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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 in
March 2016 under the work package for environmentally assisted fatigue under DOE’s Light
Water Reactor Sustainability program. In a September 2015 report we presented tensile and
fatigue test data and related hardening material properties for 508 low-alloys steel (LAS) base
metal, and other reactor metals. In the this report, we present thermal-mechanical stress analysis
of RPV and its hot leg and cold leg nozzles based on some of those estimated material properties.
We also present thermal and thermal-mechanical stress analysis models under reactor heat-up,
cool-down and grid load following conditions. We present analysis results of RPV with and
without presence of preexisting crack (with axial or circumferential crack). In addition, we
provide validation stress analysis models based on ANL conducted tensile and fatigue
experiments.
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1 Introduction

Renewable energy such as from solar and wind have been increasingly becoming the necessity for
climate change goal. Clean, affordable and reliable energy will be a cornerstone of the world's
increasing prosperity and economic growth [1]. However, renewable energy sources such as solar and
wind are intermittent source of energy and may not reliably use for base load demand. In many countries
such as US, France, South Korea, Japan, etc., nuclear energy are extensively being used as base load
source of electricity. However, when more and more renewable energy sources such as solar and wind
are connected to grid, the question arises can the nuclear power plants (NPP) has the ability to follow
load from the interconnected grid, including daily and seasonal variations of the power demand [2-10].
Under load following mode the pressure boundary components of NPP may subjected to additional
thermal-mechanical cycles particularly when the fluctuation of gap between grid demand and renewable
energy supply is severe (in terms of both frequency and amplitude). Although most of the modern
nuclear plants are designed to follow grid demands in certain extent through consideration of large
safety factor, there is no specific effort (at least not available in the open literature) made to study the
stress-strain state of reactor components under grid load following. Most of the previous works
including ours [11-12], on NPP component safety assessment are based on stress analysis of components
using simplified design transients. For accurate structural integrity assessment of NPP components it
may be necessary to perform structural fatigue evaluation under more realistic loads [13-15]. In this
context, thermal-mechanical stress analysis of NPP components under grid load following mode might
be necessary for accurate fatigue evaluation of NPP components. In addition, since there are plans for
increasing the life of current NPP from their original design life of 40 years to the extended life of 80
years, under extended service condition the ageing related material issues [16, 17] can play important
role in the structural integrity of NPP components. Argonne National Laboratory under the sponsorship
of Department of Energy’s Light Water Reactor Sustainability (LWRS) program has been involved with
extensive material testing [18, 19] and mechanistic modeling [11,12] activities for structural integrity
assessment of NPP component under design and extended service condition. In the present report we
present detailed thermal mechanical stress analysis of Reactor Pressure Vessel (RPV) and its nozzle
(both with and without preexisting axial/circumferential crack) under typical reactor heat-up, cool-down
and load following mode. This work is one of the continuation work under LWRS program sponsored
environmental fatigue program. This report is organized into following sections:

1. Introduction
2. Finite Element Model of Reactor Pressure Vessel and Nozzles

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

4. Heat Transfer Analysis of RPV and Nozzles

5. Material Property for Structural Analysis

6. Stress Analysis of Laboratory Specimen under Isothermal Fatigue Loading

7. Thermal-Mechanical Stress Analysis of RPV and Nozzles without Preexisting Crack

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

Crack
9. Summary and Future Work
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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 overall reactor comprising of reactor pressure vessel, hot leg, cold leg, steam generator. In this
work we present a detail FE model of only reactor pressure vessel and its nozzle. In this work the major
aim was to perform thermal-mechanical stress analysis under realistic thermal-mechanical loading
condition and to study the stress-strain state of RPV and its nozzles with/without 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 were based on approximate geometry determined from publicly available literatures [ 16, 21-24].
The RPV model developed considering a typical 2-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 RPV
and its HL and CL nozzles. For the requirement of modeling crack (discussed in section 8) 3D models
were developed and meshed using eight nodded 3D brick elements. In our previous work [11, 12] we
found 8-node linear elements (DC3DS8) were sufficient to model heat transfer compared to its
computationally expensive counterpart of 20-node brick elements (DC3D10). For stress analysis the
corresponding C3DS8, 8-node linear elements were used. Note that compared to our earlier work [11,
12] for which we considered other components such as HL, CL and steam generator; in the present work

HL/CL nozzle support
mimicking containmentduct

rd
e
HL nozzle

CL nozzle

RPV shell ID

RPV shell OD

b 4

Figure 2. 1 RPV and its nozzle solid model.
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we have not considered those components to reduce the size of computational burden by limiting the
number of finite elements. Rather in the discussed work we included HL/CL nozzles and increased the
number of elements along thickness direction to allow modeling preexisting cracks. Figure 2.2 shows
the OD and ID surface of RPV and it nozzle FE mesh. A finer mesh were selected near nozzle area for
modeling possible stress hot spots arising due to presence of opening 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 has a total of 72,977 DC3DS8 elements for heat transfer models or C3D8
elements for structural analysis models. Table 2.1 shows the number element associated with individual
components. Low alloy steel, 508 grade (508 LAS) material properties are used for FE model of all the
section of RPV and its nozzles.

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 Fictitious large stiffness material 2x78=156
CL nozzle support duct 2 Fictitious large stiffness material 4x64=256
Total number of elements in assembly 72,977

ANL/LWRS-16/01 4
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The bottom section of the reactor pressure vessel (RPV) was tied to a thick base plate, which was
attached to the ground and constrained in all directions. In contrast, HL/CL nozzles were supported
through circular supports which mimic the duct in RPV cavity or containment structure. In 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 nozzle in all the 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 of modeling crack in one of the HL nozzles. In addition to modeling reactor
temperature and pressure cycle the dead load associated with reactor coolant water, self-weight of RPV
and its nozzles were considered for stress analysis models. A typical RPV also subjected to substantial
gravity load associated with the reactor internals. Figure 2. 4 shows the example of upper and lower
internals in Zion reactor vessel [25]. 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 respectively, considered as 50,000 kg and 120,000 kg.
From the FE model the volume of the RPV and nozzle was estimated as 37.6 m>. 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 a frequency/modal analysis were performed to estimate the self-weight of
RPV and its nozzles. This was estimated as 325,663 kg. The total dead weight (including self-weight of
RPV, internals and weight due to coolant) was estimated to be 514,463 Kg. This total weight was
modeled as distributed gravity load and with an artificial gravity constant (g,rtificial) €Stimated through
following relation:

masSself 514,463 9.81 = 15.497
R =="°9.81 = 15. m/sec2
Bartificial massotal Bactual 325,663 /

u E}p'r_ar

Internals

Baffle
Plates

& Lowar
Internals

Figure 2. 4 Example showing upper and lower internals of Zion reactor vessel [25]
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3 Temperature-Pressure Boundary Conditions under Heat-Up, Cool-Down and Grid
Load Following

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

3.1 Reactor Heat up & Cool Down

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

A) Cold shutdown initial condition

e Ideally Reactor Coolant System (RCS) temperature maintained between 150 °F (65.5 °C)
to 160 °F (71.1 °C). Temperature could be lower depending on the decay heat load
from reactor core. At this condition RCS pressure maintained at 100 pisg (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 RCS temperature to be maintained below 160 °F (71.1 °C) by regulating the flow
through Residual Heat Removal (RHR) system.

e Main steam line isolation valve to be opened.

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

e The RTH to be stopped.

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

e Allow increasing the RCS pressure.

e Before RCS pressure reaches 1000 pisg (6.895 MPa) isolation valve of each of the cold
leg accumulator to be opened.

e RCS pressure increased up to 2235 pisg (15.41 MPa) and then RCS pressure control
mode set as automatic to maintain at that pressure.
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e Then the hot standby condition of RCS is maintained at a temperature between 540 °F
(282.2 °C) to 547 °F (286.1 °C).

Once the hot standby condition reached, the reactor has to undergo power operation mode by
withdrawing control rods. For refueling and maintenance, the reactor has to be brought from the full
power mode to cold shutdown condition by following similar reverse strategy as heat up procedures. For
realistic stress analysis it is essential to use prototypical temperature and pressure boundary condition as
discussed above. In the present work the heat up and cool down condition T-P profile given in the EPRI
literature [27] is used. 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 the similar line as
the above discussed Westinghouse procedures. Similar T-P profile are also used for EDF reactor up and
cool down and can be found from literature [28].
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Figure 3.1 Temperature profile during reactor heat-up and cool-down [28].
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Figure 3. 2 Pressure profile during reactor heat-up and cool-down [28].

3.2 Reactor Power Operation under Load Following

After the hot standby the reactor powered up following series of procedure to reach its rated or
maximum operating power. Although the absolute value of rated or maximum operating power varies
from reactor to reactor it is not expected that the reactor would operate under perfect steady state
condition. Under 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 FE model of a reactor component for accurate evaluation of its stress-strain state. In the
present work the power following condition of an Electricite de France (EDF) pressurized water reactor
considered. The EDF reactor power following time-history for a typical reactor operation cycle is shown
in Figure 3.3 [2, 3]. The given time-history has hundreds of peaks (both small and large peaks).
Modeling all these peaks in FE model is time consuming and unnecessary. Hence only few hundred
(approximately 300 peaks) representative peaks were considered from the original EDF time-history.
Figure 3.4 shows the simplified percentage power time-history considered for present FE model. The
literatures [2, 3] also gives approximate temperature variation in HL and CL in EDF reactor with respect
to percentage power. Figure 3.5 shows the mentioned temperature relation with respect to percentage
power. Using the percentage power time-history shown in Figure 3.4 and power versus temperature
relation shown in Figure 3.5 we estimated the approximate temperature time-history in HL and CL
during power operation. Figure 3.6 shows the estimated temperature histories. In addition to temperature
history during power operation, for FE models we also need the temperature boundary condition during
heat-up and cool-down conditions. For the purpose the heat-up and cool-down time history shown in
Figure 3.1 was combined with temperature history shown in Figure 3.6 to estimate the HL and CL
temperature history under a single loading cycle comprising of heat-up, power operation and cool-down
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sequence. Note that during heat up and cool down procedure it is assumed that the CL and HL follows
same temperature time history. Figure 3.7 shows the estimated temperature for HL and CL over entire
reactor loading cycle. This temperature time histories was used in the discussed FE model as
temperature boundary condition. The HL temperature history was used to model the inner-diameter (ID)
surface temperature of the HL nozzles, whereas the CL temperature history was used to model the ID
surface temperature of CL nozzles. The RPV ID surface was assumed to be similar as ID temperature of
CL and modeled using CL temperature history. Similar as full cycle temperature time history a full cycle
pressure time history was estimated to model the ID surface pressure boundary condition of RPV, HL
and CL. Unlike temperature time history during power operation the pressure was assumed fixed and
assumed equal to the hot standby condition. Figure 3.8 shows the estimated combined pressure history
during complete reactor loading cycle. This pressure time history was used to model the ID surface
pressure boundary condition of HL, CL and RPV.

T T T T
Nl |
I

50

40

30

20

10

0 T T T T T T T T
11/07/2008 30/08/2008 19/10/2008 08/12/2008 27/01/2009 18/03/2009 07/05/2009 26/06/2009 15/08/2009

Figure 3. 3 Typical power history during a cycle in an Electricite de France (EDF) reactor [2, 3].
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Figure 3. 4 Simplified percentage power time-history considered for present FE model.
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Figure 3. 6 Approximate estimated temperature histories in HL, CL and their average during normal power
operation under grid following mode.

X:395.6
350 Y:324 ]
|
250
@,
=
2 200
=}
=
2 Hot leg
2150
g Cold leg
= Average
100
50
0 100 200 300 400
Time (Days)

Figure 3. 7 Estimated temperature for HL and CL over entire reactor loading cycle.
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Figure 3. 8 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, heat transfer analysis were performed for RPV. The
analysis was performed to estimate nodal temperature data across RPV and HL/CL nozzle thickness
which can then be used for 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 reactor coolant water to reactor metal, first we estimated an
approximate heat transfer coefficient (h) using the following relation:
hD,

N, =

(4.1)

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]) N,, is the
Nusselt number. The Nusselt number N,, is estimated from the Dittus-Boelter correlation for turbulent
heat transfer:

N, = 0.023Re%8prm (4.2)

Where, Re is the Reynolds’s 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 h was calculated to be 616.76 W/m?-K. Based on this first approximation, multiple heat
transfer coefficient h were selected and associated heat transfer analysis were performed to find the
approximate coefficient for which the FE simulated temperature at the ID surface was reaching the
desired boundary value at the highest test temperature. From this iterative procedure we estimated the
desired approximate heat transfer coefficient h to be 18502.8 W/m?-K which is 30 times the first
approximation. This heat transfer coefficient was used corresponding to maximum ID temperature
boundary condition of HL nozzle. Based on this coefficient and the ID temperature profile of HL and
CL nozzles and RPV the corresponding temperature dependent film coefficients were estimated and
used in the FE analysis. The OD surface of HL and CL nozzles and RPV were assumed ambient or
perfectly insulated. In actual reactor the OD surface are insulated. However, in the present work in
addition to the insulated OD surface we also performed heat transfer analysis under ambient OD surface
to check how ambient condition affect the thermal profile across the HL and CL nozzles and RPV. For
the ambient condition the temperature was assumed approximately 41.5 °C. This is approximately
similar as the containment inside temperature. For example according to Westinghouse technology
system manual [31] the containment air cooler system is designed to maintain containment air
temperature approximately at or below 120 °F (or 48.9 °C). The convective film coefficient h for the
ambient convective film condition was assumed to be 100 W/m?-K [32]. Time dependent heat transfer
analysis also requires additional thermal material properties such as mean coefficient of thermal
expansion, thermal conductivity, diffusivity, and specific heat capacity. For the discussed FE model SA-

13 ANL/LWRS-16/01



Finite Element Analysis Based Thermal-Mechanical Stress Analysis of PWR Pressure Vessel with/without Pre-existing Crack to Study the
Effect of Cyclic Hardening Material Properties under Grid Load Following Mode: An Interim Report
March 2016

508 carbon steel (or 508 low alloy steel) thermal properties were used and the corresponding SI unit
based properties can be found from our earlier work [11, 12].

4.2 Thermal Analysis Results

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

4.2.1 0D surface ambient condition and with ID surface maximum film coefficient of 616.76 W/m?-K

Under the above condition the estimated temperature time-histories across the CL, HL and RPV
thickness are respectively shown in Figures 4.1, 4.2 and 4.3. The OD and ID temperature spatial
distribution at a typical time (approximately at 391.09 days) are shown in Figure 4.4. From Figure 4.2 it
can be seen that the maximum temperature in the ID surface of HL is approximately 290 °C, which is
well below the required maximum boundary condition temperature of approximately 324 °C (refer
Figure 3.7).
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Figure 4. 1 Temperature across CL nozzle thickness considering OD surface ambient condition and with ID
surface maximum film coefficient of 616.76 W/m?2-K.
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Figure 4. 2 Temperature across HL nozzle thickness considering OD surface ambient condition and with ID
surface maximum film coefficient of 616.76 W/m2-K.
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Figure 4. 3 Temperature across RPV thickness considering OD surface ambient condition and with ID surface
maximum film coefficient of 616.76 W/m?2-K.
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ID Temperature

\

OD Temperature

Figure 4. 4 The OD and ID temperature spatial distribution at approximately 391.09 days obtained through
FE model considering OD surface ambient condition and with ID surface maximum film coefficient of 616.76
W/mz2-K.

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

To alleviate 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 a film
coefficient value of 18502.8 W/m>-K produces reasonably accurate ID boundary condition temperature.
Under the above condition the estimated temperature time-histories across the CL, HL and RPV
thickness are respectively shown in Figures 4.5, 4.6 and 4.7. The OD and ID temperature spatial
distribution at a typical time (approximately at 391.09 days) are shown in Figure 4.8. From Figure 4.6 it
can be seen that the maximum temperature in the ID surface of HL is approximately 322.4 °C, which is
well comparable to the required maximum boundary condition (HL ID surface) temperature of
approximately 324 °C (refer Figure 3.7).
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Figure 4. 5 Temperature across CL nozzle thickness considering OD surface ambient condition and with ID
surface maximum film coefficient of 18502.8 W/m2-K
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Figure 4. 6 Temperature across HL nozzle thickness considering OD surface ambient condition and 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 18502.8 W/m?-K

In addition to above discussed ambient OD surface temperature boundary condition, we also
performed heat transfer analysis assuming all the OD surfaces of RPV and nozzles are perfectly
insulated. For this condition we assumed the coolant water film coefficient same as the previous case i.e.
with a value of 18502.8 W/m?-K. Under the above condition the estimated temperature time-histories
across the CL, HL and RPV thickness are respectively shown in Figures 4.9, 4.10 and 4.11. The OD and
ID temperature spatial distribution at a typical time (approximately at 391.09 days) are shown in Figure
4.12. From Figure 4.2 it can be seen that the maximum temperature in the ID surface of HL is
approximately 323.8 °C, which is approximately same as the required maximum boundary condition
temperature of approximately 324 °C (refer Figure 3.7). However, compared to the previous two cases
the thickness variation of temperature for insulated condition is not significant. That means at a given
time the thickness of the RPV and HL/CL nozzle component mostly stay under isothermal condition.
The difference in thickness variation of temperature for case discussed in section 4.2.2 and in this case
can clearly be seen from Figure 4.13. Note that large temperature variation across thickness may create
larger thermal-mechanical stress. For more accurate simulation of reactor thermal profile it is essential
to model the reactor insulation and the gap between insulation and OD surfaces. However for further FE
analysis such as thermal-mechanical stress analysis discussed in the later sections, for simplicity we
used the nodal temperature distributions obtained under ideal/perfectly insulated condition.
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Figure 4.9 Temperature across CL nozzle thickness considering OD surface insulated condition and with ID
surface maximum film coefficient of 18502.8 W/m2-K.

19 ANL/LWRS-16/01



Finite Element Analysis Based Thermal-Mechanical Stress Analysis of PWR Pressure Vessel with/without Pre-existing Crack to Study the
Effect of Cyclic Hardening Material Properties under Grid Load Following Mode: An Interim Report
March 2016

X:395.8
Y:323.8

350 : : : - :
| | | |
| | } |

300

250

200

150

100

Temperature (’ C) across HL nozzle thickness
9]
[—]

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

Figure 4. 10 Temperature across HL nozzle thickness considering OD surface insulated condition and with ID
surface maximum film coefficient of 18502.8 W/m?2-K.
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Figure 4. 11 Temperature across RPV thickness considering OD surface insulated condition and with ID
surface maximum film coefficient of 18502.8 W/m2-K

ANL/LWRS-16/01 20



Finite Element Analysis Based Thermal-Mechanical Stress Analysis of PWR Pressure Vessel with/without Pre-existing Crack
to Study the Effect of Cyclic Hardening Material Properties under Grid Load Following Mode: An Interim Report

March 2016
NT11
+3.240e+02
: +3.004e+02
+2.769e+02

+2.534e+02

+2.298e+02

063e+02 +2.063e+02
B27e+02 +1.827e+02
592e+02 +1.592e+02
+1.357e+02 +1.357e+02
+1.121e+02 +1.121e+02
- +8.858e+01 +8.858e+01
+6.504e+01 +6.504e+01
+4,150e+01 +4.150e+01

ID Temperature

'\

OD Temperature
¥

Figure 4. 12 The OD and ID temperature spatial distribution at approximately 391.09 days obtained through
FE model considering OD surface insulated condition and with ID surface maximum film coefficient of
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Figure 4. 13 Thickness variation of temperature for case discussed in a) section 4.2.2 and b) section 4.2.3.
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5 Material Property for Structural Analysis

In our earlier work [18] we estimated the elastic-plastic material property of 508 LAS specimen both
under tensile loading condition and fatigue loading (both under in-air and under PWR water) conditions.
Some of those material properties are used in this work. In the discussed stress analysis work we used
either tensile test (test no. ET-T08, 300 °C, in-air condition) or fatigue test (test no. RT-F08, 22 °C, in-air
condition), (test no. ET-F24, 300 °C, in-air condition), and (test no. EN-F20, 300 °C, PWR condition)
based material parameters. 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
from [18]. Figure 5.1 shows the cycle dependent elastic modulus estimated under different conditions.
Similarly Figures 5.2, 5.3 and 5.4 show respectively the cycle/time dependent 0.05% offset yield stress,
kinematic hardening parameter C1 and yl. In the discussed work we used 0.05% offset yield stress
based material properties. To note that, from fatigue test based data we only used the material properties
associated with half-life of corresponding fatigue test. Table 5.1 shows the summary of material
property used for elastic-plastic stress analysis. In general, for -elastic-plastic stress analysis
commercially available software such as such as ABAQUS requires to provide Elastic modulus (E),
poison’s ratio, yield stress (oy;), and kinematic hardening parameters (C;andy;) as input parameters.
These parameters with respect to temperature of 22 °C and 300 °C (as given in Table 5.1) were used in
ABAQUS. For other temperature within 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 temperature, the poison’s ratio was assumed constant and equal to 0.3. In addition
to the required material properties for elastic-plastic stress analysis we also need to provide additional
material properties for performing extended finite element method (XFEM) based crack
initiation/propagation analysis. We performed stress analysis of RPV with/without preexisting crack. To
perform stress analysis of component with crack initiation/propagation modeling, ABAQUS requires to
provide damage initiation and propagation criteria depending on the chosen failure theory. In the
discussed work we used max principal stress based criteria for crack initiation from a notch (in the
present case preexisting crack). The crack ignition criteria is given through the following equation:

f="1t= (.1

<o-rﬁax> {2 I+ 1 crack will initiate
o

< 1+ 1, crack willnotinitiate

where o 1is the solution-dependent maximum principal stress, and of. is the critical principal

stress that has to be provided as an input material property. In Eq. (5.1), the symbol < > represents

Macaulay brackets with <0'£ax> =0 if o’ <0, ie., when the maximum principal stress is purely

compressive. In our work we chosen the critical principal stress as

of, = 2L (5.2)

where oy, and o, are respectively the yield stress and ultimate stress corresponding to any particular
temperature. For estimating o2 for the discussed stress analysis cases we choose corresponding tensile tests (T06
and TO08 ) based parameters. The selection of critical principal stress (refer Eq. 5.2) is based on our earlier
work [33] for which the FE estimated data matched with corresponding experimental data. Similar oy,
and o,, dependent value of o%.was also used by other researcher [34] who also had verified their XFEM based
results with corresponding experiment data.
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In addition to the critical principal stress ABAQUS requires to provide damage propagation criteria for
damage evolution within an element. We used a linear energy based criteria for which ABAQUS requires to
provide critical fracture energy. We estimated the critical fracture energy using the fracture toughness data (for
533 grade low alloy steel) given in [35] and using the linearly interpolated ANL tensile test based elastic modulus
data given in Table 5.1. The critical fracture energy G can be estimated using the following relation.

G, = Xic 5.3
o =1k (5.3)
where K. is the fracture toughness. The temperature dependent fracture toughness data (for 533 grade low alloy
steel) is shown in Figure 5.5. The corresponding estimated critical fracture energy data is shown in Figure 5.6.
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Figure 5. 1 Elastic modulus for 508 LAS base metal specimens fatigue tested under different conditions [18].
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Figure 5. 2 Offset-strain (0.05%) yield limit stress for 508 LAS base metal specimens fatigue tested under different
conditions [18].
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Figure 5. 3 Nonlinear kinematic hardening parameter C1 (0.05% offset strain stress used as yield stress) for 508 LAS
base metal specimens fatigue tested under different conditions [18].
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Figure 5. 4 Nonlinear kinematic hardening parameter y 1 (0.05% offset strain stress used as yield stress) for 508 LAS
base metal specimens fatigue tested under different conditions [18].
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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. . (GPa) | (MPa) (MPa) (MPa) | Model C; | Model y4

type (MPa) (MPa)

Tensile tests (T06, and T0O8 RT | 209.19 | 427.31 563.18 | 495.25 2150.4 -13.087

data) ET | 197.57 | 415.15 | 610.28 | 512.71 10699 49.624

Selected Cy=1 EN 18451 | 39155 - - 61236 666.75

fatigue Cy=N/2 for RT | 19625 | 33837 - - 59082 537.76
cycles (RT- | p1F23-2247 : :
ET-F24= 1375, : :

F24,and |~ po0= 1438 | EN - - 72998 675.49

EN-F20) 190.18 | 432.1

* 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 Specimen under Isothermal Fatigue Loading

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

6.1 FE Model of T08 Tensile Test

The TO8 tensile test was conducted using a 508 LAS specimen and at a temperature of 300 °C and
under in-air condition. The test was conducted by controlling the strain and 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 specimen gage 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 Von-Mises
equivalent stress) is shown in Figure 6.1. This Figure also shows the corresponding experimental stress-
strain curve. From the figure it can be seen that there is a good correlation between experimentally
observed stress-strain curve and FE estimated stress-strain curves.

TO08 (S08LAS, ET,0.1%/S)

600 | |
X: 0.4683 X:0.5411 é 2668934
500 X:0.2684 Y: 450.4 Y: 456.4 -'d—#
Y:425.8 s W
400 r X:0.36 i
—~ .
= X: 0.1516 Y:438
2 Y: 304
= 300 | a ]
5 X: 0.1008
2 "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 | | | |
0 0.2 0.4 0.6 0.8 1

Strain (%)

Table 6. 1 Experiment vs 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, for verification of cyclic or time-dependent material
properties we also created a FE model. This model was created to simulate EN-F20 fatigue specimen.
The EN-F20 specimen was made from 508 LAS metal and was tested under PWR primary water
condition and at a temperature of 300 °C. The test was conducted by controlling the frame crosshead
displacement or stroke. The detail of the test process can be found from our earlier work [18, 19]. To
simulate the test condition for 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 first
few fatigue cycles, we used the material properties associated with first fatigue cycle (that is the material
properties estimated using the first cycle stress-strain curve of EN-F20 test). The FE simulation was
conducted using multiple steps and using automatic time increment selection option to avoid large
simulation time and data file and also at the same time not losing peak data points through single step
simulation model. Figure 6.2 shows experiment versus FE model stroke input for first few cycles. This
figure shows that there were total 8 FE steps with different time period 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 accumulated plastic strain profile at peak stroke inputs:
S1, S2...S8 (refer Figure 6.2). Figures 6.4 and 6.5 respectively, show the Expt. Vs FE simulated gage
area strain and stress time-histories. From the Figure 6.4 and 6.5 it can be seen that the FE model based
on estimated material properties well captures the experimental stress-strain state. With this confidence
we further used the estimated material properties for thermal-mechanical stress analysis of RPV. The
related model and results are discussed in next sections.

0.15F

01

0.05+

—— Expt-input
-=&- Simplified FE-input

-0.05

Applied frame crosshead displacement-stroke (mm)
g

S8
54 | I I I

1
0 10 20 30 40 50 60 70
Total time (S)

Table 6. 2 Expt. Vs FE input for EN-F20 fatigue specimen. The FE simulation was conducted over multiple
steps (with peak amplitudes: S1, S2...S8).
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Table 6. 3 FE simulated accumulated plastic strain profile at peak stroke amplitudes S1, S2...S8 (shown in
Figure 6.2).

0.5

Gage strain (%o)
=

_{}-5 | |
0 10 20 30 40 50 60 70

Total time (S)
Table 6.4 Expt. Vs FE simulated gage area strain.
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-200 1

400 _ : .
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Table 6.5 Expt. Vs FE simulated gage area stress.
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7 Thermal-Mechanical Stress Analysis of RPV and Nozzles without Preexisting Crack

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

e C(Case-1 (material property: 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 C(Case-2 (material property: 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, 7.2, 7.3 show the corresponding comparison (between case-1 and case-2) of thermal strain
at maximum stress locations (refer Figure 7.12) for CL nozzle, HL nozzle and RPV shell, respectively.
Figure 7.4 and 7.5 show the gage area temperature and thermal strain observed during the heat-up
procedure (approximately first 5.5 hours) of a typical 508 LAS specimen tensile test (conducted at ANL,
reference [18]). Note that, before conducting an isothermal tensile/fatigue test we heat up the specimen
in series of steps similar as in actual reactor. During 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 thermal strain in 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 gage area thermal strain. Comparing Figures 7.1 (CL nozzle thermal strain) and 7.3
(RPV shell thermal strain) with Figure 7.5 we can see the FE estimated thermal strain time histories
during initial heat up procedure well correlate with experimentally observed thermal strain. Note that the
RPV and CL nozzle ID surface were subjected to a temperature boundary condition with maximum
temperature of approximately 290 °C. In addition to thermal strain we also estimated the time-histories
of total strain and Von-Mises stress at the above mentioned maximum stress locations. Figures 7.6, 7.7,
7.8 respectively show the total strain time-histories for CL nozzle, HL nozzle and RPV shell, showing
comparison of strain obtained from case-1 and case-2 FE models. Whereas, Figures 7.9, 7.10, 7.11 show
the corresponding comparison of Von-Mises stress for CL nozzle, HL nozzle and RPV shell,
respectively. Furthermore, Figure 7.12 shows the example temperature versus Von-Mises stress profile
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near the nozzle area (at different instances during heat up and full power) obtained through FE
simulation case-1 (material property: in-air condition).
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Figure 7.1 In-air versus PWR-water condition thermal strain time-histories estimated at a typical stress
hotspot of CL nozzle.
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Figure 7. 2 In-air versus PWR-water condition thermal strain time-histories estimated at a typical stress
hotspot of HL nozzle.
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Figure 7. 3 In-air versus PWR-water condition thermal strain time-histories estimated at a typical stress
hotspot of RPV shell.
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Figure 7.4 Temperature measured at gage center thermocouple of a typical 508 LAS specimen tensile
test (conducted at ANL, refer [18]).
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Figure 7. 5 Thermal strain measured at gage center (during only heat up and temperature stabilization) of
a typical 508 LAS specimen tensile test (conducted at ANL, refer [18]).
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Figure 7. 6 In-air versus PWR-water condition total strain time-histories estimated at a typical stress
hotspot of CL nozzle.
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Figure 7.7 In-air versus PWR-water condition total strain time-histories estimated at a typical stress

hotspot of HL nozzle.
—m- In-air property
o5 T PWR water property
0.4 Shor a MRA Y A bl nny P Az be Mo B A 0 debart e far =

0 50 100 150 200 250 300 350 400 450

Time (Davs)
Figure 7. 8 In-air versus PWR-water condition total strain time-histories estimated at a typical stress

hotspot of RPV shell.
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Figure 7.9 In-air versus PWR-water condition Von-Mises time-histories estimated at a typical stress
hotspot of CL nozzle.
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Figure 7. 10 In-air versus PWR-water condition Von-Mises time-histories estimated at a typical stress

hotspot of HL nozzle.
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Figure 7. 11 In-air versus PWR-water condition Von-Mises time-histories estimated at a typical stress
hotspot of RPV shell.
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Figure 7. 12 Example temperature versus Von-Mises stress profile near the nozzle area (at different
instances during heat up and full power) obtained through FE simulation case-1 (material property: in-
air condition).
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8 XFEM Modeling and Thermal-Mechanical Stress Analysis of RPV and Nozzles with
Preexisting Crack

A crack could develop in reactor components due to stress corrosion cracking or due to other
environmental factors. For example on 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 were found in the first weld between the reactor vessel nozzle and the coolant system (RCS) hot
leg piping [36]. The crack found was approximately 3 feet from the reactor vessel. Based on the UT
data, it was found that the axial crack initiated from the ID surface and became complete through-wall.
Primary water stress corrosion cracking (PWSCC) mechanism was suspected to be the main mechanism
behind this type of crack formation. In this section we discuss stress analysis results of RPV with
simulated preexisting cracks. Thermal-mechanical stress analyses under grid load following condition
were performed to predict the stress-strain state of RPV at stress hotspots. The stress analyses were
performed for two different crack shape and locations:

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

e (ase-2 (circumferential crack): An 180° circumferential crack was modeled in HL nozzle
(refer Figure 8.2).

Both the FE simulations were performed wusing elastic-plastic material properties
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. Similar as
discussed in previous section 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 insulated boundary condition for RPV OD surfaces (refer 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)
condition comparison of Von-Mises stress time-histories at maximum stressed element in left HL nozzle
and the corresponding maximum stressed element in right HL nozzle. Figure 8.4 shows the
corresponding comparison of total strain time-histories. Figure 8.5 shows the example stress profile (for
case 1) near the nozzle area at a typical full power condition (at time = 1.39 days). Figure 8.6
(magnified by 100 times) shows the corresponding distribution of level set function @ profile at that
time. Note @ is the signed distance 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
enough to open and grow the crack further. However, from Figure 8.3 it is found that presence of crack
could create larger stress compared to the condition with no crack as in case of right HL nozzle. Higher
stress could accelerate PWSCC.

In addition to the above axial crack case we also performed thermal-mechanical stress analysis
for case-2: circumferential crack. Figure 8.7 shows the case-2 condition comparison of Von-Mises stress
time-histories at maximum stressed element in left HL and the corresponding maximum stressed
element in right HL. Figure 8.8 shows the corresponding comparison of total strain. Figure 8.9 and 8.10
respectively show the stress and level set function @ contours at the above mentioned full power
condition (at time = 1.39 days). Comparing Figure 8.7 (case-2: circumferential crack) stress history with
Figure 8.3 (case-1: axial crack) stress history we can found that circumferential crack doesn’t create
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much stress compared to axial crack. This could be the reason why a larger axial crack formed in V.C.
Summer NPP mentioned above.

Shape and location of axial
crack in left HL nozzle

S/ Shapeand location of 180 °
circumferentialcrack in left HL nozzle

Figure 8. 2 Shape and location of circumferential crack in left HL nozzle of RPV.
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Figure 8. 3 Case-1 (axial crack) condition comparisons of Von-Mises stress time-histories at maximum
stressed element in left HL and the corresponding maximum stressed element in right HL.
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element in left HL and the corresponding maximum stressed element in right HL.
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Figure 8.5 Case-1 (axial crack) condition Von-Mises stress contour at a typical full power condition (at time =
1.39 days).
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Figure 8. 6 Case-1 (axial crack) condition level set function (®) contour at a typical full power condition (at
time = 1.39 days).
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Figure 8. 7 Case-2 (circumferential crack) condition comparisons of Von-Mises stress time-histories at
maximum stressed element in left HL and the corresponding maximum stressed element in right HL.
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Figure 8. 8 Case-2 (circumferential crack) condition comparisons of total strain time-histories at maximum
stressed element in left HL and the corresponding maximum stressed element in right HL.
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Figure 8.9 Case-2 (circumferential crack) condition Von. Mises stress contour at a typical full power
condition (at time = 1.39 days).

Figure 8. 10 Case-2 (circumferential crack) condition level set function (®) contour at a typical full power
condition (at time = 1.39 days).
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9 Summary and Future Study

This report presents the following results:

1. Heat transfer analysis results of reactor pressure vessel under heat-up, cool-down and grid load
following power operation conditions.

2. Thermal-mechanical stress analysis results of reactor pressure vessel with/without preexisting
crack under heat-up, cool-down and grid load following power operation conditions.

3. Stress analysis validation model results for ANL tested tensile and fatigue specimens.

Suggested areas for the improvement of the discussed approach/models include the following:

1. Inclusion of RPV insulation and its gap between RPV outer surface in heat transfer analysis
model for more accurate estimation of across thickness temperature profile.

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

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

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

5. Weld modeling and inclusion of similar and dissimilar metal welds to RPV nozzle safe ends.
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