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ABSTRACT

To cover a range of possible site conditions where the Korean standard nuclear power plant may be
constructed, a range of generic site conditions is selected for geologic and seismologic evaluation. To
envelop other Asian countries as well as the Korean peninsula, there is an attempt to increase the
seismic level to (.3g ground motions for the safe shutdown earthquake. The dynamic analyses of the
reactor vessel internals and fuel assemblies are performed for the increased motions and the effect of
seismic level on the response is investigated. Also the nonlinear response characteristics are discussed
by comparing the loads between operating basis earthquake and safe shutdown earthquake excitations.
The design adequacy of the reactor vessel internals and fuel assemblies for the increased seismic level
is addressed.
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reactor type nuclear power plant in Korea, the

1. Introduction Korean standard nuclear power plant (KSNPP) is

designed demonstrating the compliance of the stan-

As an attempt to standardize a pressurized water dard design with all current regulations for existing

plants as well as the guidelines for future plants

*AE Y, dEAdaE AT S AN 2E outlined in the US Nuclear Regulatory Commission’s
I AAE A |Ed Ve e aE severe accident policy statement.

rRbEd Ak v e VAR 1 E The standard design contains most of the design
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features of the Yonggwang nuclear power plant
units 3 and 4 which began their commercial opera-
tions in 1995 and 1996, and includes a variety of
engineering and operational improvements. Specifi-
cally, the Electric Power Research Institutes
advanced light water reactor requirement document
has been used as a guide for utility requirements
regarding plant design.

Since the standard design is based on the assumed
site-related parameters which are selected to
envelop most potential nuclear power plant sites in
other Asian countries as well as Korea where the
KSNPP may be constructed, the peak ground accel-
erations for the safe shutdown earthquake (SSE) are
considered to be 0.3g and (.2g for the horizontal and
vertical directions, respectively.

In this study, the dynamic analyses of the reactor
vessel internals and fuel assemblies are performed
for the increased seismic level using the reactor
vessel (RV) motions used for the Ulchin nuclear
power plant units 3 and 4 design which will be the
first KSNPP. The effect of seismic level increase on
the response is investigated and the nonlinear
response characteristics are discussed by comparing
the loads between operating basis earthquake (OBE)
and safe shutdown earthquake excitations. Also the
design adequacy of the current reactor vessel inter-

nals and fuel assemblies which are based on the (.2

g ground motion is addressed for the increased seis-
mic level.

2. Korean Standard Nuclear Power Plant

The KSNPP containment building is a prestres-
sed, reinforced concrete structure in the shape of a
cylinder with a hemispherical dome and a fiat foun-
dation slab. The cylindrical portion of the contain-
ment structure is prestressed by a post-tensioning
system consisting of horizontal and vertical tendons.
The interior surface of the containment shell is
steel-lined for leaktightness. A protective layer of
concrete covers the portion of the linear over the
foundation slab. The containment structure concrete
provides biological shielding for normal and acci-
dent conditions.

0]
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The nuclear steam supply system (NSSS) gener-
ates approximately 2825 MWt, producing saturated
steam. The NSSS contains two independent primary
coolant loops, each of which has two reactor coolant
pumps, a steam generator, a 42-inch Inside Diameter
(ID) outlet pipe and two 30-inch ID inlet pipes. An
electrically heated pressurizer is connected to one of
the loops, and safety injection lines are connected to
each of the four cold legs and the two hot legs.
Pressurized water is circulated by means of electric-
motor-driven, single-stage, centrifugal reactor
coolant pumps. Reactor coolant flows downward
between the reactor vessel shell and the core support
barrel, upward through the reactor core, through the
hot leg piping, through the tube side of the vertical
U-tube steam generators, and back to the reactor
coolant pumps. The saturated steam produced in the
steam generators is passed to the turbine.

Automatic protection systems, control systems,
and interlocks are provided, along with the adminis-
trative controls of the specific site, to assure safe
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Fig. 1 Schematic diagram of reactor vessel internals.
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operation of the plant. Sufficient instrumentation
and controls are supplied to provide manual opera-
tion as a normal backup control mode on all auto-
matic systems.

The reactor vessel internals are designed to sup-
port the reactor core, maintain the core in a coolable
array, and guide the control element assemblies
(CEAs) into the top of the core, and to constrain and
protect the CEAs from coolant flow.

The components of the reactor vessel internals are
divided into two major parts consisting of the core
support barrel (CSB) assembly and the upper guide
structure (UGS) assembly. The flow skirt, although
functioning as an integral part of the coolant flow
path, is separate from the internals and is affixed to
the bottom head of the reactor vessel. The arrange-
ment of these components is shown in Fig. 1.

3. Model Development

3.1 Coupled Internals and Core Model

The mathematical model of the internals consists
of lumped masses and elastic beam elements to
represent the beam-like behavior of the internals,
and nonlinear elements to simulate the effects of
gaps between components. Typical component gaps
represented by nonlinear elements in the horizontal
direction are the core support barrel, pressure vessel
snubber gap and core shroud guide lug gap. The gaps
between the core shroud and core support barrel or
the core support plate and core support barrel are
sufficiently large that no contacting occurs. For the
vertical direction, the gap between guide tube and
upper end fitting of the fuel assembly is represented
by nonlinear element.

At appropriate locations within the internals and
core, nodes are chosen to lump the weights of the
structure. The criterion for choosing the number and
location of mass points is to provide for accurate
representation of the dynamically significant modes
of vibration for each of the components. For the
beam element connecting two nodes in the horizon-
tal model, properties are calculated for moment of
inertia, cross-sectional area, effective shear area,
stiffness and length. For the vertical stiffness, a well

known formula K=AFE/L is used where K, A, £
and L are axial stiffness (1b/in), cross-sectional area
(in%, Young’s modulus (psi) and length of segment
(in), respectively.

Stiffnesses for the complex structures such as
flanges, snubber, hold-down ring and guide tubes are
determined by finite element analyses. Unit deflec-
tions and rotations are applied and the resulting
reaction forces are calculated. These results are
then used to derive the equivalent member prop-
erties for the structure.

Core model in the coupled internals and core
horizontal analysis accounts for the total number of
fuel assemblies in the core. Thus, the effect of the
entire fuel assemblies on core plate motions is in-
cluded in the model. The core is modeled by sub-
dividing it into several fuel assembly groupings and
choosing stiffness values to adequately characterize
its beam response and contacting under dynamic
loading'”. Fig. 2 (a) shows a core region with 3 fuel
assembly groupings. The outside groupings repre-
sent the peripheral and adjacent row of fuel assem-
blies in the core. The center grouping is made up of
the remaining fuel assemblies. To simulate the non-
linear motion of the fuel, nonlinear spring couplings
are used to connect corresponding nodes to the fuel
assemblies and core shroud. Incorporated into these
nonlinear springs is the spacer grid impact stiffness
derived from test results. By simulating actual gaps
between the peripheral fuel assemblies and the core
shroud, the effects of impacting that can be fed back
through the core shroud and alter the motion of the
core plates are included in the model.

The stiffness properties of each fuel grouping are
determined by combining the individual fuel assem-
bly stiffnesses added in parallel. Individual fuel
assembly is modeled with beam elements to repre-
sent the stiffness between mass points and rotational
springs at each end to simulate the end fixity exist-
ing at the top and bottom of the core. The values
used for stiffness and end fixity are based on a
parametric study in which analytic predictions are
corrected with fuel assembly static and dynamic test
data. The fuel assembly parameters used in the
coupled internals and core model are basically the
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Fig. 2 Lumped mass models of reactor vessel internals
and fuel assemblies.
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same as those used in the detailed core model.

The core in the vertical direction is modelled by
grouping all fuel assemblies into a single grouping
which includes the weight of the entire core. The.
vertical stiffness properties of the grouping are
obtained by combining the individual stiffnesses of
all fuel assemblies in the core as springs in parallel.
The fuel assembly grouping is subdivided into fuel
rods and guide tubes with slip stick friction elements
representing the connectivity between the two single
stick models. This connectivity represents the fric-
tion force between the fuel rods and spacer grid
arches and tabs. Both static and dynamic friction
values are used®. The fuel rods do not slip until the
value of static friction is exceeded. When slipping of
the fuel rods occurs, the resisting force is equal to
the dynamic friction force. Friction values are deter-
mined from tests by measuring the forces required to
withdraw fuel rods from the bundle.

3.2 Detailed Horizontal Core Model

In the detailed core model, the fuel assemblies are
modeled as uniform beams. Lumped masses are
included at spacer grid locations to represent the
significant modes of vibration of the fuel and to
account for possible spacer grid impacting. Non-
linear spring couplings are used to simulate the gaps
in the core. Each spacer grid is characterized by the
dual load path model which represents the load
paths associated with both one-sided and through-
grid impacts. One-sided loads are the loads experi-
enced by one side of a grid when it impacts on
another grid or the core shroud. Through-grid loads
are the loads developed through gfid loadings on a
spacer grid.

The fuel analytical model was constructed by
calculating nodal properties for corresponding loca-
tions based on the weight distribution data. The
dynamic characteristics of the fuel bundle including
natural frequency and damping were also deter-
mined from the test data. The analytical model of
the fuel bundle was modified to include dynamic
effects by adjusting the bundle stiffness to obtain the
proper natural frequency and prescribing the damp-
ing as a percentage of critical damping®.
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Hydrodynamic (diagonal coupling coefficients) mass
was added to the structural mass to obtain the
proper natural frequency in water®. The off-
diagonal coupling terms are not considered in the
core model, that is, hydraulic coupling between the
fuel assemblies is neglected. This was justified by
water loop tests®, which indicate that the natural
frequency drop can be accounted for by added
masses corresponding to the displaced liquid, mean-
ing that a fuel assembly in a channel does not behave
in a significantly different manner as a fuel assembly
in an infinite fluid. Physically tl-lis means that with-
out a wrapper tube, the fluid can flow from one side
of the assembly to the other, across the fuel assem-
bly rather than around it.

The spacer grid model was developed considering
impacting of adjacent fuel assemblies or peripheral
assemblies and the core shroud. If two fuel assem-
blies hit another or if one assembly strikes the core
shroud, then the spacer grids are loaded on only one
force. This type of impact has been called a one-
sided impact. The second impact type is called a
through-grid impact because the impact force is
applied simultaneously to opposite faces of the
spacer grid. For example, a through-grid impact
occurs when one fuel assembly is lying against the
core shroud and a second assembly hits it™.

Typical coupled internals and core models in the
horizontal and vertical directions and detailed core
model of fifteen row fuel assemblies are shown in
Fig. 2. The actual arrangement and detail in the
model may vary with the function of plant design,
and the magnitude and nature of the excitation.

4. Analysis

4.1 Input Excitations

The forcing function to the horizontal model con-
sists of acceleration time histories at the RV flange
and snubber elevations determined from the reactor
coolant system analysis. The reactor vessel is so
stiff comparing with internals components that its
local effect is negligible. Therefore, only trans-
lational accelerations on the RV between the flange
and snubbers are computed by linear interpolation

and are input into the model. These translational
accelerations along the vessel are required for the
calculation of hydrodynamic forces between CSB
and RV annulus. The input excitations to the verti-
cal model consist of RV flange motion only which is
determined from the reactor coolant system analy-
sis.

The acceleration time histories of RV flange and
snubber and its corresponding spectra are shown in
Fig. 3. The maximum accelerations in the east-west
direction for the 0.3g ground motion are 349.8 in/sec
% at 6.043 seconds and 217.4 in/sec? at 11.803 seconds
for the RV flange and snubber elevations, respective-
ly.

The input excitations to the detailed core model
consist of the translational and angular motions of
the core plates and the translational motion of the
core shroud. The core shroud is so stiff comparing
with fuel assembly that its local effect is negligible.
Therefore, only the translational component of the
core shroud is used. The input motions are obtained
from a seismic analysis of a coupled internals and
core model which has a much léss detailed represen-
tation of the core.

Figure 4 shows the response spectra of the fuel
alignment plate (FAP) and the core support plate
(CSP). The zero period accelerations (ZPAs) in the
east-west direction are 5.122g and 5.590g for FAP
and CSP, respectively. The core plate motions are
amplified by 5.0 and 6.2 times from the reactor
vessel motions in the north-south and east-west
directions, respectively.

4.2 Dynamic Response

The response of the reactor vessel internals is
computed by the SHOCK code®, which solves for
the response of the structures represented by lumped
mass and spring systems under a variety of loadings.
This is done by numerically solving the differential
equations of motion for an N degree of freedom
system using the Runge-Kutta-Gill technique. The
equation of motion can represent an axially respond-
ing system or a horizontally responding system i.e.,
an axial motion or a coupled horizontal and
rotational motion. The code is designed to handle a

o
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Fig. 3 Reactor vessel motions for 0.3g ground motion.

large number of options for describing load environ-
ments and includes such transient conditions as
time-dependent forces and moments, initial displace-
ments and rotations, and initial velocities. Options
are also available for describing steady-state loads,
preloads, accelerations, gaps, nonlinear elements,
hydrodynamic mass, viscous damping, friction, and
hysteresis.

Equilibrium conditions, prior to the application of
the vertical dynamic transient conditions, are estab-
lished by determining the static displacements as-
sociated with the weight of the internals and core in
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water, preloads and the core drag steady state
forces. These calculated static displacements are
used as the initial conditions. Without these, some of
the masses would be subjected to large accelerations
because of the resulting force unbalance.

5. Results and Discussion

The results of analysis consist of shear, moment
and axial force of each component which will be
used for design loads, and motions for core shroud,
fuel alignment plate and core support plate which
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Fig. 4 Response spectra of core plates for 0.3g ground
motion.

will be used for the detailed core analysis. Also, the
response spectra at several locations of the reactor
vessel internals are generated for the ensuing stress
analysis to verify the structural integrity of the core
support structures.

The response loads of core support structures are
summarized in Table 1. It is found that upper flanges
of CSB and UGS are most severe response region in
all three directions, which is anticipated by the fact
that they are.so near to the RV ledge region where

the earthquake motion is directly applied. The most
response ratio obtained is 46.4 9% in UGS upper
flange for shear, 60.8 9 in CSB upper flange for
moment and 36.7 % in CSB lower flange for axial
force. The response ratio ranges in 18.8 23 to 60.8 23
for north-south direction and 15.6 9§ to 46.1 9§ for
east-west direction. For the vertical direction, the
ratio is in the range of 34.1 9§ to 36.7 %, which
corresponds to the ratio of ZPA value (35.1 %) of RV
flange motion. This is possible because major fre-
quencies in the vertical direction are high and the
ZPA is obtained around those frequencies.

For the subsequent detailed core analysis the
response spectra for the fuel alignment plate and
core support plate are investigated. An amplification
factor of ZPA values from RV flange to FAP is in
the range of 3.4 to 5.3. But the spectra values
between 1 Hz and 10 Hz are not much amplified and
therefore fuel assembly is not anticipated to produce
big response because the major fuel assembly modes
fall between 1 Hz and 10 Hz.

The result of the core analysis consists of peak
spacer grid impact loads, fuel assembly moments,
shears and deflected shapes. The impact loads are
used to evaluate the structural integrity of spacer
grids. The deflected shapes which correspond to
peak loading conditions - peak displacement, peak
shear and peak moment - are used to calculate
stresses using a detailed static model of the fuel
assembly. The deflected shapes indicated that the
fuel assemblies respond to the seismic excitation by
moving back and forth across the core at approxi-
mately their first mode natural frequencies.

The spacer grid impact loads and the fuel assem-
bly responses are shown in Table 2. The square root
of the sum of the squares of spacer grid impacts are
5675 lbs and 3449 Ibs for one-sided and through-grid
impacts, respectively. This exceeds the allowables
by 28.6 % and 1.6 % for one-sided and through-grid
impacts, respectively, which indicates that the fuel
assembly design need to be modified for the seismic
level increase of 0.3g ground motion. For the axial
response of the fuel assembly, the axial force of fuel
rods is 758.8 1bs. For both horizontal and vertical
directions the response ratio is almost the same as
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Table 1 Load summary of reactor vessel internals components

OBE
Component N-S E-W Vertical
Shear Moment Shear Moment Axial force
CSB Upper Flange .1845E6 .3311E8 .3055E6 .3134E8 93000
CSB Lower Flange .5745E5 4329E7 .1095E6 .7856E7 73000
LSS 4919E5 4311E7 9401E5 .7T788E7 58000
UGS Upper Flange .1720E6 1422E8 .3017E6 .2520E8 20000
UGS Lower Flange .5672E5 .2261E7 .7669E5 2373E7 17000
Tube Sheet Assembly .3341E5 2162E7 .3788E5 2462E7 14000
‘ SSE
Component N-S E-W Vertical
Shear Moment Shear Moment Axial force
CSB Upper Flange .4063E6 4332E8 .7000E6 .5049E8 171000
CSB Lower Flange .2023E6 .1041E8 .2684E6 .1851E8 133000
LSS .1477E6 1027E8 .2098E6 1830E8 105000
UGS Upper Flange .2384E6 .1872E8 5767E6 .4204E8 39000
UGS Lower Flange .1016E6 .3799E7 .1429E6 4737E7 32000
Tube Sheet Assembly .6032E5 4028E7 .8211E5 5091E7 28000
SSE(0.3g)
Component N-S E-W ! Vertical
Shear Moment Shear Moment Axial force
CSB Lower Flange .3053E6 1530E8 .6999E6 4117E8 199000
LSS .2310E6 .1514E8 .4860E6 -4097E8 158000
UGS Upper Flange .3707E6 .3252E8 .6967E6 6214E8 58000
UGS Lower Flange .1594E6 5368E7 .2080E6 .8931E7 48000
Tube Sheet Assembly .7327E5 .5345E7 .1896E6 .1030E8 41000
Unit . Shear(lbs), Moment(in-lbs), Axial force(lbs)
Table 2 Load summary of fuel assembly
OBE SSE SSE(0.3g)
Component
N-S E-W Vert. N-S E-W Vert. N-S E-W Vert.
Spacer grid
One-sided impact(Ibs) 1455 1275 2606 2801 3696 4307
Through-grid impact(lbs) 948 894 2091 1771 2214 2644
Fuel assembly
Deflection(inch) 1.210 1.160 1.505 1.596 1.706 1.993
Shear(lbs) 164 | 199 298 + 394 417 483
Moment(lb-inch) 3566 | 3923 5934 7560 8378 9715
Axial force(lbs)
@ Fuel rods 278.5 506.2 758.8
@ UEF 1.1 2.3 3.4
@ LEF 306.8 556.5 835.0
@ Guide tubes 24.9 45.2 67.8
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the ratio of input motions, which means that the
non-linearity of the fuel assembly response is not
significant.

6. Conclusions

Dynamic analyses of the reactor vessel internals
and fuel assemblies for the Korean standard nuclear
power plant are performed for the 0.3g ground
motions of the seismic excitations. The response
relations between OBE and SSE and their response
characteristics are investigated. By comparing the
amplification factors it is found that the reactor
vessel internals is more amplified than reactor
coolant system components which have more
supporting system to absorb the earthquake motion.
In this respect, a novel idea for supporting system in
the internals components is necessary, which is
assumed to be almost impossible due to the function
of providing a flow path. Also the results showed
that the present design of the fuel assembly does not
satisfy the allowables and needs to be modified for
the increased seismic level. More detailed evalua-
tions are necessary to define the range of modifica-
tion from the current design for the 0.3g ground
motions.
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