly described below.

3.1 Reactor Heat-up and Cool-down

According to the Westinghouse NPP manual [26], the heat-up and cool-down operations are conducted
in a series of steps for safe operation of the reactor. According this manual, for a typical NPP, some of the
important steps followed during heat-up are:

A) Cold shutdown initial condition:

e ldeally, maintain the reactor coolant system (RCS) temperature between 150 °F (65.5 °C)
and 160 °F (71.1 °C). The temperature could be lower depending on the decay heat load
from the reactor core. At this condition, the RCS pressure is maintained at 100 psig (0.689
MPa).

B) Heat-up condition from cold shutdown to hot shutdown:

e Begin heating up the pressurizer to increase RCS pressure. The heat-up rate cannot exceed
100 °F (37.8 °C) per hour for both RCS and pressurizer heat-up.

e Maintain RCS temperature below 160 °F (71.1 °C) by regulating the flow through the
residual heat removal (RHR) system.

e Open the main steam-line isolation valve.

e Continue pressurizer heating up to 430 °F (221.1 °C). At this point the RCS pressure would
be approximately 325 psig (2.24 MPa).

e Stop RTR.

e Allow RCS temperature to increase to 200 °F (93.3 °C)
C) Heat-up from hot shutdown to hot standby condition:

e Allow the RCS pressure to increase.

e Before the RCS pressure reaches 1000 psig (6.895 MPa), open isolation valve of each of
the cold leg accumulators.

e Increase RCS pressure to 2235 psig (15.41 MPa) and set RCS pressure control mode as
automatic to maintain that pressure.

ANL/LWRS-16/01 6
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e Maintain the hot standby condition of RCS at a temperature between 540 °F (282.2 °C) and
547 °F (286.1 °C).

Once the hot standby condition is reached, the reactor has to undergo the power operation mode by
withdrawing the control rods. For refueling and maintenance, the reactor has to be brought from the full
power mode to cold shutdown by following a similar reverse strategy as the heat-up procedures.

For realistic stress analysis, it is essential to use the prototypical T-P boundary condition as discussed
above. In the present work we use the heat-up and cool-down T-P profile given by the Electric Power
Research Institute (EPRI) [27]. The respective temperature and pressure profiles based on EPRI literature
are shown in Figures 3.1 and 3.2. The EPRI heat-up and cool-down procedures are along a similar line to
the above discussed Westinghouse procedures. Similar T-P profiles are also used for the Electricité de
France (EDF) reactor heat-up and cool-down [28].

Based on EPRI-Westinghouse data
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Figure 3.1 Temperature profile during reactor heat-up and cool-down [27].
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Figure 3.2 Pressure profile during reactor heat-up and cool-down [27].

3.2 Reactor Power Operation under Load Following

After hot standby, the reactor is powered up by following a procedure to reach its rated or maximum
operating power. Although the absolute value of the rated or maximum operating power varies from
reactor to reactor, it is not expected that the reactor would operate under a perfect steady-state condition.
Under a realistic scenario the reactor power would fluctuate, depending on the grid demand. Hence, it is
essential to incorporate these power fluctuations and associated temperature-pressure variation in the FE
model of a reactor component for accurate evaluation of its stress-strain state. In the present work the
power-following condition of an EDF pressurized water reactor is considered.

The power-following time plot for a typical EDF reactor operation cycle can be found from references
(refer Figure 1 of [2] or Figure E.1 of [3]). The given history in those reference has hundreds of peaks
(both small and large). Modeling all these peaks in the FE model is time consuming and unnecessary.
Hence, only approximately 300 representative peaks were considered from the original EDF power-
following time data. Figure 3.3 shows the simplified percentage power time plot considered for the present
FE model. The literature [2, 3] also gives approximate temperature variations in the HL and CL of an EDF
reactor with respect to percentage power. Figure 3.4 shows the temperature relation with respect to
percentage power. Using the percentage power history shown in Figure 3.3 and power versus temperature
relation shown in Figure 3.4, we estimated the approximate temperature history in the HL and CL during
power operation. Figure 3.5 shows the estimated temperature histories. In addition to the temperature
history during power operation, for FE models, we also need the temperature boundary condition during
heat-up and cool-down conditions. To that end, the heat-up and cool-down history shown in Figure 3.1
was combined with the temperature history shown in Figure 3.5 to estimate the HL and CL temperature
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history under a single loading cycle comprising a heat-up, power operation, and cool-down sequence.
Note that during the heat-up and cool-down procedure, it is assumed that the CL and HL follow the same
temperature-time plot. Figure 3.6 shows the estimated temperature for the HL and CL over the entire
reactor loading cycle. This temperature history was used in the discussed FE model as the temperature
boundary condition. The HL temperature history was used to model the ID surface temperature of the HL
nozzles, whereas the CL temperature history was used to model the 1D surface temperature of the CL
nozzles. The temperature of the ID surface of the RPV was assumed to be similar to that of the CL. Similar
to the full-cycle temperature history, a full-cycle pressure history was estimated to model the 1D surface
pressure boundary condition of the RPV, HL, and CL. Unlike the temperature history during power
operation, the pressure was assumed to be fixed and equal to the hot standby condition. Figure 3.7 shows
the estimated combined pressure history during a complete reactor loading cycle. This pressure history
was used to model the ID surface pressure boundary condition of the HL, CL, and RPV.
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Figure 3. 3 Simplified percentage power history considered for present FE model.
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Figure 3.6 Estimated temperature for HL and CL over entire reactor loading cycle.
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Figure 3.7 Estimated combined pressure history during complete reactor loading cycle.
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4 Heat Transfer Analysis of RPV and Nozzles

Using the FE model discussed in section 2, we performed a heat transfer analysis for a RPV. The
analysis was performed to estimate nodal temperature across the RPV and HL/CL nozzle thickness. These
data can then be used for the thermal-structural stress analysis. The related thermal material properties
and analysis results are summarized below.

4.1 Thermal Material Properties

To model heat transfer from the reactor coolant water to reactor metal, we estimated an approximate
heat transfer coefficient (k) using the following relation:

hDe
Nu ES E (41)

where D, is the hydraulic diameter (assumed equal to the diameter of the hot leg, i.e., 0.7874 m in the
present FE model), k,, is the thermal conductivity of water (0.6096 W/m-K at 300 °C [29]), and N,, is the
Nusselt number. The Nusselt number is estimated from the Dittus-Boelter correlation for turbulent heat
transfer:

N, = 0.023Re%8pr™ 4.2)

where Re is the Reynolds number (assumed 500,000 based on Ref. [30]), and Pr is the Prandtl number
(0.8601 at 300 °C and 15 MPa [29]). Also, the coefficient n in Eq. 4.2 is set equal to 0.3, assuming the
fluid is being cooled. With these values, the first approximation of the heat transfer coefficient was
calculated to be 616.76 W/m?-K. Based on this first approximation, multiple heat transfer coefficients
were selected, and associated heat transfer analyses were performed to find the approximate coefficient
for which the FE simulated temperature at the ID surface reached the desired boundary value at the highest
test temperature. From this iterative procedure, we estimated the desired approximate heat transfer
coefficient to be 18502.8 W/m?-K, which is 30 times the first approximation. This heat transfer coefficient
was used to determine the maximum ID temperature boundary condition for the HL nozzle. Based on this
coefficient and the ID temperature profile of the HL and CL nozzles and RPV, the corresponding
temperature-dependent film coefficients were estimated and used in the FE analysis. The OD surfaces of
the HL and CL nozzles and RPV were assumed to be at ambient condition or perfectly insulated. In an
actual reactor, the OD surface is insulated. However, in the present work, in addition to the insulated OD
surface we also performed heat transfer analysis for an ambient OD surface to check how the ambient
condition affects the thermal profile across the HL and CL nozzles and RPV. For the ambient condition
the temperature was assumed to be approximately 41.5 °C, which is similar to the containment inside
temperature. For example, according to the Westinghouse NPP manual [31], the containment air cooler
system is designed to maintain the containment air temperature at or below 120 °F (or 48.9 °C). The
convective film coefficient for the ambient condition was assumed to be 100 W/m?-K [32]. Time-
dependent heat transfer analysis also requires determination of additional thermal material properties, such
as mean coefficient of thermal expansion, thermal conductivity, diffusivity, and specific heat capacity.
For the FE model, we used SA-508 carbon steel (or 508 low alloy steel) thermal properties and the
corresponding Sl unit based properties from our earlier work [11, 12]. The original British unit based data
were taken from EPRI report [33] and ASME code [35].
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4.2 Thermal Analysis Results

Thermal analysis for the RPV with HL and CL nozzles was performed with the ID temperature
boundary condition shown in Figure 3.7 and with the OD surface being either subjected to ambient or
insulated conditions. We performed multiple FE simulations using different convective heat transfer or
film conditions. The FE simulations were performed in multiple FE steps (total 298), using automated
time increments under each step. This multi-step model ensured estimation of a temperature profile at the
peak temperature boundary condition without consuming much computational time, in contrast to a single-
step based model with smaller fixed time increments. Below shows the heat transfer analysis results
obtained for three film conditions.

4.2.1 OD surface ambient condition with ID surface maximum film coefficient of 616.76 W/m?-K

For the above condition, the estimated temperature histories across the CL, HL, and RPV thickness
are shown in Figures 4.1, 4.2, and 4.3, respectively. The spatial distributions of the OD and ID temperature
at a typical time (approximately at 391.09 days) are shown in Figure 4.4. Figure 4.2 indicates that the
maximum temperature in the 1D surface of the HL is approximately 290 °C, which is well below the
required maximum boundary condition temperature of approximately 324 °C (refer to Figure 3.7).
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Figure 4.1 Temperature across CL nozzle thickness for OD surface ambient condition with ID surface
maximum film coefficient of 616.76 W/m?-K.
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Figure 4.4 The OD and ID temperature spatial distribution at approximately 391.09 days obtained through FE
model for OD surface ambient condition with ID surface maximum film coefficient of 616.76 W/m2-K.

4.2.2 0D surface ambient condition with ID surface maximum film coefficient of 18502.8 W/m?-K

To overcome the shortcomings in using film coefficient of 616.76 W/m?-K, we performed multiple
heat transfer analysis using different film coefficients. From the iterative approach, we found that a film
coefficient value of 18502.8 W/m?-K produces a reasonably accurate ID boundary condition temperature.
Under the above condition, the estimated temperature histories across the CL, HL, and RPV thickness are
shown in Figures 4.5, 4.6, and 4.7, respectively. The spatial distributions of the OD and ID temperature at
a typical time (approximately at 391.09 days) are shown in Figure 4.8. Figure 4.6 indicates that the
maximum temperature in the ID surface of the HL is approximately 322.4 °C, which is comparable to the
required maximum boundary condition (ID surface of the HL) temperature of approximately 324 °C (refer
to Figure 3.7).
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Figure 4.7 Temperature across RPV thickness for OD surface ambient condition with ID surface maximum
film coefficient of 18502.8 W/m2-K
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4.2.3 0D surface insulated condition with ID surface maximum film coefficient of 18502.8 W/m?-K

In addition to the ambient OD surface-temperature boundary condition, we performed a heat transfer
analysis assuming that all the OD surfaces of the RPV and nozzles are perfectly insulated. For this
condition, we assumed the coolant water film coefficient to be the same as the previous case, i.e., 18502.8
W/m?-K. Under the above condition, the estimated temperature histories across the CL, HL, and RPV
thickness are shown in Figures 4.9, 4.10, and 4.11, respectively. The spatial distributions of the OD and
ID temperature at a typical time (approximately at 391.09 days) are shown in Figure 4.12. Figure 4.10
indicates that the maximum temperature in the OD surface of the HL is approximately 323.8 °C, which is
approximately the same as the required maximum boundary condition temperature of approximately 324
°C (refer to Figure 3.7). However, compared to the previous two cases, the variation of temperature with
thickness for the insulated condition is not significant (Figure 4.13). That finding means that at a given
time the thickness of the RPV and HL/CL nozzle component mostly stays under the isothermal condition.
The difference in variation of temperature with thickness for the case discussed in Section 4.2.2 can clearly
be seen from Figure 4.13. Note that a large temperature variation across the thickness may create larger
thermal-mechanical stress. A more accurate simulation of the reactor thermal profile requires modeling
the reactor insulation and the gap between the insulation and OD surfaces. However, for further FE
analysis, such as the thermal-mechanical stress analysis discussed in later sections, for simplicity, we used
the nodal temperature distributions obtained under the ideal/perfectly insulated condition.
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Figure 4.9 Temperature across CL nozzle thickness for OD surface insulated condition with ID surface
maximum film coefficient of 18502.8 W/m2-K.

ANL/LWRS-16/01 18



Thermal-Mechanical Stress Analysis of PWR Pressure Vessel and Nozzles under Grid Load-Following Mode
March 2016

350 F F F ]

w
o
o

N
(&)
o

N
o
o

150

100

al
o

Temperature (OC) across HL nozzle thickness

0 50 100 150 200 250 300 350 400 450
Time (Days)

Figure 4.10 Temperature across HL nozzle thickness for OD surface insulated condition with ID surface
maximum film coefficient of 18502.8 W/m?2-K.
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Figure 4. 12 Spatial distribution of OD and ID temperature at approximately 391.09 days obtained through FE
model for OD surface insulated condition with ID surface maximum film coefficient of 18502.8 W/m2-K.
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5 Material Properties for Structural Analysis

In our earlier work [18] we estimated the elastic-plastic material property of the 508 LAS specimen
under tensile and fatigue loading (either under in-air or PWR water conditions). Some of the reported
material properties are used in this work. In the discussed stress analysis work, we used material
parameters from tensile test ET-T08 (300 °C, in-air condition) and fatigue test RT-F08 (22 °C, in-air
condition), ET-F24 (300 °C, in-air condition), and EN-F20 (300 °C, PWR condition). For easier reference,
some of the important material properties are reproduced below. The details of the material testing and
property estimation procedures can be found in reference [18].

Figure 5.1 shows the cycle-dependent elastic modulus estimated under different conditions. Figures
5.2, 5.3, and 5.4 show the cycle/time-dependent 0.05% offset yield stress, kinematic hardening parameter
Cy, and kinematic hardening parameter y1, respectively. In the discussed work we used materials properties
based on the 0.05% offset yield stress. Note that, from the fatigue test data, we only used the material
properties associated with the half-life of the corresponding fatigue test.

Table 5.1 summarizes the material properties used for the elastic-plastic stress analysis. In general, for
elastic-plastic stress analysis, commercially available software such as ABAQUS requires elastic modulus
(E), Poisson’s ratio, yield stress (oy;), and kinematic hardening parameters (C; andy;) as input
parameters. These parameters at temperatures of 22 °C and 300 °C (as given in Table 5.1) were provided
as input to ABAQUS. For temperatures between 22 °C and 300 °C and beyond 300 °C (note the maximum
temperature in the discussed work is 324 °C), the material properties were linearly
interpolated/extrapolated. For all temperatures, Poisson’s ratio was assumed constant and equal to 0.3. In
addition to the required material properties for elastic-plastic stress analysis, we need to provide additional
material properties for performing crack initiation/propagation analysis with the extended finite element
method (XFEM). We performed stress analysis of the RPV with/without preexisting cracks. To perform
the stress analysis of a component with crack initiation/propagation modeling, ABAQUS requires damage
initiation and propagation criteria depending on the chosen failure theory. In the discussed work we used
criteria based on the maximum principal stress for crack initiation from a notch (in the present case, a
preexisting crack). The crack initiation criteria are obtained from the following equation:

(5.1)

p

‘_ <0rﬁax> _{z 1+ fy, crack will initiate
o-()I’

< 1+ fyy crack willnotinitiate

where o is the solution-dependent maximum principal stress, and o is the critical principal stress that
has to be provided as input. In Eq. (5.1), the symbol < } represents Macaulay brackets with <orﬁax> =0 if

oh,. <0, ie., when the maximum principal stress is purely compressive. In our work we chose the
critical principal stress as

of = L (5.2)

where ay; and o, are the yield stress and ultimate stress corresponding to any particular temperature,
respectively. For estimating oF. for the discussed stress analysis cases, we chose parameters from
corresponding tensile tests (T06 and T08). The selected critical principal stress (refer to Eg. 5.2) is based
on our earlier work [35], for which the FE model estimated data fairly matched with corresponding
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experimental data. Similar oy, and o,, dependent values of o¥. were also used by another research group
[35], which had verified their XFEM-based results with corresponding experiment data.

In addition to the critical principal stress, ABAQUS requires damage propagation criteria for
damage evolution within an element. We used a linear energy-based criteria for which ABAQUS requires
critical fracture energy. We estimated the critical fracture energy using the fracture toughness data (for
533 grade low alloy steel) given in reference [37] and elastic modulus data given in Table 5.1, based on
linearly interpolated ANL tensile test data. The critical fracture energy G, can be estimated using the
following relation:

2
Gyo = e (5.3)

E
where K, is the fracture toughness. The temperature-dependent fracture toughness data (for 533 grade
low alloy steel) are shown in Figure 5.5. The corresponding estimated critical fracture energy data are
shown in Figure 5.6.
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Figure 5.4 Nonlinear kinematic hardening parameter y1 (0.05% offset strain stress used as yield stress) for 508 LAS
base metal specimens fatigue tested under different conditions [18].

Table 5. 1 Material model parameters (0.05% offset strain stress used as yield limit stress) for 508 LAS base metal

specimens at selected fatigue cycles and for tensile tests [18].
Tensile test or fatigue test Env. E OyL o, ab. Nonlin. Nonlin.
cycle no. type | (GPa) (MPa) (MPa) | (MPa) Model €, Model y4

(MPa) (MPa)

Tensile tests (T06, and TO8 RT 209.19 427.31 563.18 | 495.25 2150.4 -13.087

data) ET | 19757 | 41515 [ 610.28 | 512.71 10699 49.624

Selected Cy=1 EN 184,51 391 55 - - 61236 666.75

fatigue Cy=Ni2for | RT | 10605 | 33837 - : 59082 537.76
cycles (RT- | prlro3= 2047 : :
ET-F24= 1375, : :

F24,and | 4 Fo0=1438 | EN - - 72998 675.49

EN-F20) 190.18 | 4321

* RT, ET, and EN symbolize room temperature, elevated temperature, and PWR environment,
respectively.
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Figure 5.5 Fracture toughness data (for 533 LAS) taken from [35].
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Figure 5.6 Estimated critical fracture energy for 533 LAS and used in the XFEM-based simulation.
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6 Stress Analysis of Laboratory Specimens under Isothermal Fatigue Loading

As mentioned in the previous section we used the elastic-plastic material properties estimated through
our earlier work [18] for structural analysis of the RPV. However, before performing structural analysis
of the RPV, we modeled some of the laboratory specimens, which experiment data were used for
estimating the elastic-plastic material properties. This was done to check whether or not the FE models,
based on estimated material properties, are able to mimic the experimental results (stress-strain curves).
For this purpose, we developed an FE model of a tensile test specimen and a fatigue test specimen. The
related results are discussed below.

6.1 FE Model of TO8 Tensile Test

The T08 tensile test was conducted using a 508 LAS specimen at a temperature of 300 °C under in-air
condition. The test was conducted by controlling the strain with a strain rate of 0.1%/s. For simplicity we
developed an equivalent load-controlled 3-D FE model to estimate the corresponding stress-strain states
at a specimen gauge area. For material properties we used the TO8 material properties given in Table 5.2.
The resulting stress-strain curves (both based on axial stress —S22 and VVon-Mises equivalent stress) are
shown in Figure 6.1. This figure also shows the corresponding experimental stress-strain curve. A good
correlation is evident between the experimentally observed and FE estimated stress-strain curves.

TO8 (S08LAS, ET,0.1%/S)

600 . .
X: 0.4683 X: 0.5411 é 2668924
500 X: 0.2684 Y: 450 4 Y: 456.4 i =
Y: 425.8 s Wi E ==
om=S="=""
400 - X: 0.36 i
E X: 0.1516 Y: 438
2 Y: 304
> 300 | 2 .
Ef X: 0.1008
= Y:201.2
- . -
200 ==8-— FE True S22): LOAD control
= = =FE Engg S22): LOAD control
FE True S-Mises): LOAD control
100 | FE Engg S-Mises): LOAD control |
Expt (Engg): Strain control
0 L Il 1 1
0 0.2 0.4 0.6 0.8 1

Strain (%)

Figure 6.1 Experiment and calculated FE stress-strain curve for T08 tensile test.
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6.2 FE Model of EN-F20 Fatigue Test

In addition to the above tensile test FE model, we created an FE model for verification of cyclic- or
time-dependent material properties. This model was created to simulate the EN-F20 fatigue specimen,
which was made from 508 LAS metal and was tested under PWR primary water condition at a temperature
of 300 °C. The test was conducted by controlling the frame crosshead displacement or stroke. The details
of the test process can be found in our earlier work [18, 19].

To simulate the test condition for the first few fatigue cycles, we created a stroke-control FE model
using the EN-F20 material properties given in Table 5.1. Since we intended to simulate stress-strain states
of the first few fatigue cycles, we used the material properties associated with the first fatigue cycle (that
is, the material properties estimated using the stress-strain curve in the first cycle of the EN-F20 test). The
FE simulation was conducted using multiple steps with automatic time increment option to avoid a large
simulation time and generating a large data file. Multiple step simulation forces ABAQUS to perform
calculation at peak loading inputs. Note in a single step model if automated time increment option is
chosen, ABAQUS may jump important peak loads. To avoid this it is required to choose fixed increment
based option with smaller time increments. However smaller time increments create large data file and
requires large simulation time. Figure 6.2 shows experiment versus FE model stroke input for the first few
cycles. This figure shows a total of eight FE steps with different time periods and peak amplitudes S1,
S2...S8. This multi-step FE procedure forced the ABAQUS software to capture the stress-strain state at
least at the peak or at the end increment of individual steps. However, ABAQUS was allowed to choose
time increments within a step, depending on the convergence requirement (to satisfy the yield criteria or
yield function). Figure 6.3 shows the FE simulated profile for the accumulated plastic strain at peak stroke
inputs S1, S2...S8 (refer to Figure 6.2). Figures 6.4 and 6.5 show the experimental and simulated gauge
area strain and stress histories. Figures 6.4 and 6.5 indicate that the FE model based on estimated material
properties accurately captures the experimental stress-strain state. With this confidence we further used
the estimated material properties for thermal-mechanical stress analysis of the RPV. The related model
and results are discussed in the next sections.

01

0.05-

—— Expt-input
-=€-- Simplified FE-input

-0.05

Applied frame crosshead displacement-stroke (mm)
s

-0.15

S4 58

1 1
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Total time (S)
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Figure 6.2 Experimental and FE input for EN-F20 fatigue specimen. The FE simulation was conducted over multiple
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S3

e-03
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Figure 6.3 FE simulated profile for accumulated plastic strain at peak stroke amplitudes S1, S2...S8 (shown
in Figure 6.2).
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Figure 6.4 Experimental and FE simulated gauge area strain.
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Figure 6.5 Experimental and FE simulated gauge area stress.
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7 Thermal-Mechanical Stress Analysis of RPV and Nozzles without Preexisting Cracks

We performed thermal-mechanical stress analysis using the RPV FE model discussed in Section 2.
Nodal temperatures from the heat transfer analysis discussed earlier were used as input. We used nodal
temperature data from heat transfer results estimated for the insulated OD surface of the RPV (refer to
Section 4.2.3). In addition to the nodal temperature input, we modeled the internal coolant water pressure.
The time-dependent pressure history shown in Figure 3.8 was used as the ID surface pressure boundary
for the RPV, HL, and CL nozzles. For the nozzles we assumed they had no preexisting cracks and had
been subjected to the same pressure boundary conditions. Sequentially coupled thermal-mechanical stress
analyses were conducted with predetermined temperature data from thermal analysis. Two simulations
were performed with different sets of material properties to study the effect of in-air versus PWR
conditions. Both simulations were conducted using the half-life (cycle = N/2, where N is the total fatigue
life) material properties given in Table 5.1. The two simulation conditions are:

e Case 1 (in-air condition): Elastic-plastic material properties were interpolated/extrapolated
using the elastic-plastic material properties estimated from half-life (cycle=N/2) stress-strain
data of RT-F23 (in-air, 22°C) and ET-F24 (in-air, 300 °C) tests.

e Case 2 (PWR water condition): Elastic-plastic material properties  were
interpolated/extrapolated using the elastic-plastic material properties estimated from half-life
(cycle=N/2) stress-strain data of RT-F23 (in-air, 22°C) and EN-F20 (PWR water, 300 °C) tests.
We assumed at room temperature there is no environmental effect on material properties.

Figures 7.1, 7.3, and 7.5 show a comparison between case 1 and case 2 of thermal strain at maximum
stressed locations or at corresponding finite elements (refer to Figure 7.21) for the CL nozzle, HL nozzle,
and RPV shell, respectively. Figures 7.2, 7.4, and 7.6 show the magnified version of Figures 7.1, 7.3, and
7.5, respectively. Figures 7.7 and 7.8 show the gauge area temperature and thermal strain observed during
the heat-up procedure (approximately first 5.5 hours) of a typical 508 LAS specimen tensile tested at ANL
[18]. Note that, before conducting an isothermal tensile/fatigue test we heat up the specimen in a series of
steps similar to those in an actual reactor. During the heat-up procedure we maintain a load-controlled
condition with approximately zero load as set point and allow the specimen to thermally expand. This
creates nearly zero stress condition but with growing thermal strain in the specimen. For the mentioned
example we heated up the 508 LAS specimen from room temperature to 300 °C over approximately 5.5
hours. During heat-up we measured the gauge area thermal strain. Comparing Figures 7.1 (CL nozzle
thermal strain) and 7.5 (RPV shell thermal strain) with Figure 7.8 indicates that the FE-estimated thermal
strain histories during the initial heat-up procedure correlate with the experimentally observed thermal
strain. Note that the RPV and CL nozzle ID surfaces were subjected to a temperature boundary condition
with maximum temperature of approximately 290 °C. In addition to thermal strain, we estimated the
histories of total strain and VVon-Mises stress at the above-mentioned maximum stress locations. Figures
7.9, 7.11, and 7.13 show the total strain histories for the CL nozzle, HL nozzle, and RPV shell,
respectively, obtained from the case-1 and case-2 FE models. Figures 7.10, 7.12, and 7.14 show the
magnified version of Figures 7.9, 7.11, and 7.13, respectively.
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Figures 7.15, 7.17, and 7.19 show the corresponding comparison of the VVon-Mises stress for the CL
nozzle, HL nozzle, and RPV shell, respectively. Figures 7.16, 7.18, and 7.20 show the magnified version
of Figures 7.15, 7.17, and 7.19. Furthermore, Figure 7.21 shows the example temperature versus VVon-
Mises stress profile near the nozzle area (at different instances during heat-up and full power) obtained
through the case-1 FE simulation (in-air condition).
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Figure 7. 1 Thermal strain histories estimated at a typical stressed element of CL nozzle for in-air and
PWR water conditions.
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Figure 7. 3 Thermal strain histories estimated at a typical stressed element of HL nozzle for in-air and

PWR water conditions.
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Figure 7. 7 Temperature measured at gauge center thermocouple of a typical 508 LAS specimen tensile
test (conducted at ANL [18]).
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Figure 7. 8 Thermal strain measured at gauge center (during heat-up and temperature stabilization) of a
typical 508 LAS specimen tensile test (conducted at ANL [18]).
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Figure 7. 9 Total strain histories estimated at a typical stressed element of CL nozzle for in-air and PWR
water conditions.
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Figure 7. 13 Total strain histories estimated at a typical stressed element of RPV shell for in-air and PWR
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Figure 7. 15 Von-Mises histories estimated at a typical stressed element of CL nozzle for in-air and PWR

water conditions.
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Figure 7. 21 Example temperature versus VVon-Mises stress profile near the nozzle area (at different
instances during heat-up and full power) obtained through case-1 FE simulation (in-air condition).
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8 XFEM Modeling and Thermal-Mechanical Stress Analysis of RPV and Nozzles with
Preexisting Cracks

A crack could develop in reactor components due to stress corrosion cracking or other environmental
factors. For example in October 2000, during containment inspection after entering a refueling outage at
V.C. Summer NPP, an axial through-wall crack along with a small circumferential crack was found in the
first weld between the reactor vessel nozzle and the hot leg piping of the coolant system (RCS) [38]. The
crack was approximately 3 feet from the reactor vessel. Based on Ultrasonic testing data, it was found that
the axial crack initiated from the ID surface and became complete through-wall. Primary water stress
corrosion cracking (PWSCC) was suspected to be the main mechanism behind this type of crack
formation. In this section we discuss stress analysis results of the RPV with simulated preexisting cracks.
Thermal-mechanical stress analyses under the grid load-following condition were performed to predict
the stress-strain state of the RPV at stress hotspots. The stress analyses were performed for two different
crack shapes and locations:

e Case 1 (axial crack): An axial crack approximately 50% through-wall was modeled for the
HL nozzle (refer to Figure 8.1).

e Case 2 (circumferential crack): An 180° circumferential crack was modeled for the HL nozzle
(refer to Figure 8.2).

Both FE simulations were performed wusing elastic-plastic material properties
interpolated/extrapolated by using the elastic-plastic material properties estimated from half-life (cycle =
N/2) stress-strain data of RT-F23 (in-air, 22°C) and EN-F20 (PWR water, 300 °C) tests. As discussed in
the previous section on stress analysis models, for the FE model discussed in this section we used nodal
temperature data from earlier heat transfer results. The temperature data considered from the heat transfer
model that used the insulated boundary condition for the RPV OD surfaces (refer to Section 4.2.3). In
addition to the nodal temperature as input, we modeled internal coolant water pressure using the time-
dependent pressure boundary condition shown in Figure 3.8. The corresponding thermal-mechanical stress
analysis results are presented here. For example, Figure 8.3 shows the case-1 (axial crack) level set
function @ contours (magnified by 100 times) at a full power condition (at time = 421.6 days). Note that
® is the signed distance function, which gives displacement of the node from the crack face at a given
time, and ®=0 defines the crack face. This figure shows that the crack has not opened up. This is because
the stress was not great enough to open and grow the crack further. Figure 8.4 shows the corresponding
(at time = 421.6 days) stress contour near the nozzle area. Figure 8.5 shows the case-1 (axial crack)
comparison of Von-Mises stress histories at the maximum stressed node in the left HL nozzle and the
corresponding maximum stressed node in the right HL nozzle. Figure 8.6 shows the corresponding
comparison of total strain histories. Figures 8.5 and 8.6 indicate that the presence of a crack could create
larger stress/strain compared to the condition with no crack, as in the case of the right HL nozzle. Higher
stress/strain could accelerate PWSCC. Particularly higher strain can lead to accumulation of plastic strain,
which can help the growth of PWSCC. We have also plotted accumulated plastic strain at different
instance of heat-up and cool-down (the instances are highlighted in Figure 8.7) procedures. The
corresponding contour plots are shown in Figure 8.8. From this figure it can be seen that, itself during the
heat-up process plastic strain was generated. For example at t=1.096 days (corresponding RCS heat-up
temperature was 172.2 °C; refer Figure 8.7) the accumulated plastic strain magnitude is approximately
0.017%. Furthermore, Figure 8.8 indicates over the entire reactor fuel cycle (434.9 days) the plastic strain
has grown to a magnitude of 0.079%. Note that in the base metal ASME code case N-47 [34, 39], specifies
that the averaged through-the-thickness limit and linearized surface strain limits are 1% and 2%,
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respectively. These limits are reduced by 50% for the weld metal. In this context if we assume linear
accumulation of plastic strain and a maximum allowable total strain limit of 2% and with approximate
estimated elastic strain of 0.525% (refer Figure 7.12) the total allowable plastic strain limit is 1.475%.
Note that Figure 7.12 shows the total strain history in HL without the presence of any crack. It is found
that, in the absence of preexisting crack the stress-strain state of HL mostly remain under elastic condition.
Now with the presence of preexisting crack (case-1 axial crack) and with the assumption of maximum
allowable plastic or inelastic limit of 1.475%, total number of remaining reactor cycle can be estimated as
18.6 (1.475/0.079). That means with the presence of a 50% through-wall crack in the HL nozzle the reactor
still can survive approximately 18.6 reactor fuel cycles. However, the above estimation is assuming linear
accumulation of plastic strain, requires more detailed analysis.

In addition to the above axial crack case, we performed thermal-mechanical stress analysis for case
2 (circumferential crack). Figure 8.9 shows the level set function @ contours at the above-mentioned full
power condition (at time = 421.6 days). Figure 8.10 show the corresponding (at time = 421.6 days) stress
contours near of HL/CL nozzles and nearby RPV ID surfaces. Figure 8.11 shows the Von-Mises stress
histories at the maximum stressed node in the left HL and the corresponding maximum stressed node in
the right HL. Figure 8.12 shows the corresponding comparison of total strain. Figure 8.13 shows the
contour plot of accumulated plastic strain at the end of reactor fuel cycle i.e. at 434.9 days. From the
Figure 8.13 it can be seen that for circumferential crack case there is no plastic strain observed, that means
over the entire fuel cycle even there was a crack, the CL nozzle (and other components such as other CL
nozzles, HL nozzles and RPV) were mostly under elastic conditions. Also comparing Figure 8.11 (case 2:
circumferential crack) with Figure 8.5 (case 1: axial crack), we found that the circumferential crack does
not create much stress compared to the axial crack. This could be why a larger axial crack formed in the
V.C. Summer NPP (as mentioned above) by cumulative growth of PWSCC along the axial direction.

Shape and location of axial
crack in left HL nozzle
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Figure 8.1 Shape and location of axial crack in left HL nozzle of RPV.
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Figure 8. 3 Level set function (®) contour (magnification factor = 100) at a typical full power condition (at time = 421.6
days) for case 1 (axial crack).
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Figure 8.5 Von-Mises stress histories at maximum stressed node in left HL and the corresponding maximum stressed node
in right HL for case 1 (axial crack).
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Figure 8. 6 Total strain histories at maximum stressed node in left HL and the corresponding maximum stressed node in

right HL for case 1 (axial crack).
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Figure 8. 7 Heat-up and cool-down temperature boundary condition showing different instance at which the magnitude of

accumulated plastic strain contours are plotted and are shown in Figure 8.7.
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Figure 8.8 Contour plots of accumulated plastic strain magnitude (PEMAG) in the cracked region of HL (right hand side of
contours are towards the RPV ID surface). These contour plots are for case 1 (axial crack) and plotted at different instances

shown in Figure 8.6.
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Figure 8.9 Level set function (®) contour (magnification factor = 100) at a typical full power condition (at time = 421.6
days) for case 2 (circumferential crack).
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Figure 8. 10 Von Mises stress contour at a typical full power condition (at time = 421.6 days) for case 2 (circumferential
crack).
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Figure 8. 11 Von-Mises stress histories at maximum stressed node in left HL and the corresponding maximum stressed node
in right HL for case 2 (circumferential crack).
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Figure 8. 12 Total strain histories at maximum stressed node in left HL and the corresponding maximum stressed node in

right HL for case 2 (circumferential crack).

PEMAG

(Avg: 7500)
+4.079e-03
+1.000e-03
+9.167e-04
+8.333e-04
+7.500e-04
+6.667e-04
+5.833e-04
+5.000e-04
+4.167e-04
+3.333e-04
+2.500e-04
+1.667e-04
+8.333e-05
+0.000e+00

Figure 8. 13 Contour plot of accumulated plastic strain magnitude (PEMAG) in the cracked region of HL at end of

simulation (at 434.9 days).
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9 Summary and Future Study

This report presents the following:

1. Results from heat transfer analysis of the RPV under heat-up, cool-down, and grid load-following
power operation.

2. Results from thermal-mechanical stress analysis of the RPV and nozzles with/without preexisting
crack under heat-up, cool-down, and grid load-following power operation.

3. Results from the stress analysis validation model for ANL-tested tensile and fatigue specimens.

From the thermal-mechanical stress analysis of RPV and its nozzle we found that under grid load
following condition there is a large variation in stress and strain in HL nozzle. The stress-strain variation
in HL nozzle even further amplified if there is a preexisting crack. From the model results it is found that
the stress-strain states are significantly higher in case of axial crack than circumferential crack. This could
be why a larger axial crack formed in the V.C. Summer NPP, as mentioned earlier. The stress-strain state
under grid load following condition are more realistic compared to the stress-strain state estimated
assuming simplified transients. Also from the preliminary calculation we estimated that with the presence
of a 50% through-wall crack in the HL nozzle, the reactor still can survive approximately 18.6 reactor fuel
cycles. However, the above estimation is only representative and based on linear accumulation of plastic
strain. For more accurate estimation of fatigue life it requires more detailed analysis and is one of our
future work.

Suggested future work includes the following:

1. Include RPV insulation and its gap between the RPV outer surfaces in the heat transfer analysis
model for more accurate estimation of the across-thickness temperature profile.

Perform thermal-mechanical stress analysis with other crack sizes and shapes.

Perform fatigue tests (under both in-air and PWR water conditions) using the random stress history
in the grid-following mode and then compare the corresponding experimentally observed strains
with FE-estimated strains and vice versa.

4. Include more reactor loading conditions (e.g., pressure, pressurized thermal shock conditions, etc.)
in stress analysis.

5. Perform weld modeling using similar and dissimilar metal welds to the RPV nozzle safe ends.
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