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In a postulated severe accident, the thermo-mechanical loads from the corium debris that
has relocated to the lower head of the reactor pressure vessel (RPV) can pose a credible
threat to the RPV’s structural integrity. In case of a vessel breach, it is vital to predict the
mode and timing of the vessel failure. This affects the ex-vessel accident progression and
plays a critical role in the development of mitigation strategies. We propose a methodology
to assess RPV failure based on MELCOR and ANSYS Mechanical APDL simulations. A
Nordic-type boiling water reactor (BWR) is considered with two severe accident scenarios:
i) SBO (Station Blackout) and ii) SBO + LOCA (Loss of Coolant Accident). In addition, the
approach considers the dynamic ablation of the vessel wall due to a high-temperature
debris bed with the use of the element kill function in ANSYS. The results indicate that the
stress failure mechanism is the major cause of the RPV failure, compared to the strain
failure mechanism. Moreover, the axial normal stress and circumferential normal stress
make the dominant contributions to the equivalent stress σ at the lower head of RPVs. As
expected, the region with high ablation is most likely the failure location in both SBO and
SBO + LOCA. In addition, comparisons of the failure mode and timing between SBO and
SBO + LOCA are described in detail. A short discussion on RPV failure between ANSYS
and MELCOR is also presented.
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INTRODUCTION

The Fukushima nuclear accident occurred in 2011, stemming from a strong earthquake and a
subsequent tsunami that induced a station blackout (SBO) scenario (Naitoh et al., 2013a; Kaneko
et al., 2015; Pellegrini et al., 2016). In this scenario, the nuclear power plants (NPPs) experienced
serious damage due to the loss of off-site power, resulting in the leakage of large amount of
radioactive material to the environment. The reactor pressure vessel (RPV) of a light water reactor is
one of the key safety barriers that prevent the release of radioactive substances to the environment.
Thus, analyses of RPV failure are warranted to provide insights into the reactor’s accident
progression and develop effective mitigation strategies.
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During a severe accident, molten core materials and
internal structures, also known as corium, can relocate to
the lower head of the RPV and form a debris bed. This
debris bed can threaten the integrity of the RPV lower head
with four possible failure modes: lower head global rupture,
melt impingement and melt-through, penetration tube heats
up and ruptures, and penetration tube ejection (Naitoh et al.,
2013b; Herranz et al., 2015; Li et al., 2014; Mao et al., 2017; Yue
et al., 2020; Willschütz et al., 2003; Siegele et al., 1999; Rempe
et al., 1993). The structural behavior of the RPV is a complex
phenomenon, including the macro-structural global
deformation (i.e., the displacement of the RPV lower head)
and the micro-structural stress-strain responses. From the
global point of view, the failure deformation of the vessel

lower head has not been explicitly characterized in the field of
RPV structural integrity due to its different effects on various
shapes and sizes of RPVs. So the deformation is commonly
used as a supplementary in a specific RPV application (Mao
et al., 2016a; Villanueva et al., 2012a) and a validation for the
finite element analysis (FEA) (Sehgal et al., 2003; Devos et al.,
1999). However, the material properties can be characterized
by the tensile-creep tests under various temperatures and
loadings, providing the limits of the stress and strain for
certain carbon steel (Humphries and Chu, 2002). One can
find that the stress and strain mechanisms are the major factors
initiating the RPV failure, and the failure criterion based on the
stress-strain response is widely implemented in the failure
analysis of the RPV lower head (see Table 1 for examples)

TABLE 1 | Examples from the literature (Ikonen, 1999; Koundy et al., 2005; Villanueva et al., 2012b; Kaneko et al., 2015; Mao et al., 2016b; Mao et al., 2017) of strain- and
stress-based failure criteria used in structural analysis of RPVs.

Authors Objective Platform/approach Failure criteria

Mao et al. (2016b); Mao et al. (2017) AP600 ABAQUS Strain- and stress-based criteria
Koundy et al. (2005) Generic PWR Analytical FE models Strain- and stress-based criteria
Kaneko et al. (2015) Low-alloy steel of RPV Codes for Nuclear Power Generation Facilities Stress-based criterion
Villanueva et al. (2012b) Nordic BWR ANSYS APDL Strain- and stress-based criteria
Ikonen, (1999) RUPTHER# 14 PASULA Strain- and stress-based criteria

FIGURE 1 | Framework of thermo-mechanical analysis for a Nordic BWR with SBO and SBO + LOCA scenarios.

TABLE 2 | Major parameters and settings of the Nordic BWR in MELCOR.

Setting in MELCOR State Parameters Values

Considered accident events SBO/SBO + LOCA Nominal power 3,000 MWth
Automatic depressurization system On Vessel lower plenum radius 3.2 m
Emergency core cooling system Off Vessel lower plenum height 5.398 m
Penetration model and failure Off Vessel lower head thickness 0.198 m
Mitigation strategies Ex-vessel retention by cavity flooding — —
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FIGURE 2 | (A) Schematic of the containment nodalization of a Nordic BWR, (B) fine nodalization in the COR package of MELCOR, and (C) group of fuel
assemblies for radial rings (Chen et al., 2019).
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(Ikonen, 1999; Koundy et al., 2005; Villanueva et al., 2012b;
Kaneko et al., 2015; Mao et al., 2016b; Mao et al., 2017). When
the equivalent stress of the RPV lower head exceeds the
material strength, RPV failure occurs. The creep strain also
cannot be ignored because the vessel can undergo creep failure
when the temperature exceeds a certain level for an extended
period even at low pressures (Rempe et al., 1993; Callister and
Rethwisch, 2011). In the present study, we pay particular
attention to the failure mode and timing of a Nordic-type
BWR vessel under the SBO and SBO + LOCA events from the
perspective of micro-structural stress-strain responses, as well
as considering its macro-structural global deformation. The
heat exchange between the debris bed and the RPV wall is not
constant; hence, the stress and the strain across the vessel wall
behave in a transient way. To investigate the changing
conditions of RPVs under accident scenarios, a one-way
coupling method has been developed using MELCOR and
ANSYS Mechanical APDL codes. By taking transient
thermo-mechanical loadings as boundary conditions, the
failure mechanism of the vessel lower head is investigated
in detail, and its failure location and timing are also predicted
for the worst scenarios (i.e., SBO and SBO + LOCA).

Since the temperature at the inner surface of the RPV may
exceed the local melting of the vessel wall which can lead to an
ablation of the wall, it is important to investigate the structural
behavior of the RPV with an ablated profile. To simplify the
calculation, the geometry of the ablated vessel wall is mostly
assumed to be constant during the structural analysis in previous
study (Sehgal et al., 2003; Wang et al., 2021). However, the
temperature of the vessel wall has a gradient across the
thickness and continues to increase due to the continuous heat
transfer from the corium debris bed. This debris bed is expected
to fill the ablated region in the wall and produce further ablation
at the inner surface of the vessel wall (Zhan et al., 2018).
Accordingly, the vessel wall becomes thinner and thinner as
the accident progresses, which is supposed to be much weaker

to withstand the certain loads than before (Matejovic et al., 2017).
Thus, it is possibly accurate to take the change of vessel thickness
into account when predicting the timing and mode of RPV
failure. For that, the approach “element killing” is adopted in
the structural analysis in the present study, updating the vessel
profile regularly according to the transient temperature. The
thermal and mechanical response of the RPV lower head is
then investigated based on the dynamic ablation of the vessel wall.

METHODOLOGY AND MODELING

Considering the strengths of MELCOR in modeling accident
progression and ANSYS in simulating the structural behavior, the
thermo-mechanical analysis is developed based on these two
tools. The structural analysis of RPV was implemented in
ANSYS while the thermal loads and mechanical loads (i.e., the
applied boundary conditions on the RPV in ANSYS) from the
debris bed were calculated using MELCOR. In the following
sections, the procedure is outlined for this thermo-mechanical
analysis, and descriptions of modeling inMELCOR and the Finite
Element (FE) model in ANSYS APDL are also presented.

Framework of the Thermo-Mechanical
Analysis
MELCOR, as an integral code for severe accidents in an NPP,
includes various models or packages [e.g., Core (COR) Package,
Decay Heat (DCH) Package, and Cavity (CAV) Package]. These
packages can simulate a variety of severe accident phenomena in
a severe accident, such as core degradation, fission product
release, and hydrodynamics. However, some of these models
or packages are simplified to ensure a computationally
efficient simulation (Dietrich et al., 2015; Humphries et al.,
2017). In this case, some other codes and approaches are
adapted to a specific phenomenon in a severe accident, whose

FIGURE 3 | 2D axisymmetric geometry of the ablated RPV, loads, constraints, and the mesh.
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roles are complementary to those of MELCOR (Amidu et al.,
2021a; Amidu et al., 2021b). In this work, the first aim is to
investigate the vessel state (e.g., the stress and the strain) during
the Severe Accident (SA), and the second task is to assess the
timing and location of RPV failure. In terms of the failure analysis
of the RPV lower head, MELCOR has two failure modes
(i.e., creep failure based on a life-fractional rule and the yield
stress failure criterion), with a description of the failure time and
location of RPV failure in the form of an output text file. Thus,
detailed information on the structural response of the RPV lower
head is limited. In contrast, ANSYS allows users to perform
detailed nonlinear analyses using the Finite Element Method
(FEM). The FEM can divide the RPV lower head into a finite
number of subdomains, addressing the constitutive behavior in
each subdomain and recombining them into a global system for
the final calculation. This method allows ANSYS to provide more
information than just the timing and location of RPV failure for
the whole transient calculation. Both global deformation and the
stress-strain responses at different locations of the vessel can be
accessed for the entire accident progression, which are also
important in the assessment of severe accidents and accident
mitigation strategies (Humphries and Chu, 2002).

In assessing the structural integrity of the RPV, it is
necessary to set up failure criteria. One can take the yield
stress or ultimate stress as the stress-based criterion in
engineering practice. Compared to the yield stress failure
criterion, the ultimate stress failure criterion is a more
popular application of RPV failure (Humphries and Chu,

2002; Koundy et al., 2008; Kaneko et al., 2015; Villanueva
et al., 2020). This criterion assumes that the structural failure is
determined by the material necking. In addition, the strain-
based failure criteria are also considered in the present thermo-
mechanical analysis because the RPV can undergo strain
failure at an elevated temperature even under moderate
stresses (Rempe et al., 1993; Callister and Rethwisch, 2011;
Villanueva et al., 2012b). That is, we declare RPV failure if any
one of the following is satisfied: 1) the von Mises stress exceeds
the ultimate stress, 2) creep strain exceeds 20%, or 3) total
strain exceeds 25% (Rempe et al., 1993; Wang et al., 2021).

Figure 1 shows the general framework of this research. Given
that the occurrence of RPV failure will lead to the release of
corium from the RPV to the cavity in MELCOR simulation, we
deactivated the failure modes first to simulate the SBO
progression, thereby obtaining the thermo-mechanical loads
during a longer period. Then these loads are transferred as the
boundary conditions for the transient structural analysis with
ANSYS, further investigating the behavior of the vessel and
predicting its failure time and location based on the failure
criteria mentioned above. Also, the accident scenario (i.e., SBO
accident or SBO + LOCA accident) with the same conditions was
simulated again in MELCOR with the failure modes, and some
information about RPV failure can be given using the MELCOR
platform. By comparing the timing and location of RPV failure
predicted by these two codes, respectively, some insights into the
failure analysis on the vessel lower head are provided in the
succeeding section.

TABLE 3 | Accident progression for the case with deactivated failure modes in MELCOR.

Accident progression SBO SBO + LOCA

Initiating accident 0 s 0 s
Downcomer low water level signal state parameters 1,057 s ≈ 18 min 59 s ≈ 1 min
Start of cavity flooding (same with ADS activation) 1,657 s ≈ 28 min 660 s ≈ 11 min
Gap release 2,750 s ≈ 46 min 1,542 s ≈ 26 min
First failure of support plate (the start of core relocation) 7,913 s ≈ 2.20 h 6,183 s ≈ 1.72 h
Last failure of support plate (the end of core relocation) 27296 s ≈ 7.58 h 24659 s ≈ 6.85 h

FIGURE 4 | (A) Evolution of total mass in the RPV lower head under SBO and SBO + LOCA scenarios. The total mass stabilizes at P1 and P2 in SBO and SBO +
LOCA scenarios, respectively. (B) Evolution of RPV internal pressure under SBO and SBO + LOCA scenarios.
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Description of MELCOR Model
The SBO and SBO + LOCA scenarios were assumed to occur in a
Nordic BWR with a 3,000 MWth nominal power (Pershagen,
1996). The major parameters of the Nordic BWR and settings in
MELCOR are summarized in Table 2. The severe accident
strategy employed by the Nordic BWR is cavity flooding,
which is also considered in the MELCOR simulation. This
accident strategy is assumed to activate when the water level
in the vessel is below a critical value.

In MELCOR, the thermal-hydraulic response of this reactor was
calculated by means of modeling its nodalization (see Figure 2A).

Figures 2B,C show the mesh configuration for the COR package
nodalization, which is used to simulate the degradation and
relocation of the core in the RPV. As indicated in Figure 2B,
there are 28 uneven segments along the vessel lower plenum and
21 rings in the radial direction. These radial rings are depicted by
various cells and colors, as shown in Figure 2C, representing
different fuel assemblies and ring groups, respectively.

Description of FE Model
The numerical simulation of the RPV was performed in a 2D
axisymmetric geometry as shown in Figure 3. As stated above,

FIGURE 5 | Evolution of (A) the inner-wall temperature of the RPV in the SBO case and (B) the inner-wall temperature of the RPV in the SBO + LOCA case.

TABLE 4 | Range of polar angles for each segment in the MELCOR model.

Segment number 1 2 3 4 5 6 7

Angle range (°) 0–3.13 3.13–6.27 6.27–8.88 8.88–11.35 11.35–14.13 14.13–16.78 16.78–19.39
Segment number 8 9 10 11 12 13 14
Angle range (°) 19.39–22.46 22.46–25.45 25.45–28.61 28.61–31.94 31.94–35.10 35.10–38.83 38.83–42.28
Segment number 15 16 17 18 19 20 21
Angle range (°) 42.28–46.21 46.21–49.37 49.37–52.74 52.74–55.35 55.35–57.88 57.88–60.93 60.93–63.89
Segment number 22 23 24 25 26 27 28
Angle range (°) 63.89–67.81 67.81–71.62 71.62–75.57 75.57–79.45 79.45–83.28 83.28–87.09 87.09–90
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the output data from MELCOR (e.g., internal and external
surface temperatures of the vessel, internal and external
pressures, and the molten corium properties) were
transferred as loads and constraints on the RPV for the
structural analysis using ANSYS.

Furthermore, the temperature of the vessel wall has a
gradient across the thickness and continues to increase due
to the continuous heat transfer from the debris bed. This
debris bed is expected to fill the ablated region in the wall and
produce further ablation at the inner surface of the vessel wall
(Zhan et al., 2018). Here, the thermal and mechanical
response of the RPV lower head is investigated based on a
dynamic ablation process of the vessel wall. First, the RPV
geometry is modeled in ANSYS Mechanical APDL with an
initial thickness of 0.198 m. Then the “element killing”
method is implemented in ANSYS to simulate the dynamic
state of vessel ablation, updating the ablated profile of the RPV
regularly based on the temperature distribution. In addition, a
sufficiently fine mesh (40 element layers across the vessel wall)

with a characteristic length of 0.005 m is considered, which is
necessary to describe the detailed profile during the ablation
process (see Figure 3).

Material Properties
The material properties of SA533B1 are considered and adopted
from the study by (Rempe et al., 1993), which are all temperature-
dependent, including the density, thermal conductivity, specific
heat capacity, ultimate strength, coefficient of thermal expansion,
and modulus of elasticity. Since most of these data are limited at
temperatures of up to 1373K in the reference, a constant-valued
extrapolation of the material properties of SA533B1 is used for
temperatures above 1373K.

The maximum temperature on the surface of the RPV is
beyond the melting point of the vessel material. It is well known
that creep occurs when the temperature is higher than
0.3–0.4 times the melting temperature of the material (Gandy,
2007). To account for the creep effect, a modified time hardening
model is used and is given by the following:

FIGURE 6 | Dynamic ablation for the SBO case: temperature distribution (K) at time (A) t = 6 h, (B) t = 7.16, and (C) t = 7.22 h.

FIGURE 7 | Dynamic ablation for the SBO + LOCA case: temperature distribution (K) at time (A) t = 6 h, (B) t = 7.16, and (C) t = 7.33 h.
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εcr � c1σC2 tC3+1

c3 + 1
c1 > 0 (1)

where εcr is equivalent creep strain, t corresponds to the time in
seconds at the end of sub-step, δ is the equivalent stress in Pa, and
ci are constants.

In addition to the creep behavior, the elasto-plastic behavior of this
material is governed by a nonlinear isotropic (NISO) hardeningmodel

(see Eq. 2). The detailed values of the parameters and validations of
these two models are given in the study by (Wang et al., 2021).

δY � σ0 + R0ε̂pl + R∞(1 − exp(−bε̂pl)) (2)

where δY is the current yield stress, σ0 is the initial yield stress, ε̂
pl

is the accumulated equivalent plastic strain, and R∞, R0, and b are
material constants.

FIGURE 8 | Thickness of the RPV lower head at t = 6.17 h, t = 6.50 h, t = 6.83 h, t = 7.17 h, and t = 7.22h/7.33 h (the time of melt-through) for (A) SBO and (B) SBO
+ LOCA cases.

FIGURE 9 | (A) Temperature distribution (K), (B) von Mises stress distribution (Pa), and (C) creep strain distribution of the vessel wall at time = 7.16 h for the
SBO case.
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RESULTS AND DISCUSSIONS

System Analysis With MELCOR
In this section, some observations are briefly given for
the case with deactivated failure modes in MELCOR,
as mentioned previously in the framework (see
Figure 1). The main events of accident progression are
listed in Table 3.

It should be noted that these output data from MELCOR are
used as the input conditions for the detailed structural analysis
using ANSYS Mechanical. In Figure 4A, the total mass
accumulated in the lower head is provided for both SBO and
SBO + LOCA cases. The initial mass comprises intact supporting
structures and penetration guide tubes. The abrupt increase
happens earlier in the SBO + LOCA case, before 2 h, but both
follow the same trend after 3 h onward and stabilize around 280
tons after 6 h.

Figure 4B shows the internal pressure evolution of the RPV
at the first 12 h. For the SBO case (marked in blue line), the
automatic depressurization system (ADS) is active at about
half an hour, and the internal pressure before that is
maintained at the level of 7 MPa due to the operation of
safety relief valves. Subsequently, it dramatically reduces at
0.27 MPa and stabilizes. For the SBO + LOCA case, the vessel
pressure decreases dramatically at the very beginning of the
accident due to rapid steam release to the containment
through the initial break at the main steam line. The ADS
system has no effect in this case. The pressure stabilizes at
around 0.14 MPa.

Figures 5A,B show the internal temperature evolution for
the SBO and SBO + LOCA cases. A significant decrease in
temperatures is shown at t = 0.5 h for the SBO case in
conjunction with activation of the ADS (see Figure 5A).
An earlier decrease in temperatures is also shown for the

FIGURE 10 | Comparison of von Mises stress of the vessel and SA533B1 ultimate stress at the critical regions for the SBO case; (A) region A, (B) zoomed-in
version of region A after 6 h, (C) region B, (D) zoomed-in version of region B after 6 h, and (E) region C.
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SBO + LOCA case due to the main steam line break (see
Figure 5B). For both SBO and SBO + LOCA cases, segments
19–21 (marked with solid lines in both figures) show higher
internal temperatures at the late stage and reach the melting
temperature earlier than other segments, at 1789K at 5.88 h
and 6.05 h, respectively. Given these data from MELCOR, the
temperature of each segment is used as the boundary
condition for the vessel surface with a different range of
polar angles in the structural analysis (see Table 4).

Compared with the SBO case, the steam line breach in SBO +
LOCA can accelerate the coolant vaporization and take away
some heat (Chen et al., 2019). Accordingly, the results showed
significant difference for these two cases from the corium mass,
internal pressure, and temperature to the time of melt-through,
as well as the external pressure and temperature (not shown).
The effect of these differences on the behavior of the RPV is

investigated from the structural analyses in the following
sections.

Reactor Pressure Vessel Structural
Analysis With ANSYS APDL
Reactor Pressure Vessel Ablation
The RPV undergoes an ablation caused by the thermal load from
the debris bed, and hence, the thickness of the vessel wall changes
during the accident progression. In MELCOR, the residual
thickness profile is determined by the inner-wall temperatures,
resulting from the debris temperature distribution and heat fluxes
directed into the vessel wall. As for the determination of the vessel
ablated profile in ANSYS, these inner-wall temperatures as a
function of time are directly used as the thermal boundary
condition imposed on the vessel wall, deactivating the

FIGURE 11 | (A) Equivalent creep strain and (B) total strain of the vessel wall at time = 6.8 h for the SBO case.

FIGURE 12 | (A) Temperature distribution (K), (B) vonMises stress distribution (Pa), and (C) creep strain distribution of the vessel wall at time = 7.16 h for the SBO +
LOCA case.
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elements with zero stiffness when its temperature is higher than
the melting point of this material (i.e., the element killing
method). Here, the ablated profile of the RPV is updated
regularly by eliminating the elements when their
corresponding temperature exceeded 1789K, which is the
melting point of material SA533B1 (Rempe et al., 1993).

Figures 6, 7 show the dynamic process of RPVs’ ablation and
temperature distribution and their corresponding times. As
expected, the ablation of the vessel wall occurs approximately
after t = 6 h for both SBO and SBO + LOCA and becomes worse
as time progresses. These severe ablations are concentrated on the
upper surface of the RPV lower head, and eventually, a melt-
though on the vessel wall happens after 7.22 h for the SBO case
and 7.33 h for the SBO + LOCA case.

Figure 8 shows a sequence of five snapshots illustrating the
ablation process; these snapshots are obtained by describing
the residual thickness at interval 10° along the RPV lower head
and 2.5° in the high-ablated area (see the points in Figure 8A,
inset). The first snapshot is 6.17 h (marked in blue line), at
which time the ablation occurred slightly at angle 55°–70° for
the SBO case and 55°–65° for the SBO + LOCA case.
Furthermore, as the accident progresses, the range of the
ablation expands to both sides within the range 45°–72.5°.
Similar ablation can be found in the SBO + LOCA case,

although the thinnest region in the SBO case (θ � 62.5°) is
always higher than the one in the SBO + LOCA case (θ � 57.5°)
during the entire time. Close observation of Figure 8 reveals
that at any stage, the thinnest region is always at the same angle
and, in addition, melt-through occurs at this angle. The orange
lines in Figures 8A,B show the location of the RPV breach, at
7.22 and 7.33 h, respectively. These breach times are consistent
with the escalation of the internal temperatures in each case
(see Figures 5A,B).

Stress and Strain Response
As the accident progresses, the stresses and strains of the vessel
wall change in time and are both strongly dependent on the
temperature. To illustrate the complex and nonlinear behavior of
the RPV, we present snapshots of the stress and strain responses
of the RPV during the ablation.

The results of temperature, von Mises stress, and creep strain
of the vessel wall for the SBO case at t = 7.16 h are shown in
Figure 9. In Figure 9A, the highly ablated area corresponds to the
region with higher temperature, where the creep strain is also
larger (see Figure 9C). However, it is found that the von Mises
stress is lower in these regions due to the significant yielding in
the regions with high temperature (see Figure 9B). Since the
thermo-mechanical response of the vessel wall is quite complex,

FIGURE 13 | Comparison of von Mises stress of the vessel and SA533B1 ultimate stress at the critical regions for the SBO + LOCA case; (A) region B* and (B)
zoomed-in version of region B* after 6 h. The strain distribution of the vessel at time = 7.1 h for the SBO + LOCA case; (C) equivalent creep strain and (D) total strain.
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we took three locations on the vessel wall to further investigate the
vessel behavior. They correspond to the high-creep strain (region
A at angle 46°–49°), high-ablation and high-temperature (region
B at angle 60°–63°), and high-stress (region C at angle 83°–87°).

Figure 10 gives the comparison of von Mises stress of the
vessel (the solid lines) and SA533B1 ultimate stress (the dotted
lines) at the critical regions. It can be seen in Figures 10A,B that
the stresses at region A remain below the ultimate stress of the
vessel steel until t = 7.3 h. The results of region B are depicted in
Figure 10C with a zoomed-in plot in Figure 10D, which shows
that the von Mises stress at the outer wall exceeds the ultimate
stress of the steel at t = 6.8 h and the inner wall thereafter.
Compared to the other two segments, region C has the highest
stress after 6 h (see Figure 10E). However, a larger safety margin
between the vessel stress and the stress limit can be seen in this
region. This is because the ultimate stress is temperature-
dependent, and hence, the stress limit of region C is relatively
high due to its low local temperature.

As mentioned before, the RPV failure mechanism includes the
stress and strain responses according to the two failure criteria in
Framework of the Thermo-Mechanical Analysis. From Figure 10, it

was found that RPV failure occurs at 6.8 h in region B when
considering the stress limit of the vessel steel. To check whether
there is a strain failure before the stress failure, snapshots of creep
and total strains at t = 6.8 h are shown in Figure 11. The maximum
creep strain and maximum total strain have values of 9% and 9.1%,
respectively, located at the region with high ablation. Both are
sufficiently below the limits set in the strain-based failure criteria
(i.e., 20% creep strain and 25% total strain). Accordingly, RPV failure
for the SBO case at 6.8 h is due to the stress failure mechanism. In
addition, the failure location is in region B (angle 60°–63°), which
has ablated the most in comparison with other parts of the RPV
lower head (see Figure 8A).

Next, we present the structural analysis of the RPV with the SBO
+ LOCA case, similar to the SBO case. Figure 12 shows the results of
temperature, von Mises stress, and creep strain of the vessel wall for
the SBO + LOCA case at t = 7.16 h. Like the SBO case, the highly
ablated area shows higher temperature, higher creep strain, and
higher stress. Given the distribution of the stresses along the vessel
wall, it can be noted that high stresses are in the same region as in the
SBO case, that is, in region C at angle 83°–87°, while high-creep and
high-temperature values occur at the thinnest region of the RPV

FIGURE 14 | (A) The stress component distributions along the thinnest region (region B) of the RPV lower head for the SBO case at failure time t = 6.8 h. (B) The
stress component distributions along the thinnest region (region B*) of the RPV lower head for the SBO + LOCA case at failure time t = 7.1 h.
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FIGURE 15 | (A) Vector sum of displacement (scale factor = 3) at t = 6.8 h (failure time) for the SBO case. (B) Displacement of the external vessel surface at t = 1, 2,
3, and 6.8 h for the SBO case. (C) Vector sum of displacement (scale factor = 3) at t = 7.1 h (failure time) for the SBO + LOCA case. (D) Displacement of the external
vessel surface at t = 1, 2, 3, and 7.1 h for the SBO + LOCA case.

TABLE 5 | Relevant information of RPV failure from MELCOR and ANSYS.

Accident scenarios SBO case SBO + LOCA case

Simulation tool MELCOR ANSYS MELCOR ANSYS
Failure time t = 6.7 h t = 6.8 h t = 6.9 h t = 7.1 h
Failure location 60.93°–63.89° 60°–63° 55.35°–57.88° 55°–58°

Failure reason Thru-wall yielding Breach of ultimate stress Thru-wall yielding Breach of ultimate stress

Note: however that MELCOR, cannot provide the transient structural responses (i.e., stresses, strains, and global deformation) which may provide insights on how to developmeasures to
mitigate the accident. In addition, inclusion of important lower head features such as vessel penetrations is straightforward in ANSYS, although it is not done here yet and should be in 3D.
Nevertheless, MELCOR, can provide acceptable results where transient structural responses of the RPV, is not needed.
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lower head, that is, in region B* at angle 55°–58°. Note that region B*
in Figure 12 and region B inFigure 9 are at different angles, but both
correspond to the regions with high ablation for the SBO + LOCA
and SBO cases, respectively.

Next, a comparison of von Mises stress of the vessel and the
SA533B1 ultimate stress at the critical regions (see Figure 12) is
shown to investigate the timing and region of RPV failure in the
SBO + LOCA case. It can be observed that the von Mises stresses
do not exceed the allowable stress for the given temperature at
region A and region C (not shown here). However, as
temperature is quite high in region B*, the stress limit of this
region (specifically the outer part of the vessel) is reached at t =
7.1 h (see Figure 13A, B).

Figures 13C,D show the distribution of creep and total strains
of the RPV in the SBO + LOCA case at the (stress) failure time (t =
7.1 h). As expected, the highly ablated area has maximum creep
and total strains, the rate being 9.8% and 10.7%, respectively.
Accordingly, we can conclude that the stress failure mechanism,
rather than the strain failure mechanism, is the dominant
mechanism leading to RPV failure both in the SBO case and
the SBO + LOCA case. Furthermore, the results indicate that the
thinnest region of the RPV lower head can fail before melt-
through.

To further investigate the stress profile of the vessel upon
failure, Figure 14 illustrates the contribution of each stress
component to the von Mises stress across the thinnest regions
of the RPVs for the SBO and SBO + LOCA cases at their failure
time. The axial normal stress σy and circumferential normal
stress σz are generally larger than the other two components, both
contributing dominantly to the vonMises stress σ along the vessel
thickness. In addition, as shown in both figures, the σy and σz are
in the positive direction (outward of the surface of the vessel) at
the inner vessel, while in the negative direction (toward the
surface of the vessel) at the outer vessel. It means that the
RPV undergoes a compression process at the inner surface
and a tension process at the outer surface. As it has already
been discussed that the RPV would fail at the outer surface for
both SBO and SBO + LOCA cases (see Figure 10D; Figure 13B),
the state of stress components at the outer surface (X/d = 1)
should be given more attention. In Figure 14A, we can see that at
the outer surface of the vessel wall, the circumferential normal
stress σz (5.4 MPa in the negative direction) is the largest stress
component, followed by the axial normal stress σy (4.3 MPa in
the negative direction), and the radial normal stress σx and shear
stress τxy are relatively lower. Similar results can also be found in
Figure 14B. Accordingly, in the case of vessel breach, the RPV
tends to produce a vertical crack instead of a
circumferential crack.

Reactor Pressure Vessel Deformation
To supplement the analysis of RPV structural response at the time
of failure, Figures 15A, C show the deformation of the vessel
lower head, reaching 8.4 cm in the SBO case and 9 cm in the SBO
+ LOCA case. Although the limit of deformation for the vessel
lower head has not been explicitly defined here and elsewhere (as
far as the authors know), the degree of deformation in these two
accidents (i.e., 8.4 cm and 9 cm) is considered to pose a significant

threat to the RPV structural integrity. For the same accident
scenarios but with external cooling (Wang et al., 2021), it can be
noted that these values are more than three times the values
predicted at 12 h, which are 2.8 cm and 2.9 cm, respectively. The
location of the large deformation (above 8 cm) for the SBO case is
in the 24° to 42° section of the vessel (see Figure 15B), which is
slightly outside and below the ablated region in the latitudinal
direction. For the SBO + LOCA case (see Figure 15D) the section
of the vessel with large displacement (35°–51° ) partly overlaps
with the ablated region at angle 45°–51°. Hence, it can be inferred
that the ablated region in the SBO + LOCA case is considered
weaker than that in the SBO case given the macro-structural
global deformation of the RPV.

Comparison of the Reactor Pressure Vessel
Failure Between ANSYS and MELCOR
Recall that in the structural analysis with ANSYS, the boundary
conditions are transferred continuously from the output data in
MELCOR by deactivating the failure modes. On the other hand,
both SBO and SBO + LOCA accidents are simulated again in
MELCOR with the failure modes, and the time and location of
RPV failure can be extracted from the MELCOR output file.
Table 5 compares the relevant information of RPV failure from
MELCOR and ANSYS. In MELCOR, the vessel fails at t = 6.7 and
6.9 h, respectively, under these two accidents, resulting from the
thru-wall yielding. This is the default failure criterion in
MELCOR, indicating that the stress of the vessel wall exceeds
the yield stress. Although MELCOR uses a different failure
criterion, the failure time is close to the one obtained using
ANSYS. Furthermore, the highly ablated regions, 60.93°–63.89°

(segment 21) and 55.35°–57.88° (segment 19), are also identified
as the failure location of the vessel wall, consistent with the results
from ANSYS.

CONCLUSION

In this study, a framework involving the ANSYS and MELCOR
platforms is established to study the behavior of a Nordic RPV
lower head under SBO and SBO + LOCA. This one-way coupled
method is particularly useful when the detailed investigation on
the RPV behaviors is needed. Two failure criteria, the stress-based
failure criterion and the strain-based failure criterion, have been
used in assessing the mode and timing of RPV failure. In addition,
a transient boundary condition (i.e., internal and external
temperatures) is considered to simulate the dynamic process
of vessel ablation. From the structural analysis, it is found that
RPV failure initially occurs at 6.8 h in the SBO case and 7.1 h in
the SBO + LOCA case, both attributed to a stress failure
mechanism. Moreover, the axial normal stress σy and
circumferential normal stress σz are generally larger than the
other two components, contributing dominantly to the vonMises
stress σ along the vessel thickness. Furthermore, the weakest part
of the vessel wall is in the region with high temperature, which
occurs at an angle around θ = 62.5° from the bottom for the SBO
case and angle θ = 57.5° for the SBO + LOCA case. Due to high
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temperature, the corresponding ultimate stress limits in this region
are much lower than in colder regions. In this case, the von Mises
stresses have surpassed these limits for both the SBO and SBO +
LOCA cases. In addition, the creep and total strains and the ablation
on the RPV are also found to be significant in this region. Finally,
bothANSYS andMELCOR results indicate that the regionwith high
ablation is most likely the failure location, as expected.

The framework and methodology presented here can be used
in assessing structural integrity of the RPV in other types of
nuclear reactor designs and provide the vessel failure analysis
during a severe accident progression. It can also be used in
analyzing the feasibility of different severe accident mitigation
strategies with consideration of vessel thermo-mechanical
behavior. In the future, the vessel penetrations (e.g., pump
nozzles, Control Rod Guide Tubes, and Instrumentation Guide
Tubes) on the RPV lower head will be considered to investigate
other modes of vessel failure. This study provides a preliminary
comparison of the RPV failure from ANSYS and MELCOR with
their commonly used or default failure criteria; however, further
investigation on RPV failure between these two codes is required
with a unified failure criterion.
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