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a b s t r a c t

Nuclear power generates a large portion of the energy used today and plays an important role in energy
development. To ensure safe nuclear power generation, it is essential to conduct an accurate analysis of
reactor structural integrity. Accordingly, in this study, a methodology for obtaining accurate structural
responses to the combined seismic and reactor coolant loads existing prior to the shutdown of a nuclear
reactor is proposed. By applying the proposed analysis method to the reactor vessel internals, it is
possible to derive the seismic responses considering the influence of the hydraulic loads present during
operation for the first time. The validity of the proposed methodology is confirmed in this research by
using the finite element method to conduct seismic and hydraulic load analyses of the advanced
APR1400 1400 MWe power reactor, one of the commercial reactors. The structural responses to the
combined applied loads are obtained using displacement-based and stress-based superposition
methods. The safety of the subject nuclear reactor is then confirmed by analyzing the design margin
according to the American Society for Mechanical Engineers (ASME) evaluation criteria, demonstrating
the promise of the proposed analysis method.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To ensure the appropriate design and maintenance of a nuclear
reactor system, it is essential to demonstrate its structural integrity.
Generally, the main components of a nuclear reactor system consist
of the reactor vessel internals (RVIs), pressurizer, steam generator,
and reactor coolant pumps. The RVIs include the reactor vessel
(RV), core support barrel (CSB) assembly, and upper guide structure
(UGS) assembly, which plays an important role in protecting the
fuel assemblies (reactor core) from external forces. However,
because the fundamental vibration modes of RVIs are within the
frequency range of an approximately 1e100 Hz seismic wave, they
can be critically affected structurally by seismic activity. As a result,
the structural safety of RVIs under seismic loading should be
thoroughly investigated.

Many researchers have studied reactor seismic integrity using
finite element (FE) analysis due to the difficulty of obtaining the
seismic responses of a real reactor system using physical

experiments. Some researchers have analyzed seismic responses by
simulating the reactor as a beam element model [1,2]. However,
when using beam elements, it is impossible to analyze the stresses
at detailed positions in the model. Recently, in order to improve the
analysis accuracy, a three-dimensional (3-D) FE model was used to
perform a seismic analysis of RVIs by simplifying specific compo-
nents such as the hot legs and cold legs, which are cylindrical, as
hexahedrons in order to reduce the analysis load and to focus on
the displacement and acceleration responses [3]. However, in
general, the stresses resulting from a FE analysis are quite sensitive
to detailed geometry andmesh characteristics at component edges.
Therefore, in order to obtain accurate stress values from a structural
analysis of RVIs, the detailed shapes of components should be
considered in the 3-D FE model.

In addition to external loads such as seismic waves, RVIs are
exposed to continuous hydraulic loads applied by the flow of
reactor coolant under operating conditions. Some researchers have
explored the structural effects of internal flow, evaluating struc-
tural responses to pump pulsation and turbulent loads by primarily
analyzing the responses of the CSB and LSS, but not the overall
responses of all RVIs [4]. Notably, they did analyze the seismic and
structural responses due to hydraulic loads during operation
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separately. However, in the event of an actual earthquake, if the
operating basis earthquake (OBE) or safe shutdown earthquake
(SSE) overloads are tripped, plant operations cease. Until operation
is paused, the hydraulic and seismic loads may simultaneously
affect the structural responses of RVIs. Accordingly, it remains
necessary to explore the seismic responses of RVIs considering the
flow effects under operating conditions, which have not, to the
authors’ knowledge, been determined in previous studies.

The aim of this study was to analyze seismic response of reactor
vessel and internals near real situation. In order to approach the
actual situation, hydraulic loads causedby theflowsunderoperating
conditions were considered. However, it was almost impossible to
perform time history seismic response analysis considering hy-
draulic loads, because the analysis cost was very large. Due to the
problem of analysis cost, in ASME B & PV Section III as the conven-
tional method, the maximum response values of the structure to
each load were added to derive the representative maximum
response values [5,6]. This method is less accurate because it simply
adds the maximum value without considering the maximum
response points of the structure. In addition, conservative evalua-
tion was performed when structural integrity is evaluated by the
maximum stress values obtained through this method. In order to
overcome the limitations, the main purpose of this research is to
establish amethodology for analyzing the seismic responses of RVIs
considering the reactor coolant flow under operating conditions. A
3-D FEmodel using detailed RVI shapes was constructed for seismic
analysis, and the structural responses to the hydraulic loads under
operating conditionswereobtained. The FEanalyses of thehydraulic
loadswere performed for both periodic hydraulic loads and random
hydraulic loads. In the process of summing the derived structural
responses, to mitigate the conservative approach of the simple
stress-based superposition method, a displacement-based stress
superposition method was established and applied to determine
structural responses to the combined seismic andperiodic hydraulic
loads, and the structural responses to these combined loads and the
random hydraulic loads were summed using a simple stress-based
superposition method. Essentially, this research proposes a meth-
odology for deriving the structural seismic responses of RVIs
considering the influences of coolant flow loads generated during
operation using an FEmodel of an APR1400 nuclear reactor to verify
the validity of the proposed analysis methodology.

2. Finite element model for structural analysis

Most research on the structural integrity of RVIs is conducted
using the Reactor Vessel Internals Comprehensive Vibration
Assessment Program (RVI CVAP) from the US Nuclear Regulatory
Guide (ver. 1.20). The guide considers APR1400 evaluated in this
study to belong to the non-prototype Category I, inwhich the safety
of the reactor is evaluated based on analysis results, limited mea-
surements, and full inspection [7]. In order to provide this infor-
mation, the current study was conducted using a FE analysis.

In our previous research [8], a FE model of the APR1400 was
constructed and verified based on modal experiments and scale-
similarity theory. Then, the dynamic characteristicsdnatural fre-
quency and mode shapedwere intensively analyzed. The non-
linearity of geometric and contact conditions was considered
based on verification of the dynamic characteristics of the scaled-
down model. Additionally, the fluid-structure interactions (FSIs),
such as the addedmass effect and coupled effect due to the coolant,
were considered, though the flow of the coolant was not taken into
account. Importantly, the macroscopic dynamic characteristics of
the structure were the focus of the research, so structure details
affecting the flow were not included in the analysis model.

However, when considering the operating condition, it is

essential to include the details of structures affecting coolant flow
in the FE model. Fig. 1 shows the main flow and bypass flow inside
the reactor vessel. The main flow entering the inlet descends along
the downcomer and passes through the flow skirt and LSS. There-
fore, in this research, in order to obtain accurate hydraulic loads
from the FE analysis, the LSS and flow skirt (FS) were also included
in the model. Because the LSS is a lattice structure and the FS is a
porous structure meant to evenly distribute coolant flow, these
detailed structures need to be reflected in the model in order to
obtain accurate flow analysis results. Accordingly, in the present
research, the RV, CSB assembly, UGS assembly, LSS, and FS were all
included in the analysismodel. The dynamic response of the bundle
structure itself, including the fuel assembly, was not a major
objective, as the focus of this study was the analysis of the struc-
tural safety of RVIs with large effective masses. In general, the stress
analysis of the bundle structure is performed separately from the
stress analysis of the main structure [9,10]. Therefore, the fuel as-
sembly was considered as a simple lumped mass rather than a
detailed bundle shape, reflecting the mass and inertia effects of the
bundle without adding unnecessary computational complexity.
Analyses of the seismic responses of the fuel assembly itself
considering coolant flow should be conducted in future studies.

Fig. 2 depicts a schematic of the APR1400 reactor and the RVIs of
primary concern in the current study [12]. A FE analysis was per-
formed on this reactor using the ANSYS Workbench v. 17.2 com-
mercial FE analysis software package. Fig. 3 shows the constructed
finite element model of the APR1400 reactor. A total of 2,290,389
elements were used in the completed model: 602,702 solid ele-
ments (Solid-185 in ANSYS) and 1,687,687 fluid elements (Fluid-30
in ANSYS). SOLID185 is 3D solid element and suitable for modeling
general 3D solid structures. It is defined by eight nodes having three
translational degrees of freedom at each node. FLUID 30 is a
pressure-based element that is used for fluid medium modeling
and the interface in fluid/structure interaction. It is suitable for
submerged structure dynamics. The element usually has eight
nodes with one degree of freedom: Pressure. However, the degrees
of freedom for the three translational directions are only added to

Fig. 1. Schematic diagram of the flow path of the APR1400 [11].
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the fluid structure interface. Table 1 provides the material proper-
ties of the APR1400 nuclear reactor components.

3. Seismic analysis

3.1. Overview of seismic analysis

The main purpose of this research is to establish a methodology
for analyzing the seismic responses of a nuclear reactor system
under operating conditions that takes into account the effects of the
coolant flow using a FE analysis. However, a two-way FE analysis
reflecting the FSIs that include both the seismic and hydraulic loads
at every time step is difficult to perform with such a large and

complex 3-D model. To address this difficulty, a methodology for
deriving the responses to external loads (seismic, periodic hy-
draulic, and random hydraulic loads) by performing each analysis
and superimposing the results is proposed. Because each load is
caused by different factors (earthquake, pump pulsation, and tur-
bulence) that act independently on the structures, the response of
each structure to each load can be regarded as linear. In this way,
the proposed method can be used to derive the overall structural
responses of RVIs to the superimposed loads. In this research, using
the method shown in Fig. 4, the seismic responses (as quantified by
stress intensity) considering the effects of coolant flow were ob-
tained. In the process of summing the derived structural responses,
the displacement-based stress superposition method is proposed
to reduce the conservative approach of the simple stress-based
superposition method, improving the accuracy of the analysis re-
sults. This method was only applied to the superposition of the
structural responses to the seismic load and the periodic loads
because the random hydraulic loads cannot be used to determine
physical displacements. Accordingly, the displacement-based su-
perposition of structural responses was then combined with the
effects of the random hydraulic loads using the simple stress-based
superposition method to determine the overall stress conditions of
the RVIs.

3.2. Seismic analysis

There are two types of seismic analysis: the time history analysis
(THA) and the response spectrum analysis (RSA). Typically, RSA is

Fig. 2. Schematic diagram of the APR1400 RVIs [12].

Fig. 3. Finite element model of the APR1400 reactor.

Table 1
Material properties of the APR1400 reactor components [13,14,15]

Reactor model component

Fluid RV, SC CSB, UGS, IBA, CS, LSS, FS

Material Reactor coolant SA-508
Gr. 3, Class 1

SA-240
TP304

Elastic modulus [GPa] e 171.4 172.5
Density [kg/m3] 744 7750 8030
Poisson’s Ratio e 0.30 0.31
Sound velocity in fluid [m/s] 1019.5 e e

Fig. 4. Finite element analysis and stress calculation procedure.
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used to analyze large complex structures, such as nuclear reactors,
because THA requires relatively large computational load and
storage space, though it has a significant advantage in that it can
determine the structural responses for each time step of the actual
seismic input signal. Accordingly, in this study, the THAwas used to
derive accurate seismic responses and to accurately conduct a
detailed analysis of the 3-D model.

To ensure accurate results, it critical that earthquake signals be
selected that genuinely affect the reactor structure. The American
Society for Mechanical Engineers/American Nuclear Society Prob-
abilistic Risk Assessment Standard 2009 (ASME/ANS PRA Std. 2009)
recommends selection of an appropriate earthquake when
assessing site-specific seismic responses and reactor vulnerability
[16]. If it is difficult to use site-specific seismic waves, it is recom-
mended that NUREG/CR-0098 or similar seismic waves be used. In
this study, the seismic analysis was performed using the El Centro
earthquake of Western California because there are no site-specific
seismic waves for an APR1400 reactor at this time. Fig. 5 shows the
time history of the El Centro earthquake. The selected seismic wave
contains responses up to 0.33 g, which is greater than the 0.3 g SSE
of the APR1400, and can therefore be used for the seismic response
analysis. The analysis was conducted by applying 0e30 s of the
selected seismic wave at 0.02 s intervals. The lower ends of the four
reactor supports were fixed, and the structurewas excited using the
body acceleration method. The total analysis time for the transient
analysis was 1,263,600 s (about 351 h). Fig. 6 depicts the resulting
seismic responses of the reactor structures, and Table 2 provides
the maximum stress intensity of each structure.

It can be seen in Fig. 6 that the maximum stress occurs in the RV
support area because the first natural frequency (for RV bending:
4.599 Hz) of the overall structure is included in the principal
excitation frequency band of the seismic input. Large stresses were
also observed in the LSS, CS, and CSB. Relatively small stresses were
induced in the other internal structures because their effective
masses were small. Note that as the upper/lower ends of these
structures were fixed, they behaved like rigid bodies.

4. Structural responses to coolant flow

During operation, the reactor coolant is at high temperature and
pressure because the reactor is internally pressurized. Generally,
reactor coolant flows impart both periodic and random hydraulic
loads due to different factors: the periodic loads result from pump

pulsation due to the rotation of the reactor coolant pumps during
operation, and the random loads result from the turbulence caused
by the high-temperature and high-pressure flow. Therefore, in this
study, the structural responses to each hydraulic load were derived
independently.

4.1. Structural responses to periodic hydraulic loads

The periodic hydraulic loads arise from the operation of the
reactor coolant pumps. These pump pulsation loads are propagated
as acoustic waves and are therefore independent of the fluid ve-
locity. The hydraulic loads caused by the pressure pulsation of the
reactor coolant pumps (RCPs) are determined by the rotor fre-
quency (20 Hz) and the blade-passing frequency (BPF: 120 Hz). The
periodic loads were accordingly calculated at six frequencies, con-
sisting of 20 Hz and 120 Hz and their multiples: 20 Hz, 40 Hz,
120 Hz, 240 Hz, 360 Hz, and 480 Hz [17,18]. The magnitude of the
pressure for each frequency component was obtained from the data
measured by CVAP for the Palo Verde reactor, which is a forerunner
of the APR1400 model [19]. In this study, all four RCPs were
considered to be operating in the analysis. Table 3 provides the
pump pulsation pressure for each frequency. In order to obtain the
structural responses to the harmonic loads, the pump pulsation
pressures were applied to the four inlet nozzles in the form of
acoustic pressures, then the harmonic analysis was performed.
Fig. 7 and Table 4 show the resulting structural responses to the
periodic hydraulic loads, in which it can be seen that large struc-
tural responses are generated at the higher frequencies due to their
higher energies.

Fig. 5. Time history acceleration of the El Centro earthquake.

Fig. 6. Stress intensity contours from the seismic analysis.

Table 2
Maximum stress intensity from seismic analysis.

RV CSB CS IBA UGS LSS FS

Max. Stress intensity [MPa] 168.52 40.78 81.35 7.52 19.82 95.95 9.54

Table 3
Pump pulsation pressures applied to the inlet nozzles of the
RV [19].

Frequency [Hz] Pressure [Pa]

20 1172.1
40 344.7
120 1378.9
240 7377.3
360 7722.1
480 3447.3

J.-b. Park et al. / Nuclear Engineering and Technology 51 (2019) 1658e1668 1661



4.2. Structural responses to random hydraulic loads

In a nuclear reactor system, random hydraulic loads are caused
by turbulence. These random loads are a function of the velocity of
the cross flow and the change in surface pressure associated with
the flow parallel to the structure surfaces. In order to accurately
consider turbulence, in this study, a fluid model for calculating the
flow load due to turbulence was constructed based on the verified
3-D FE model and a transient analysis was performed using ANSYS
CFX, a commercial flow analysis program. Then, using the obtained
random pressures, the structural responses to the random hy-
draulic loads were analyzed.

To ensure an accurate flow analysis, the fluid mesh was recon-
structed with reference to the overall shape of constructed FE
model. First, the number of fluid elements in the lower hemisphere
of the RV was increased. It is important to model this region with
sufficient elements because it includes the LSS (lattice structure)
and FS (porous structure) that contribute significantly to turbu-
lence generation. Then, in order to accurately simulate turbulence
and near-wall flow, and to improve the convergence of the analysis,
the number of fluid elements in the gap between the RV and CSB
was increased, and the number of fluid elements near the wall was
set to be no less than four. However, some fluid elements were
omitted to provide efficient flow analysis because the flow rate of
the reactor coolant into the UGS is less than 1% of the total flow rate
[20].

The tube bundle of the UGS is composed of a number of fine
tubes, so a pressure drop due to cross-flow is generated as the
coolant passes between these bundled tubes. However, modeling
multiple tube bundles would excessively increase the number of
elements. Therefore, an analytical model was constructed to
simulate the pressure drop caused by the passage of cooling fluid
through the tube bundle by expressing the tube bundle of the UGS
as a porous region, as shown in Fig. 8 (a). The pressure drop due to
this porous region can be represented by the following For-
chheimer equation, which consists of expressions for viscous
resistance and inertial resistance against the flow through the
guide tubes [21]:

DP ¼ C
1
2
rDnv2 þ 1

a
Dnvm (1)

where C, r, Dn, v, a, and m are the loss coefficient, fluid density,
height of the porous region, fluid velocity, permeability, and vis-
cosity, respectively. Among these variables, r, Dn, and m are con-
stant. In order to accurately determine C and a, a full fluid analysis
model of the bundle was constructed as shown in Fig. 8 (b), with
the results shown in Table 5. As can be seen in Fig. 9, the pressure
and velocity obtained from the porous model and the ANSYS CFX
reference model agree quite well, so that the porous model can be
understood to accurately describe the effects of the actual bundle.

Additionally, the porous model can calculate the pressure drop
more quickly than the reference model, thus significantly reducing
the overall analysis time required.

As opposed to the tube bundle, the fuel assembly was consid-
ered as a lumpedmass element, even though it is also in the form of
bundles. It is possible to sufficiently reflect the pressure drop
occurring in the fuel assembly region regardless of its bundled
characteristics because the main stream flows horizontally through
the fuel assembly. Fig. 10 shows the fluid element mesh for per-
forming the CFX transient analysis, in which the total number of
fluid elements was 28,452,851.

As themaximumvelocity of the reactor fluid is about 20m/s and
its Mach number was less than 0.3, the fluid was assumed to be
incompressible. The random hydraulic loads were calculated by SST
turbulence model which gives good prediction performance along
the complex flow path inside the reactor. This model has been
widely used in reactor flow studies [22,23]. SST turbulencemodel is
characterized by utilizing the k-u model at the boundary layer and
switching to the k-ε model in the bulk flow and free shear flows
[24]. The inlet flow rate and outlet pressure were held constant
(input conditions) and the analysis was performed under normal
operating conditions (i.e., with all four RCPs operating). Table 6
provides the conditions used for the CFX transient analysis, and
Fig. 11 shows the velocity and pressure contours obtained by the
transient analysis. The maximum turbulence velocity was deter-
mined to be 17.5 m/s and the maximum pressure was determined
to be 16.2 MPa.

There is no exact test to determine the actual flow in the reactor,
so it is difficult to quantitatively verify the accuracy of the flow
analysis. Therefore, in this research, the results of the CFX analysis
were qualitatively compared to the results of a flow test performed
using a 1/5-scale model, in which the downcomer pressure loss
coefficient was determined according to the azimuth angle [25].
The validity of the flow analysis can be verified based on the test
results of [25] and the qualitative analysis because the downcomer

Fig. 7. Stress intensity contours for periodic hydraulic loads (pump pulsation).

Table 4
Maximum stress intensity for period hydraulic loads (pump pulsation).

Periodic Frequency [Hz] 20 40 120 240 360 480
Max. Stress intensity [MPa] 2.21 0.38 0.21 1.78 15.61 14.52
Position IBA IBA CSB LSS IBA FS

(b) ANSYS CFX reference fluid model 
  (Considering tube bundles)

Porous region

(a) Porous model

Fig. 8. Fluid models for determining the porous coefficient of the tube bundle.

Table 5
Parameters for porous region and flow analysis of the tube bundle.

Parameter Value

r 744.8 kg=m3

Dn 0.14 m
m 0.0001 N,s=m2

C 137.9
a 2.76 e-8
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pressure loss coefficient is a dimensionless number. Fig. 12 shows
the downcomer pressure loss coefficient derived from the FE
analysis and the experimental results of the 1/5-scale model in
Ref. [25]. For various factors such as surface roughness, friction, and
inner objects of experimental model, the experimental results can
overestimate the pressure loss coefficient over the FE analysis re-
sults. However, at the points 60, 120, 240, and 300 degrees where
the inflow fluid collides with thewall of the core support barrel, the
FE analysis results predicted the pressure loss coefficient greatly.
Because the fuel assembly was excluded in the FE analysis, the

pressure drop caused by the vortex flow by the fuel rods was not
simulated. Therefore, it is considered that the FE analysis predicts
the pressure loss coefficient excessively when the fluid collides
with the wall of core support barrel.

Applying the time data derived from the transient analysis to
the RVIs requires a considerably large analysis load. Therefore, to
derive the structural responses caused by turbulent flow, the
pressure data over time were converted to power spectral density
(PSD) data because turbulent flow causes random vibration. To
extract the hydraulic pressures that must be input to perform the
analysis, the region for PSD extraction was divided based on the
pressure distribution and turbulence generation regions along the
flow path. Fig. 13 shows the divided areas of each structure and the
PSD data. In these divided areas, the average pressures at model
nodes where the fluid and structures are adjacent were converted
to PSD data. The structural responses of the UGS and the IBA were
not analyzed under random vibration because less than 0.1% of the
total flow rate affects these structures. Table 7 provides the
resulting maximum stress in each structure, inwhich it can be seen
that the maximum stress (31.76 MPa) generated by the random
hydraulic load is about 18.9% of the maximum structural stress
intensity (168.52 MPa) due to the earthquake, much larger than the
periodic hydraulic load. Fig. 14 shows the stress contours of the RV
and the CSB, in which it can be seen that the inlet nozzles of the
structures exhibit large stresses because of the high fluid pressure

Fig. 9. Pressure distribution and velocity contours of porous model and ANSYS CFX
reference model of the tube bundle.

Fig. 10. Fluid model for random hydraulic loads.

Table 6
Conditions for transient analysis of turbulence.

Total analysis time 5 s
Time step 0.001 s
Fluid temperature 290 �C
Mass flow rate per pump 5216.3 kg/s
Outlet pressure 15.5 MPa
Turbulence intensity 5%
Turbulent viscosity ratio 10

Fig. 11. Turbulence results of transient analysis.
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Fig. 12. Comparison of the downcomer pressure loss coefficient from the current study
and the 1/5-scale model in Ref. [25].
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applied to these structures. Additionally, the results of the random
vibration analysis were derived from the modal vectors and input
PSD data, therefore, the RV exhibits significant stress due to its large
modal vector.

5. Structural stress assessment

Structural responses due to the seismic load, periodic hydraulic
loads, and random hydraulic loads were derived using transient

Fig. 13. Area divisions and PSD data obtained from CFX analysis.
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analysis, harmonic analysis, and random vibration analysis,
respectively. In order to obtain the total structural responses
considering each external load and to establish a methodology for
seismic analysis considering the coolant flow under operating
conditions, it is important to combine the derived structural re-
sponses from each analysis in a meaningful manner. Therefore, in
this research, the displacement-based structural stress super-
positionmethodwas used to avoid excessively conservative results.
This method consists of superimposing the displacement responses
derived from each analysis and then performing a static analysis
with the superimposed displacement to determine the stresses.
However, in this research, this method was applied only to the
seismic response and structural responses to the periodic hydraulic
loads because the displacement vectors obtained from the vibra-
tion analysis of the random hydraulic loads do not have any
physical meaning. Therefore, in this study, the significance of using
displacement-based stress superposition may be small, but if it is
applied to a study conducted based on analyses that can derive
physical displacements for all loads, it is expected that more ac-
curate results will be obtained, as the displacement-based method
reflects the cancellation effects between the vibration shapes,
which are hard to account for in the simple stress-based super-
position method.

The need for the proposed displacement-based method was
investigated by comparing its results to those of a simple stress-
based superposition method for the CSB responses derived from
the periodic hydraulic loads. Fig. 15 shows the result of structural
stress obtained by simple stress-based superposition method. With
reference to Fig. 16, while the proposed method derives the struc-
tural stresses using a static analysis of the deformed shapes by
remapping the superimposed displacement vectors considering
the complex loads, the other method simply sums the CSB struc-
tural stress intensity values under different excitation frequencies.
Comparing the results of the two methods, it can be seen that the

stress contour is quite different. The stress distribution derived by
the stress-based superposition method had a contour that had
large stresses across a wide area of the structure, because it simply
added a nodal stress, which was a scalar value of each frequency.
However, the stress distributions with large values in the wide
region were considerably overestimated as shown in Fig. 15
because the loads at each frequency were represented by the
combined load response in practice. On the other hand, the stress
distribution calculated by using the proposed method was divided
into a relatively small part and a large part. Also, regions with high
stress was limited. Since this method considers the direction
through the sum of the displacement vectors, it has a reinforcement
and cancellation effect at each node in each analysis. If displace-
ment vectors are overlapped in a similar direction, the summed
displacement becomes larger, and if it is in the opposite direction,
the summed displacement becomes smaller. Because of these ef-
fects, the stress calculated by using the proposed method was not
overestimated. So the results were less conservative than those by
using simple stress-based superposition method.

Table 8 provides the maximum and minimum stresses in the
CSB derived using both superposition methods. The proposed
method provides a maximum stress about 6.81% smaller than the
simplemethod, and aminimum stress about 28.7% smaller than the
simple method. Clearly, less conservative results are derived when
using the vector superposition of the proposed method.

Based on this proposed method, the structural responses under
the earthquake and periodic hydraulic loads were superimposed.
However, the structural responses to the random hydraulic loads
cannot be combined with the other loads using the proposed
displacement-based superposition method because the displace-
ments are derived stochastically in the random vibration
analysisethey cannot be regarded as physical displacements.
Therefore, the structural responses to the turbulent flow were
combined with the stress intensity results of the displacement-
based superposition method using the simple stress-based super-
position method at each node of the FE model. In this regard,
although the displacement-based stress superposition method
proposed in this study can replace the relatively conservative
stress-based superposition approach to obtain more accurate re-
sults, it remains difficult to apply this method to the analysis results
obtained using random vibration analysis. Because the flow anal-
ysis model used in this study has a very large number of elements, it
is inevitable that a random vibration analysis be performed. In or-
der to analyze the structural stress under multiple loads by exclu-
sively applying the displacement-based stress superposition
method, a FE analysis that can obtain valid physical displacements
under all loads must to be performed in a future study.

Table 9 shows the final seismic response data. As the fluid ele-
ments in the UGS and IBAwere not considered in the flow analysis,
the structural responses of the UGS and IBA were not extracted:
these two structures were primarily affected by the earthquake
load. It was confirmed that the maximum stress generated by the
combined earthquake and coolant flow occurs at the cold leg
support of the reactor vessel. Table 9 also shows the difference in
stress intensity when considering all loads (seismic, pump pulsa-
tion, and turbulence) and considering the earthquake load and
periodic hydraulic load and considering only the earthquake load. It
can be seen that the random hydraulic load due to turbulent flow
has more influence than the periodic hydraulic load. Since the low-
frequency mode of the structure is excited by the low-frequency
turbulence with large amplitudes, as shown in Figs. 6 and 14, the
stress distribution of RV due to the random hydraulic load are
similar to the stress distribution of RV due to the seismic load. For
this reason, there was a large increase in the maximum stress value
of RV compared with other structures. Also, it can be seen that the

Fig. 14. Stress intensity contours of the RV and CSB under the random hydraulic loads.

Table 7
Maximum stress intensity for each structure under the random hy-
draulic loads.

Structure Max. Stress intensity [MPa]

RV 31.76
CSB 9.22
LSS 2.43
CS 10.36
FS 0.32
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maximum difference is about 34% at the FS, which indicates that
the stress in this structure is greatly affected by the coolant flow
load. Therefore, the effects of coolant flow under operating condi-
tions must be considered in order to accurately determine the
seismic response of an operating nuclear reactor.

The design margin was then calculated in terms of the final
seismic responses derived using the FE analysis, and the structural
safety was evaluated. The allowable stress under SSE (sSSE) is
defined based on the following equations from the ASME Code
(Section III, Appendix F; Rules for Evaluation of Service Loadings
with Level D Service Limits) [6].

Case 1. For austenitic and high alloy steel

sSSE ¼ 1:5min½2:4Sm; 0:7Su� (2)

Case 2. For ferritic materials

sSSE ¼ 1:05Su (3)

where Sm and Su are the yield and tensile strengths of the material,
respectively. Table 10 shows the resulting allowable stresses.

Then, based on the ASME Code and the obtained stress intensity
considering the flow under the nuclear reactor operating

conditions, the design margin was calculated. As shown in Table 11,
it was confirmed that APR1400, one of the more modern com-
mercial nuclear power plants, is sufficiently structurally safe
against the effects of an earthquake in the operating condition.

6. Conclusions

This research was conducted to propose and verify a method-
ology for analyzing the seismic integrity of a commercial nuclear
reactor and its internal structures considering the coolant flow ef-
fects present in the operating condition. To achieve this objective,
the structural responses to an earthquake were derived by per-
forming a transient analysis based on a 3-D finite element model.
An analysis of the reactor coolant flow was performed for the pe-
riodic hydraulic load (due to pump pulsation) and random hy-
draulic load (due to turbulence). Because the pump pulsation loads
are transmitted as acoustic waves, we performed harmonic ana-
lyses at each excitation frequency to derive the structural responses
to their periodic load. These responses were combined with the
seismic responses using the displacement-based superposition
method. Then, in order to analyze the turbulence, a transient
analysis was performed using the fluid elements to derive the
pressure information on their adjacent surfaces. These data were
then converted into PSD data and used to derive the structural
responses. Finally, the simple stress-based superposition method

Fig. 15. Stress contour of the CSB under pump pulsation with using simple stress-based superposition method.
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was applied to appropriately combine the structural responses to
the seismic, pump pulsation, and turbulence loads.

This research can be summarized as follows:

� Structural responses to seismic, pump pulsation, and turbulence
loads were derived with the aid of FE analysis.

� In order to meaningfully combine the calculated responses, a
displacement-based stress superposition method was proposed
and its effectiveness was verified. It was then applied to
combine the seismic responses and the periodic harmonic
responses.

� A comparison of the proposed displacement-based super-
position and the simple stress-based superposition methods

determined that the difference in maximum stress was
about �6.78% and the difference in minimum stress was
about �28.6%. Therefore, it was confirmed that the proposed
displacement-based superposition can be used to compensate
for the effect of vibrating shapes moving in different directions,
and can thus provide less conservative, more accurate results.
However, this method cannot be applied to random responses,
so the simple stress-based superposition method was used to
include the effects of the random loads.

� It was determined that the stress intensity at the FS was about
34.3% greater when considering the effects of coolant flow than
when considering only the seismic load. Therefore, in order to
obtain accurate seismic responses, it is essential to consider the
coolant flow during operation.

� Finally, the total structural responses to the combined seismic
and hydraulic loads were obtained. It was confirmed that the
greatest stress intensity occurred at the reactor vessel. Then,
based on the ASME Code, the structural integrity of the RVIs
under the combined seismic and coolant flow loadswas verified.

In this research, a methodology for performing an accurate
seismic analysis of the RVIs in a nuclear reactor was established

Table 8
Stress comparisons between stress-based and displacement-based superposition.

Stress-based sum (Scalar) Displacement-based sum (Vector) Difference [%]

Max. Stress intensity [MPa] 7.87 7.37 �6.78
Min. Stress intensity [MPa] 1.08 0.84 �28.6

Fig. 16. Stress contour of the CSB under pump pulsation with using displacement-
based superposition method.

Table 9
Structural responses of the APR1400 to external loads.

Structure Seismic analysis [MPa] Seismic analysis þ
Harmonic analysis [MPa] (Discrepancy [%])

Seismic analysis þ
Harmonic analysis þ
Random vibration analysis [MPa] (Discrepancy [%])

RV 168.52 168.98 (0.27) 197.96 (14.87)
CSB 40.78 46.63 (12.55) 47.67 (14.45)
CS 81.35 82.16 (0.99) 83.83 (2.96)
IBA 7.52 e e

UGS 19.82 e e

LSS 95.95 98.18 (2.28) 98.30 (2.39)
FS 9.54 14.15 (32.57) 14.53 (34.34)

Table 10
Material properties and calculated allowable stress.

Material Structure Case Yield strength, Sm [MPa] Tensile strength, Su [MPa] Allowable stress, sSSE [MPa]

SA-508 Gr.3 Class 1 RV Case 2 (Ferritic) 345 552 579.6
SA-240 TP304 CSB, UGS,

IBA, CS,
LSS, FS

Case 1 (Austenitic) 125 437 450.0

Table 11
Design margin of the APR1400 RVIs.

Structure Margin

RV 1.93
CSB 8.44
CS 4.37
LSS 3.58
FS 29.97�
Margin ¼ sSSE

Max: stress intensity
� 1

�
:
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that can be used to improve the structural safety of next-generation
reactors. It is expected that the proposed displacement-based su-
perpositionmethodwill be used onmore complex structures under
various external loads in future research to improve the accuracy of
the analysis results.

Acknowledgements

This work was supported by the Nuclear Safety Research Pro-
gram through the Korea Foundation Of Nuclear Safety (KoFONS),
granted financial resource from the Nuclear Safety and Security
Commission (NSSC), Republic of Korea. (No. 1805005). Also, this
work was supported by the Korea Institute of Energy Technology
Evaluation and Planning (KETEP) and the Ministry of Trade, In-
dustry & Energy (MOTIE) of the Republic of Korea (No.
20194030202460).

References

[1] E. Brunesi, R. Nascimbene, M. Pagani, D. Beilic, Seismic performance of storage
steel tanks during the May 2012 Emilia, Italy, earthquakes, J. Perform. Constr.
Facil. 29 (2015), 04014137-1-0401437-9.

[2] N. Jendzelovsky, L. Balaz, Analysis of cylindrical tanks under the seismic load,
Key Eng. Mater. 691 (2016) 285e296.

[3] Y.I. Choi, J.B. Park, S.J. Lee, N.C. Park, Y.P. Park, J.S. Kim, W.J. Roh, Model
reduction methods for cylindrical structures in reactor internals considering
the fluidestructure interaction, J. Nucl. Sci. Technol. 53 (2016) 204e222.

[4] D.Y. Ko, K.H. Kim, Structural analysis of CSB and LSS for APR1400 RVI CVAP,
Nucl. Eng. Des. 261 (2013) 76e84.

[5] ASME Boiler and Pressure Vessel Committee on Nuclear Power, ASME Boiler
and Pressure Vessel Code Section III Division 1 e Subsection NB, ASME, New
York, 2015.

[6] ASME Boiler and Pressure Vessel Committee on Nuclear Power, ASME Boiler
and Pressure Vessel Code Section III Division 1 e Appendix F, ASME, New
York, 2015.

[7] US NRC, Comprehensive Vibration Assessment Program for Reactor Internals
during Preoperational and Initial Testing, Regulatory Guide 1.20 Rev.3, US
NRC, Washington DC, 2006.

[8] J.B. Park, Y.I. Choi, Lee, S.J. Lee, N.C. Park, K.S. Park, Y.P. Park, C.I. Park, Modal

characteristic analysis of the APR1400 nuclear reactor internals for seismic
analysis, Nucl. Eng. Technol. 46 (2014) 689e698.

[9] N. Elahi, G. Murtaza, A.A. Siddiqui, Structural integrity assessment and stress
measurement of CHASNUPP-1 Fuel assembly skeleton, Nucl. Eng. Des. 266
(2014) 55e62.

[10] K.H. Yoon, J.Y. Kim, H.K. Kim, Axial impact analysis of a 16by16 fuel assembly
by the FE method, in: Transactions of the SMiRT 19, Toronto, Canada, August
12-17, 2007.

[11] Comprehensive Vibration Assessment Program for the Reactor Vessel In-
ternals Revision 0, KEPCO & KHNP, 2014.

[12] Reactor vessel internals research council, Analysis of Reactor Vessel Internals,
KINS, 2013. KINS/RR-1013.

[13] APR1400 Design Control Document Revision 3 Tier 2, KEPCO & KHNP, 2018.
http://www.nrc.gov/reactors/new-reactors/design-cert/apr1400/dcd.html.

[14] ASME Boiler and Pressure Vessel Committee on Materials, ASME Boiler and
Pressure Vessel Code Section II Materials e Part D, ASME, New York, 2015.

[15] Total Materia. https://www.totalmateria.com.
[16] Standard for Level 1/Large Release Frequency Probabilistic Risk Assessment

for Nuclear Power Plant Application, ASME, 2009.
[17] K.H. Kim, D.Y. Ko, J.Y. Gu, Deterministic hydraulic load analysis on reactor

internals of APR1400, in: Transactions of the Korean Nuclear Society, Taebaek,
Korea, May 26-27, 2011.

[18] J.Y. Gu, K.H. Kim, Y.J. Choi, Structural response of APR1400 CSB to pressure
pulsation of RCP, in: Proceeding of Korean Society of Safety, Wonju, Korea,
2011.

[19] Windsor, A Comprehensive Vibration Assessment Program for the Prototype
System 80 Reactor Internals Palo Verde Nuclear Generating Station Unit 1,
Combustion Engineering Inc., 1985.

[20] Development of Fluid-Structure Interaction Evaluation Technology of Reactor
Internals, KINS, 2015. KINS/RR-1013.

[21] B. Yang, T. Yang, Z. Xu, H. Liu, W. Shi, X. Yang, Numerical Simulation of the
Free Surface and Water Inflow of a Slope, Considering the Nonlinear Flow
Properties of Gravel Layers: a Case Study, vol. 5, Royal Society open science,
2018.

[22] A. Gandhir, Y. Hassan, RANS modeling for flow in nuclear fuel bundle in
pressurized water reactors, Nucl. Eng. Des. 241 (2011) 4404e4408.

[23] C.C. Liu, Y.M. Ferng, C.K. Shih, CFD evaluation of turbulence models for flow
simulation of the fuel rod bundle with a spacer assembly, Appl. Therm. Eng.
40 (2012) 389e396.

[24] F.R. Menter, two-equation eddy-viscosity transport turbulence model for
engineering applications, AIAA J. 32 (1994) 1598e1605.

[25] K.H. Kim, D.J. Euh, I.C. Chu, Y.J. Youn, H.S. Choi, T.S. Kwon, Experimental study
of the APRþ reactor core flow and pressure distributions under 4-pump
running conditions, Nucl. Eng. Des. 265 (2013) 957e966.

J.-b. Park et al. / Nuclear Engineering and Technology 51 (2019) 1658e16681668

http://refhub.elsevier.com/S1738-5733(18)30841-6/sref1
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref1
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref1
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref2
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref2
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref2
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref3
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref3
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref3
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref3
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref3
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref4
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref4
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref4
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref5
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref5
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref5
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref5
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref6
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref6
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref6
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref6
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref7
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref7
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref7
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref8
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref8
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref8
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref8
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref9
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref9
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref9
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref9
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref10
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref10
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref10
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref11
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref11
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref11
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref12
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref12
http://www.nrc.gov/reactors/new-reactors/design-cert/apr1400/dcd.html
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref14
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref14
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref14
https://www.totalmateria.com
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref16
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref16
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref18
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref18
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref18
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref19
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref19
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref19
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref20
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref20
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref21
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref21
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref21
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref21
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref22
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref22
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref22
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref23
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref23
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref23
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref23
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref24
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref24
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref24
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref25
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref25
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref25
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref25
http://refhub.elsevier.com/S1738-5733(18)30841-6/sref25

