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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
April 2015 under the work package for environmentally assisted fatigue under DOE’s Light
Water Reactor Sustainability program. In this report, updates are discussed related to a system-
level preliminary finite element model of a two-loop pressurized water reactor (PWR). Based on
this model, system-level heat transfer analysis and subsequent thermal-mechanical stress analysis
were performed for typical design-basis thermal-mechanical fatigue cycles. The in-air fatigue
lives of components, such as the hot and cold legs, were estimated on the basis of stress analysis
results, ASME in-air fatigue life estimation criteria, and fatigue design curves. Furthermore,
environmental correction factors and associated PWR environment fatigue lives for the hot and
cold legs were estimated by using estimated stress and strain histories and the approach
described in NUREG-6909. The discussed models and results are very preliminary. Further
advancement of the discussed model is required for more accurate life prediction of reactor
components. This report only presents the work related to finite element modelling activities.
However, in between multiple tensile and fatigue tests were conducted. The related experimental
results will be presented in the year-end report.
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1 Introduction

System-level computer modeling of complex nuclear systems is increasingly becoming a trend due to
the availability of advanced multi-physics computer programs and the increasing use of multiprocessor-
based parallel computing hardware and software. Recently, many works have been published on
thermal-hydraulics simulations of fluid flow and heat transfer in a single reactor component or in a
complex large-scale assembly [1-7]. This type of system-level thermal-hydraulics model helps to better
understand and to accurately predict the fluid flow and heat transfer not only in individual components
but also the overall system and the interaction with each other. Along a similar line, computational
structural mechanics analysis is increasingly being used to perform stress and fracture mechanics
analysis under complex component/assembly-level multi-axial stress states. For example, recent
advances in 3-D finite element analyses (FEA) code and associated improvements in multi-physics
modeling capability (e.g., thermal-mechanical stress analysis) and fracture mechanics simulation
capability allow more accurate 3-D stress and structural integrity analysis of reactor components not
only under combined thermal-mechanical loading but also under multi-axial component/assembly-level
stress states [8-10]. In addition to the above-mentioned multi-physics thermal-mechanical stress
analysis, the present-generation FEA code also allows determination of the effect of other field
variables, such as the effect of neutron dose on the 3D stress state of reactor structural components
[11,12]. Furthermore, advances in FEA tools for 3-D fracture mechanics and crack propagation allow
accurate prediction of the structural integrity of reactor components under severe accident conditions,
such as loss-of-coolant accidents (LOCASs). For example, propagation of preexisting stress corrosion
cracking (SCC) in steam generator tubes and the associated rupture pressure can be predicted accurately
under LOCA [13]. Similarly, in reactor pressure vessels and other primary pressure boundary
components, the effect of pressurized thermal shock (PTS) under severe accident conditions can be
predicted by using 3-D FEA tools [14-19]. Both LOCA and PTS conditions are key elements in the
integrity evaluation of nuclear reactor components and require a multidisciplinary effort to link the
thermal-hydraulic analysis results to structural and fracture mechanics models. In addition to the multi-
physics capability, the current-generation FEA code also allows one to model complex time-dependent
material effects. For example, time-dependent creep damage of the reactor pressure vessel under severe
accident conditions, such as a LOCA, can be more accurately predicted by using component-scale, 3-D
FEA models [20].

The above-mentioned structural analysis examples based on FEA are mostly restricted to a single
component under static or quasi-static transient loading. However, a few studies have been done
involving thermal-mechanical fatigue modeling using system-level 3-D models. Also, at present, most
of the work related to fatigue evaluation in reactor environments is based on stress analysis at the
individual component level combined with estimation of the associated fatigue life using stress/strain
life curves [21-24]. However, as part of the Light Water Reactor Sustainability (LWRS) program
sponsored by the Department of Energy (DOE), Argonne National Laboratory (ANL) is trying to
develop a more mechanistic-based fatigue evaluation approach [25,26] under realistic multi-physics and
multi-axial stress states. Under this program ANL is trying to develop a multi-component finite element
(FE) model for multi-physics and system-level stress analysis and associated fatigue life evaluation
under thermal-mechanical cyclic loading. For the purpose, in the present work, we developed
preliminary FE models for a Westinghouse-type two-loop pressurized water reactor (PWR). Based on
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the FE models, system-level thermal-mechanical fatigue (TMF) analyses were performed. Furthermore,
these TMF results were used for in-air and environmental fatigue life estimation of some key
components such as the reactor cold and hot legs. The related model and calculated results are discussed
below.
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2 Finite Element Modeling

This section summarizes the 3-D FE models discussed in this report. The FE models were developed
both for heat transfer analysis and for thermal-mechanical cyclic stress analysis.

2.1 System level 3-D solid model

Finite element models were developed for system-level TMF analysis of a Westinghouse-type two-loop
PWR. The models were developed by using commercially available ABAQUS FE software [27]. The
FE models were based on approximate geometry determined from publicly available literatures [28-32].
In the assembly-level model, only major reactor parts such as the pressure vessel, steam generator outer
shell, and hot and cold leg pipes were considered. Figure 1 shows the resulting assembly-level 3-D solid
model of the 2-loop PWR considered in this work. Figure 2 shows a quarter section of the overall
assembly, outlining the inside diameter (ID) surface of different components.

% R 2

Figure 2.1 Assembly-level 3-D solid model of a two-loop PWR
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Figure 2.2 Quarter assembly showing ID surface of different components

For simplicity, the surge line and pressurizer were not considered in the assembly-level model. Also, a
simplified coolant pump model was assumed, and only the top section that connects both the steam
generator and cold leg was considered. However, in the future, for more detailed analysis, the surge line,
pressurizer and other important components will be considered. The assembly-level model was
developed by using 3-D solid models of individual components with single or multiple sections. The 3-
D models were developed by using ABAQUS CAE software. The individual sections or components
were appropriately constrained to maintain their locations with respect to the global assembly. In the
assembly model, the individual sections were tied together by using tie constraints. The bottom section
of the reactor pressure vessel (RPV) was tied to a base plate, which was attached to the ground and
constrained in all directions. Similarly, the coolant pumps were tied to additional base plates. However,
in contrast to the RPV base plates, the coolant pump base plates were only restricted in the vertical
direction and were allowed to move along both horizontal directions. This condition was designed to
mimic the real reactor conditions, allowing free thermal expansion. 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. In the future we intend to add unsymmetrical components such as a surge line and
pressurizer, and it may not be possible to implement a symmetric boundary condition in the system-level
reactor model. Hence, in the present model, symmetric boundary conditions were not considered for
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possible future amendment. The same assembly-level 3-D model was used for both heat transfer
analysis and subsequent sequential structural analysis.

2.2 Finite element mesh

The individual components in the reactor assembly were FE meshed by using 3-D brick elements. We
chose DC3D8, 8-node linear heat transfer elements to mesh the individual components in the assembly-
level heat transfer models. The corresponding C3D8, 8-node linear elements were used for the stress
analysis models. The assembly has a total of 82762 DC3D8 elements for heat transfer models or C3D8
elements for structural analysis models. Table 2.1 shows the number of elements used for individual
components and the respective material type used in the simulation. Figure 2.3 shows the full assembly-
level FE mesh of the outside diameter (OD) surface, whereas Figure 2.4 shows the quarter section mesh
for the ID surface.

Table 2.1 Number of heat transfer or structural analysis finite elements in PWR assembly models

Pressure vessel SA-508 (LAS) 10806
Steam generator shell 2 SA-508 (LAS) 2x17628 = 35256
Hot leg pipe 2 SA-376 (SS) 2x2014 = 4028
Cold leg pipe 4 SA-376 (SS) 4x3204=12816
Coolant pump 4 SA-376 (SS) 4x4164=16656
RPV base plate 1 Fictitious large stiffness material 800
Coolant pump base plate 4 Fictitious large stiffness material 4x600=2400
Total number of elements in assembly 82762

5 ANL/LWRS-15/01
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Figure 2.3 Full system-level FE mesh of two-loop PWR

Figure 2.4 Quarter section FE mesh of two-loop PWR showing ID surface

ANL/LWRS-15/01 6
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2.3 Heat transfer model

An uncoupled heat transfer analysis was performed by multiple steps of transient heat transfer analysis.
The heat transfer analysis was performed with ABAQUS software, for which the variational form of the
governing energy balance equation can be given as [27]:

as0

. 50
f, pUSOAV + [, 2= k.22dV = [, 86qdsS (2.1)

X

where p is density of material, V is the volume of solid material with surface area S, and q is the heat
flux per unit area flowing into or out of the body. Also in Eq. 2.1, U is the material internal energy,
which can be expressed in terms of the temperature-dependent specific heat c(0) as:

_
c(0) = 5 (2.2)
The heat conduction is assumed to be governed by the Fourier law and can be expressed in terms of the
temperature-dependent thermal conductivity (6) :

f=-k@®% (2.3)

The surface heat flux g in Eg. 2.1 can be expressed in terms of the temperature-dependent film
coefficient h(6) as:

q = h(6)(6 — 6,) (2.4)

In ABAQUS, we defined all the ID surface boundaries with time-dependent temperature sinks and the
convective film condition. Two repetitive cycles were simulated each with four transient heat transfer
steps. At the initial condition, all the material volumes were subjected to a temperature of 37.78 °C.
Before the start of cyclic heat transfer analysis, additional transient heat transfer analysis was performed
to bring up/down the boundary condition temperature to the starting temperature of the first cycles. Nine
heat transfer steps were performed over the entire simulation duration. During the first step, all the OD
surfaces were defined with the ambient temperature boundary condition of 37.78 °C and convective film
condition. The convective film coefficient h for the ambient convective film condition was assumed to
be 100 W/m*K [33]. The temperature-dependent film coefficient was defined for all other temperature
boundary conditions. The highest temperature considered for the boundary condition was 315.56 °C.
The highest film coefficient corresponding to this temperature was assumed equal to 7155 W/m?-K.
Different ID surfaces were defined with different cyclic temperature boundary conditions. For the
purpose, we used the design-basis temperature and pressure transients given in NUREG/CR-6909 [21].
The transients were used to make two temperature or pressure cycles. In between two
temperature/pressure cycles, sufficient time was maintained to reduce the ID/OD temperature (simulated
through heat transfer analysis) to its original temperature. Figure 2.5 shows the temperature and pressure
cycles applied to the ID surface of the reactor pressure vessel and hot leg. The temperature and pressure
cycles shown in Figure 2.5 were scaled appropriately to develop the boundary temperature and pressure
cycles for the ID surface of the cold leg, as well as the shell feed water section and shell steam section of
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the steam generator. The resulting boundary temperature and pressure cycles are shown in Figures 2.6,
2.7, and 2.8 for the cold leg, feed water section, and steam section, respectively. Note that the
temperature and pressure cycles were chosen to simulate typical reactor heat-up/cool-down cycles and
do not necessarily represent actual reactor conditions. Table 2.2 gives the transient heat transfer step
number and associated step time with respect to the applied boundary temperature for the RPV 1D
surface, and these data are for future reference in the later part of this report.

RPV/Hot leg: Number of cycles = 2

350 T T T
X o —e— Temperature

~ 300+~ —©— Pressure i
<
et

3 250 .
©
g

£ 200 -
(6]
|_.,

'S 150 1
2

2 100 i
2
S

a 50 -

z o o) [
0 A4 T ~r A4 T O
0 0.5 1 1.5 2
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Figure 2.5 Temperature and pressure boundary conditions applied to the ID surfaces of RPV and hot leg

Cold leg: Number of cycles = 2
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Figure 2.6 Temperature and pressure boundary conditions applied to the ID surfaces of cold leg
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SG shell (feed water): Number of cycles = 2
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Figure 2.7 Temperature and pressure boundary conditions applied to the ID surfaces of SG feed water section

SG steam: Number of cycles = 2
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Figure 2.8 Temperature and pressure boundary conditions applied to the ID surfaces of SG steam section
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Table 2.2 Transient heat transfer step number and associated RPV ID temperature boundary conditions

2 3 4 5 6 7 8 9

Step no. 1

End step 200 400 1,900 2,250 9,810 10,010 11,510 11,860 19,420
time (s)
Start temp. 37.78 37.78 31556 31556 37.78 37.78 31556 31556 37.78
(’C)

Endtemp. 37.78 31556 31556 37.78 37.78 31556 31556 37.78  37.78
(°C)

2.4 Structural analysis cases

The structural analyses were performed for the following cases:
a) Only cyclic pressure
b) Only cyclic temperature
c) Both cyclic pressure and temperature

The structural analysis cases under pure temperature or pure pressure loading were used to assess the
contribution of individual temperature and pressure loading on overall stress analysis results performed
under combined temperature and pressure loading. For the three cases, nine stress analyses steps were
performed to model the ID boundary temperature and pressure cycles shown in Figures 2.5 to 2.8. For
stress analysis involving temperature, the heat transfer analysis was performed first, then the resulting
temperatures at individual nodes were transferred to the respective structural analysis steps to perform
the pure thermal stress analysis (case a) or the sequentially coupled thermal-mechanical stress analysis
(case c).

2.5 Material properties for heat transfer and structural analysis model

The heat transfer and stress analysis FE models were developed by using temperature-dependent thermal
and mechanical material properties data given in Ref. [23], which were originally considered from the
ASME Boiler and Pressure Vessel Code [35]. In this preliminary model, because elastic structural
analysis is considered, it is sufficient to consider only the elastic modulus and Poisson ratio. The present
FE model uses length in mm, stress in MPa, and temperature in °C. The original data taken from Ref.
[23] employed British units, which were scaled appropriately to use in the present FE models. The
material properties data given in [23] are for SA-508 carbon steel (or 508 low alloy steel) and SA-376
stainless steel (equivalent of 316 stainless steel). Figures 2.9 to 2.13 show the temperature-dependent
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elastic modulus, mean coefficient of thermal expansion, thermal conductivity, diffusivity, and specific
heat capacity in Sl units, respectively. The densities were assumed to be temperature independent and
were considered to be 8027 and 7750 kg/m* for SA-376 and SA-508, respectively. Similarly, the
Poisson ratios were assumed temperature independent and were considered to be 0.31 and 0.3 for SA-
376 and SA-508, respectively.
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Figure 2.9 Temperature-dependent elastic modulus for SA-376 and SA-508
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Figure 2.10 Temperature-dependent mean coefficient of thermal expansion for SA-376 and SA-508
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Figure 2.11 Temperature-dependent thermal conductivity for SA-376 and SA-508
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Figure 2.12 Temperature-dependent diffusivity for SA-376 and SA-508
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Figure 2.13 Temperature-dependent specific heat capacity for SA-376 and SA-508
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3 Results of Heat Transfer Analysis

As discussed above, we have developed an assembly-level heat transfer model to estimate the
temperature profile at a given location and at a given time. Some of the important results from this
model are discussed below.

3.1 Selection of artificial convective heat transfer coefficient

Selection of appropriate heat transfer coefficient (Eg. 2.4) is important for convective heat transfer
analysis. Accurate heat transfer coefficients have to be estimated either based on rigorous thermo-
hydraulic experiments or through computational fluid dynamics models. However, such analysis was
beyond our scope. Rather, a simple relation between heat transfer coefficient h and Nusselt number
N, was used to estimate a first approximation of the heat transfer coefficient. This relation is given as

hD,
Ny = . (3.1)

The Nusselt number N, is estimated from the Dittus-Boelter correlation for turbulent heat transfer:
N, = 0.023Re%8pr" (3.2)

In Egs. 3.1 and 3.2, D, is the hydraulic diameter (assumed equal to the diameter of the hot leg, i.e.
0.66548 m in the present FE model), k,, is the thermal conductivity of water (0.6096 W/m-K at 300 °C,
[34]), Re is the Reynolds’s number (500,000 based on Ref. [7]), and Pr is the Prandtl number (0.8601 at
300 °C and 15 MPa [34]). Also, the coefficient n in Eq. 3.2 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
715.5 W/m%K. With this coefficient, an initial heat transfer analysis was performed for the above
temperature boundary conditions. From the simulation results, we found that the temperature at the ID
surface was not reaching the desired boundary value at the highest test temperature. This was possibly
due to lower heat-up time and subsequent lower steady-state heating time. In an actual reactor, the
individual duration for heat-up, cool-down, and steady-state normal operation will be much higher
compared to the time durations considered for the example temperature cycles. However, increasing the
duration for individual transient heat transfer steps would increase the overall times for heat transfer
analysis computation. This increase would increase the subsequent times for structural analysis
computation. To avoid large transient heat transfer time steps, the convective heat transfer coefficient
was artificially increased. For example, for 315.56 °C, the above estimated h was increased by 10 times,
to 7155 W/m*-K. For other temperatures, this film coefficient was linearly scaled. Two heat transfer
analysis were performed using h = 715.5 W/m?-K and 7155 W/m®-K. Figure 3.1 shows the resulting
simulated temperatures at typical OD and ID nodes in the mid-section of the RPV. This figure indicates
that the estimated highest ID temperature with h = 715.5 W/m?-K is much lower compared to the
desired highest ID temperature of 315.56 °C (see Figure 2.5). In contrast, the h = 7155 W/m*K case
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simulates fairly well the desired boundary condition temperature with the stipulated step time. Hence,
we used h = 7155 W/m?-K for the subsequent heat transfer analysis discussed later. Note that in the
sequential structural analysis model, the rate effect (e.g., strain rate) is not modeled; hence, it is not
required to consider prototypical temperature ramp-up/down duration. The present structural analysis
model only requires an accurate spatial distribution of the nonlinear temperature profile at any given
time. For the rate-dependent structural analysis, it is essential to consider prototypical time steps
pertinent to particular reactor conditions.
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Figure 3.1 Simulated temperature at RPV mid-section OD and ID for different heat transfer coefficients

3.2 Linear versus quadratic heat transfer elements

It is essential to select appropriate heat transfer elements for accurate estimation of the temperature
distribution and, at same time, minimize the computational burden. For that purpose, we performed
parametric studies considering both linear heat transfer elements (DC3D8) and quadratic heat transfer
elements (DC3D20). Both assembly-level FE models were simulated in the batch mode using seven
processors of a Linux cluster. From the simulation, we found that the FE model with DC3D8 elements
took much less CPU time (approximately 15 minutes) compared to that of the FE model with DC3D20
elements (approximately 45 minutes). In addition, the linear element model generates a smaller output
file that can easily be imported to the structural analysis model. At same time, the DC3D8-based heat
transfer model gives fairly similar results to those for the DC3D20-based heat transfer model, as shown
in Figure 3.2 for the simulated RPV mid-section OD and ID temperature. Hence, we used the DC3D8
elements for subsequent heat transfer models and for the corresponding stress analysis elements (C3D8)
in the structural analysis.
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Figure 3.2 Simulated temperature at RPV mid-section OD and ID for DC3D8 and DC3D20 heat transfer
elements

3.3 Representative heat transfer analysis results

Based on the cyclic temperature boundary conditions in Figures 2.5 to 2.8, the DC3D8 linear brick
elements, and the heat transfer coefficient h = 7155 W/m?-K, we performed a heat transfer analysis for
the full assembly-level model shown in Figure 2.3. Representative results are presented below. Figures
3.3 and 3.4 show the OD and ID surface temperature distribution, respectively, at the end of 1900
seconds, i.e., at the end of step 3 in Table 2.2. Similarly Figures 3.5 and 3.6 show the OD and ID surface
temperature distribution, respectively, of the full assembly at the end of 19,420 seconds, i.e., at the end
of step 9. Figure 3.7 shows a closer view of the temperature distribution at the end of 1900 seconds in
the steam generator (SG) bottom section ID, the hot leg (HL) OD, and the cold leg (CL) OD surfaces.
Figures 3.8 and 3.9 show a closer view of the temperature distribution in the HL and CL ID surfaces at
the end of 1900 seconds. Similarly, Figures 3.10(a) and (b) show a closer view of the spatial
distribution of the temperature in the SG tube sheet at the end of 1900 seconds at its bottom side (toward
HL/CL) and at its top side (toward feed water side), respectively.

Time histories of temperatures were estimated at representative locations of different components. For
example, Figure 3.11 shows the time histories for simulated temperatures at typical OD and ID nodes in
the mid-section of the RPV. Figures 3.12 and 3.13 show the time histories for simulated temperatures at
typical OD and ID nodes in the elbow section of the HL and CL, respectively. Figure 3.14 shows the
time histories of the simulated temperatures at typical mid-section junction nodes in the tube sheet of the
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SG. Figures 3.15 and 3.16 show time histories for simulated temperatures at typical OD and ID nodes in
the SG feed water and steam sections, respectively.
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Figure 3.4 Distribution of ID surface temperature of full assembly at the end of 1900 sec
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Figure 3.5 Distribution of OD surface temperature of full assembly at the end of 19,420 sec
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Figure 3.6 Distribution of ID surface temperature of full assembly at the end of 19,420 sec
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Figure 3.7 Closer view of spatial distribution of temperature in SG bottom section ID, HL OD, and CL OD
surfaces at the end of 1900 sec

MNT11

+3.200e+02
+3.208e+02
+2.917e+02
+2.625e+02
+2.333e+02
+2.042e+02
+1.750e+02
+1.458e+02
+1.167e+02
+8.750e+01
+5.833e+01
+2.917e+01
+0.000e+00

S

Figure 3.8 Closer view of spatial distribution of temperature in ID surface of HL at the end of 1900 sec
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Figure 3.9 Closer view of spatial distribution of temperature in ID surface of CL at the end of 1900 sec
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Figure 3.11 Time histories of simulated temperature at typical OD and ID nodes in mid-section of RPV
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Figure 3.12 Time histories of simulated temperature at typical OD and ID nodes in elbow section of HL
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Figure 3.13 Time histories of simulated temperature at typical OD and ID nodes in elbow section of CL
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Figure 3.14 Time histories of simulated temperature at typical mid-section junction nodes in tube sheet of SG
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Figure 3.15 Time histories of simulated temperature at typical OD and ID nodes in feed water section of SG
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Figure 3.16 Time histories of simulated temperature at typical OD and ID FE nodes in steam section of SG
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4 Results of Thermal-Mechanical Stress Analysis

We performed stress analyses using the system-level FE model for three cases: temperature loading,
pressure loading, or both at the same time. For temperature loading, the nodal and time-dependent
temperature distribution estimated through the heat transfer model was used in the structural analysis
model to perform either pure thermal stress analysis (thermal load only) or sequentially coupled thermal-
mechanical stress analysis. Separate stress analyses for temperature or pressure loading were performed
to better understand the effect of individual loading components on overall stress analysis results
performed under the combined thermal-mechanical load. The resulting stress analysis results were
further considered for fatigue evaluation of some example components. The fatigue evaluation results
will be discussed in the next section. Representative comparative stress analysis results are given below.
Figures 4.1 and 4.2 show the von Mises and maximum principal stress distributions at the end of 1900
seconds (i.e., end of step 3 in Table 2.2), estimated for (a) pressure loading, (b) thermal loading, and (c)
pressure and thermal loading. These figures show that the junction/nozzle area has higher von Mises and
maximum principal stress compared to other regions. Because we did not take into account the nozzle
material properties (e.g., dissimilar and similar metal thermal and mechanical properties), the actual
absolute value of the stress at these hotspots may be quite different compared to our estimated values.
We will include details of nozzle/weld material properties in a future FE model study. Also note that
later in the present report, we discuss the fatigue life of some example components (e.g., HL and CL).
Given that the present estimated nozzle stresses are not realistic, we thus did not consider the stress in
the nozzle areas of the HL/CL in this fatigue evaluation. Instead, the stress and strain in the elbow region
of the HL/CL were considered for the fatigue evaluation. Figure 4.3 shows the time histories for the
maximum/minimum principal stress (o;/03) at a typical ID element in the HL elbow for (a) pressure
loading, (b) thermal loading, and (c) pressure and thermal loading. Similarly, Figure 4.4 shows the time
histories of the maximum/minimum principal stress at a typical ID element in the CL elbow for the three
loadings. For the HL case, the maximum principal stress (g,) for the combined pressure and thermal
loading is much higher than those for the pressure or thermal only loadings. However, in the CL case,
the maximum principal stress (o;) for the combined thermal and pressure loading is similar or slightly
lower than that for thermal loading only. These different trends for the HL and CL cases could be due to
multi-axial stress interaction. In addition, the maximum principal strains were estimated from different
stress analysis models for comparative study and fatigue evaluation. For example, Figure 4.5 shows the
maximum principal strain (e;) distributions at the end of 1900 seconds estimated for the three loadings.
This figure indicates that the CL experiences higher strain compared to the HL. This effect is more
evident for the pure thermal loading and combined pressure and thermal loading. The reason for higher
stress in the CL could be due to the thinner section of the CL (thickness =55.88 mm) compared to the
HL (thickness =60.96 mm). Due to the thinner section of CL, there is a steeper temperature gradient
across the CL cross section compared to that across the HL cross section. This difference leads to both
higher strain and stress in the CL compared to the HL. The higher principal stress in the CL compared to
the HL is evident from Figures 4.3 and 4.4. Furthermore, the higher principal strain in the CL compared
to the HL can also be seen by comparing Figures 4.6 and 4.7. Note that Figures 4.6 and 4.7 show the
maximum/minimum strain (e,/€3) histories for stress analysis models with different loadings. From
these figures, it also can be seen that, the maximum principal strain (e;) histories in the HL are largely
compressive (particularly if thermal loading is applied), whereas in the case of the CL the maximum
principal strain (e;) histories are tensile for all loading cases. In addition to the stress/strain
comparisons, nodal displacements are presented. For example, Figure 4.8 shows the time histories for
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nodal displacement (magnitude) at the end of 1900 sec for the three loadings. From this figure it can be
seen that the SG nozzle ends of the HL and CL experience higher displacement for the thermal and
pressure loading compared to the pressure or thermal loadings. Figures 4.9 and 4.10 show the time
histories of nodal displacement magnitude (Up,qg4) at typical 1D nodes in the end sections (near SG
nozzle) of the HL and CL, respectively.

Figure 4.1 Von Mises stress distribution at the end of 1900 sec from stress analysis models with (a) pressure
loading, (b) thermal loading, and (c) both pressure and thermal loading
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a)

Figure 4.2 Maximum principal stress distribution at the end of 1900 sec from stress analysis models with (a)
pressure loading, (b) thermal loading, and (c) both pressure and thermal loading
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Figure 4 3 Maximum/minimum principal stress time histories at a typical ID element in the HL elbow from
stress analysis models with pressure loading, thermal loading, and both pressure and thermal loading
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Figure 4.4 Maximum/minimum principal stress time histories at a typical ID element in CL elbow from stress
analysis models with pressure loading, thermal loading, and both pressure and thermal loading

Figure 4.5 Maximum principal strain distribution at the end of 1900 sec from stress analysis models with (a)
pressure loading, (b) thermal loading, and (c) both pressure and thermal loading
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Figure 4.6 Maximum/minimum principal strain time histories at a typical ID element in HL elbow from stress
analysis models with pressure loading, thermal loading, and both pressure and thermal loading
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Figure 4.7 Maximum/minimum principal strain time histories at a typical ID element in CL elbow from stress
analysis models with pressure loading, thermal loading, and both pressure and thermal loading
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Figure 4.8 Displacement (magnitude) variation at the end of 1900 sec from stress analysis models with (a)
pressure loading, (b) thermal loading, and (c) both pressure and thermal loading
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Figure 4.9 Maximum displacement time histories at a typical ID node in HL (near SG nozzle) from stress
analysis models with pressure loading, thermal loading, and both pressure and thermal loading
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Figure 4.10 Maximum displacement time histories at a typical ID node in CL (near SG nozzle) from stress
analysis models with pressure loading, thermal loading, and both pressure and thermal loading
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5 Environmental Fatigue Life Estimation for Example Components

We performed preliminary fatigue analyses based on criteria from the ASME estimation of the in-air
fatigue life [35] and from the NUREG-6909 estimation of the environmental fatigue life [21]. For the
analyses, we chose two example components, such as the hot and cold legs. For the ASME-based
fatigue evaluation, we used the maximum and minimum principal stress (o; and a3) histories given in
Figures 43 and 44 to estimate the equivalent cyclic stress  amplitude
o, using the following expression:

0q = 3 [max(o, (t) — 05(t)) — min(oy(£) — 05(8))] (5.1)

Since, in the present example, both the thermal and pressure loadings yield the same stress/strain
amplitude, only one fatigue cycle (say, cycle 2) was considered for the fatigue evaluation. Once the
stress amplitude was estimated, we estimated the corresponding fatigue lives based on the in-air fatigue
life curve for austenitic stainless steel given in the ASME code. For reference, the ASME in-air fatigue
curve in Sl units is given in Figure 5.1. While estimating the fatigue lives based on ASME fatigue curve,
we made a necessary correction for the elevated temperature elastic modulus. The estimated in-air
fatigue lives of the HL and CL under the three loading conditions are given in Tables 5.1 and 5.2,
respectively.
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Figure 5.1 In-air fatigue design curve for austenitic stainless steel (ASME code [35])
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Based on the estimated in-air condition fatigue lives (N,;-), we then determined the lives under the
PWR environment (Npy,z) based on the following equation for stainless steel under PWR conditions
[21]:

Npwr = Sair (5.2)

where F,,, is the environmental correction factor. For cast austenitic stainless steel, this factor is given as

Fon = exp(—0'0"€") (5.3)

In Eq. 5.3, 8', 0', and €’ are transformed temperature, strain rate, and DO, respectively. For a maximum
hot leg temperature of 315.56 °C and a maximum cold leg temperature of 275 °C, the transformed
temperature 6 has the following form:

r_ (6—100)
0" ==~ (5.4)
For strain rate € < 0.0004 %/s, the transformed strain rate has the following form:
g 0.0004
¢ = ln(—10 ) (5.5)

In Eq. 5.3, for PWR water 0’ is equal to 0.29. We determined the transformed strain rate ¢’ in Egs. 5.3
and 5.5 based on the estimated maximum strain rate. The maximum strain rate was estimated from the
maximum cyclic strain amplitude. The expression for the maximum cyclic strain amplitude in terms of
maximum and minimum principal strains (e; and €3) is given below:

N | =

[max(e, (t) — €3(8)) — min(e; (¢) — €3(1))] (5.6)

€Eq =

Using Egs. 5.1 to 5.6 and the maximum and minimum principal strain histories in Figure 4.6 (for hot
leg) and Figure 4.7 (for cold leg), the corresponding maximum strain amplitude (e,), strain rate (¢), and
the environmental correction factor F,, were estimated under different loading conditions. Based on the
estimated environmental correction factor, the previously estimated in-air fatigue lives were corrected
by using Eg. 5.2. Note that NUREG-6909 suggests a threshold value of 0.1% strain amplitude, below
which environmental effects on the in-air fatigue lives do not occur. Accordingly, if the strain amplitude
is less than 0.1% (in this example, for the hot leg), the environmental correction factor is assumed to be
equal to one, meaning there is no correction due to the environment. Tables 5.1 and 5.2 show the
estimated maximum strain amplitude, strain rate, environmental correction factor, and associated fatigue
lives under PWR conditions for the hot and cold legs, respectively.
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Table 5.1 In-air and environmental fatigue lives estimated under different loading conditions for hot leg

Max. stress amplitude (MPa) 28.811 71.928 69.049

(with elastic modulus correction)

Max. strain amplitude (%) 0.017297 0.042841 0.041126
Max. strain rate (%/s) 8.336e-06 2.0646e-05 1.982e-05
In-air fatigue life >10° >10° >10°

E, 1 1 1
PWR environ. fatigue life >10° >10° >10°

Table 5.2 In-air and environmental fatigue lives estimated under different loading conditions for cold leg

Max. stress amplitude (MPa) 27.685 180.87 171.18
(with elastic modulus correction)
Max. strain amplitude (%) 0.01662 0.11086 0.10481
Max. strain rate (%/s) 8.0102e-06 5.3429¢e-05 5.0512e-05
In-air fatigue life >10° 1.1x10° 1.9x10°
Fon 1 7.8124 7.8124
PWR environ. fatigue life >10° 14,080 24,320
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6 Summary and Future Study

A system-level preliminary FE model was developed for a two-loop PWR reactor. This model was then
used to conduct a system-level heat transfer analysis and subsequent thermal-mechanical stress analysis
for typical design-basis thermal-mechanical cycles. The stress analysis results were then used to estimate
in-air fatigue lives of components, such as the hot and cold legs, based on estimation criteria for the
ASME in-air fatigue life and the fatigue design curve. Furthermore, estimated stress and strain histories
were used to calculate environmental correction factors and associated PWR environment fatigue lives
for the hot and cold legs based on the approach described in NUREG-6909. The discussed models and
results are very preliminary. Further development of the model is required for more accurate life
prediction of reactor components.

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

10.

Consideration of real plant transients for more realistic time-dependent heat transfer and
structural analysis.

Inclusion of other components (surge line, pressurizer, etc.) and incorporation of more realistic
geometric boundary conditions.

Detailed thermal-hydraulic simulation of key components for more realistic temperature
boundary conditions (e.g., thermal stratification in surge line pipes during in-surge and out-
surge).

Inclusion of elastic-plastic stress analysis for more accurate estimation of stress state beyond the
elastic or yield limit.

Inclusion of evolutionary material models for inclusion of cyclic hardening and softening.

Use of weld material properties for accurate stress state estimation in the nozzle and other weld
regions.

Weld modeling of the nozzle area and other weld regions for accurate inclusion of welding
process-related residual stress.

Determination of the effect of preexisting notch/cracks and their propagation due to temperature
and pressure cycling.

Consideration of other loading events such as pressurized thermal shock in addition to the heat-
up/cool-down cycles.

Inclusion of radiation-induced swelling/shrinkage material models for more accurate stress state
estimation of RPV.
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