K 12/4
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SUMMARY

The seismic capability of the Reactor Assembly must be ensured in the conceptual
design of a 1000 MWe Pool-type LMFBR. The Reactor Assembly has to be designed to meet the
seismic category I requirements. A preliminary seismic analysis was made to serve as a guide
to this effect.

A finite element model based on an axisymmetric formulation was established and analyses
were attempted with the spectrum method.

The response acceleration spectra at the reactor support, for both Safe Shutdown Earth-
quake (SSE) and Operating Basis Earthquake (OBE), were obtained from a time history analysis
of the reactor building which takes into account the coupling effect of the building and the
reactor structure.

A mass element representing a 12 x 12 mass matrix was used to take into account the
hydrodynamic mass effect created by 1iquid sodium in annuli formed by cylindrical structures.
The sloshing effect, within the hot pool, was incorporated into the model based on a simp-
1ified formulation given by Housner. The sloshing frequency was substantially lower (0.17
Hz) than the lowest natural frequency of vibration of the Reactor Assembly (4.77 Hz). The
wave height was found to be approximately 4 feet under the SSE condition, neglecting the
damping effect of the internal structures.

Displacements and stresses were calculated for the major components of the Reactor
Assembly. The functional requirements allow 1.0" relative motion between the core and con-
trol rod drive systems for the vertical OBE and 2.0" for the vertical SSE. In any horizon-
tal excitation, only 0.6” relative motion is allowed. These functional requirements are met.
Stress results from the analysis based on the OBE were combined with stresses due to load-
ings other than the seismic and were shown to satisfy ASME Code Requirements. Stresses due
to the SSE were checked against the requirements for the faulted condition.

This preliminary seismic analysis, addressing various technical areas of importance,
demonstrated that the 1000 MWe Pool-type LMFBR design is a feasible design with a high
potential of success while maintaining good safety margins.



1. Introduction

In the event of a seismic occurrence near a nuclear power plant, the integrity of the
reactor assembly must be ensured. To this end, the 1000 Mde Pool Type LMFBR reactor assem-
bly was analyzed to satisfy the requirements for a Seismic Category I component. Although
the final detailed and complete analysis of the reactor assembly can only be made after the
design has been completed and a plant site has been chosen, preliminary analyses made at
earlier stages in the design are valuable to guide the design and to provide a starting
point for the final analysis.

The analysis was accomplished employing an axisymmetric finite element model. The
finite element model was analyzed for seismic response by using the response spectrum
method of the ANSYS [1] computer program. Input to the analysis, other than the geometry
and other physical characteristics for the model, included an input seismic excitation
forcing function. This function took the form of an acceleration response spectrum. Re-
sults from the analysis based on an operating basis earthquake (OBE) were combined with
stresses resulting from loadings other than seismic. The final results for both OBE and
SSE were then compared to ASME Code stress 1limits and the displacement results compared to
design functional displacement 1imits.

2. Analysis

The closed form solution of vibration of a system is Timited to a system with a simple
geometry. In practice, either the Tumped parameter representation or the finite element
method is adopted in the seismic analysis. In the seismic analysis of the 1000 MWe Pool
Reactor Assembly, the finite element method is used and the spectrum response analysis
option of the ANSYS [1] computer code is applied.

2.1 An Axisymmetric Model

2.1.1 Description of the Model

The 1000 MWe pool reactor assembly as shown in Figure 1 is composed of

the following major components:

(a) primary vessel

(b) guard vessel

(c¢) deck and reactor closure

(d) upper internals structure

(e) pumps and IHX's

(f) thermal barriers

(g) core

(h) core barrel and core restraint

(i) core support including the pressure plenums

(§j) 1lateral neutron shield

The guard vessel is structurally independent of the primary reactor vessel
and reactor internals and is non-Category I component. It is, therefore, excluded from the
present analytical model. Also excluded from this seismic model are thermal barriers for
the pumps and the IHXs. They do not change the dynamic behavior of the rest of the reactor
structure significantly. To simplify the analysis further, the non-axisymmetric core
support structure and the reactor deck structure as well as the upper internals structure,
pumps, and IHX's are modeled as axisymmetric structures of equivalent stiffness. The re-
actor structure is thus represented by an assemblage of axisymmetric shells as shown in
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Figure 2.
The mode shapes of vibration of a circular cylindrical shell are well known
They are characterized by axial modes and circumferential modes. The presence of circum-
ferential coupling of vibration complicates the seismic analysis. This is further compli-
cated by the restraint of the shell by vessel closure heads. In order to reduce the com-
plexity of the model, the circumferential coupling of vibration is neglected in this
analysis.
2.1.2 The Boundary Condition
The entire reactor is supported from the reactor building structure by a 1.5
inch thick steel skirt attached to the reactor deck around the edge of the deck. The
boundary condition for the reactor assembly is specified at the foot of this steel skirt.
The reactor is seismically excited through this point.
2.1 3 Dynamic Dearees of Freedom
Arrows shown in Figure 3 indicate dynamic degrees of freedom specified for
the model. They are specified to reduce the complexity of the analysis by including only
those degrees of freedom which are sufficient to characterize the dynamic behavior of the
reactor structure. The mass and stiffness matrices are reduced to those corresponding
numbers of dynamic degrees of freedom and the eigenvalue problem is solved. The selection
of the dynamic degrees of freedom is somewhat comparable to the method of selecting lumped
masses for a dynamic model.
2.1.4 The H c Mass Effect. Sodium Sloshina, and Damping
Whenever a solid structure that is in contact with liquid moves, a re-
sisting fluid force that is proportional to the relative acceleration of the structural com-
ponents is developed, while the liquid is displaced to accommodate the motion of the struc-
ture. Whenever the 1iquid must flow dynamically in small passages, the hydrodynamic (appar-
ent and virtual) mass effect of the 1iquid on the dynamic characteristics of the solid
structure will be significant [5,6,7]. Major components of the pool reactor assembly are in
contact with the liquid metal, sodium. The inclusion of the hydrodynamic mass is necessary
in some areas of the reactor assembly to obtain a meaningful result.
The dynamic fluid pressures developed during an earthquake are also of im-
portance in the design of structures such as the pool reactor. In this analysis such a
sloshing effect within the hot pool was incorporated into the model based on 2 simplified
formulation given by Housner.[8] The sloshing frequency was substantially lower than the
Towest natural frequency of vibration of the reactor assembly. Stresses in the thermal
barrier due to sloshing were first obtained based on a safe shutdown earthquake (horizontal
excitation). Without any prospect of additional information, the sloshing effect was then
removed from the later part of the analysis.
Upon introduction of the hydrodynamic mass effect, the presence of (viscous)
damping is also expected. Without a reliable datum this damping effect was neglected in
the analysis to obtain a conservative result. Damping was also neglected in the sloshing
model.
2.2 Seismic Excitation
Although direct integration of the equations of motion, given the time-history
of the forcing function, offers more details of the transient response of the system, it
would be more practical to use the response spectrum approach from the point of view of
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stress analysis, where, the maximum response is usually of the upmost concern. In the
seismic analysis of the pool reactor assembly, the spectral analysis method was adopted.

The input spectral response was obtained from a time history analysis of the reactor build-
ing, which takes into account the coupling effect of the building and the reactor structures

3. Discussion

Assumptions
The following basic assumptions were made in the seismic analysis of the 1000 Mwe

3

pool reactor:

3.2

(a)

(b)

(c)

The reactor assembly was assumed to be Tinearly elastic. The analysis

was based on the small deformation theory. Thus, the superposition technique
was applicable. Details, such as gaps between any pair of reactor components,
were neglected. Detailed dynamic analysis of specific components, such as
the core and the control rod assembly during an earthquake, might be neces-
sary depending on functional requirements.

Coupling of the axial and circumferential modes of vibration of the reactor
components was neglected following the conventional assumptions to reduce the
complexity of the analysis.

A zero-period ground acceleration of 0.3g for SSE and 0.15g for OBE was
assumed for the 1000 MWe power plant site as a conservative estimate.

Simplifications Made in the Axisvmmetric Model

The following simplifications were made in modeling the reactor assembly:

(a)

(b)

(c)

(d)

(e)

The non-axisymmetric core support structure, the reactor deck structure,

and the upper internals structure were modeled with axisymmetric structures
of equivalent stiffness. The thickness of the axisymmetric plate was in-
creased to account for the additional stiffness due to the supporting webs

by an equivalent cross sectional moment of inertia.

Only one pump and one IHX were modeled, according to their stiffnesses and
distributed masses, to account for the dynamic behavior and effect of these
components. The structural stiffness of the pumps and IHX's were estimated
and replaced by an equivalent axisymmetric structure (axisymmetric with
respect to the axis of the reactor assembly). There are no definite phase
relations among the pumps which have the same dynamic characteristics. The
IHX's, similarly, do not have any phase relationship. Therefore, the rest of
the pumps and IHX's were included in the model as a Tumped mass.

The major reactor components were represented by "thin" shells which cannot
take into account shear across the thickness. The accuracy can be improved
by using either the thick shell theory or a more detailed 3-D model.

Although the stiffness of the reactor deck was grossly estimated according to
paragraph {a) in Section 3.2 described above, the deck structure was much more
complicated than what was allowed for in such an approximation. Additional
information was available from a detailed analysis of the deck at the time of
modeting the deck. Therefore, the stiffness of the deck structure was adjust-
ed to take into account this new information.

To avoid the mathematical singularity at the pole of an axisymmetric struc-
ture, a small opening was cut in the continuum which includes a point along
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the neutral axis of the axisymmetric reactor assembly
3.3 Impact of Design Changes on the Analytical Results
3.3.1 The Thermal Barrier
The hydrodynamic mass effect is significant when a fluid is confined within
a small annulus formed by two concentric cylinders which are allowed to have a relative
radial motion. This could result in a high stress in the cylinders. Provision of spacer
tubes within the annuli of the thermal barrier eliminated this relative motion and thus
eliminated the potentially high stresses due to the hydrodynamic mass effect.
3.3.2 The Core Support Platform
Excessive shear deformation of the core support platform resulted in a large
deflection of the core support during a seismic event, which is undesirable from the point
of view of reactivity control. Provision of additional shear webs reduced the deflection
substantially.
4. Analvtical Results

Based on the above descriptions, with the given boundary condition and forcing functions
(seismic response spectra), the structural responses of the pool reactor were calculated for
OBE and SSE. Both vertical and horizontal excitations were examined.

4.1 Detailed Results from the Axisvmmetric Model Analvsis

The following results were obtained from an analysis of the axisymmetric model that
included the stiffened core support structure.
4.1.1 Natural Freauencies of Vibration
In the seismic analysis of the axisymmetric model, two distinct modes of
vibration were considered; a symmetric mode and an antisymmetric mode. The symmetric mode
characterizes the vertical vibration of the pool reactor components; while the antisymmetric
mode corresponds to a bending mode of vibration which characterizes the horizontal vibration
of the reactor components. The natural frequencies of vibration corresponding to these two
modes are shown in Tables I and II. A significant mode shape associated with the natural
frequencies of vibration is shown in Figure 4 for the symmetric modes, and in Figure 5 for
the antisymmetric modes of vibration. Figure 4 shows the mode shape corresponding to the
vibration of the deck at a frequency of 7.5 Hz. Figure 5 shows the cantilever beam mode of
vibration of the reactor primary vessel at a natural frequency of 5.25 Hz.
4,1.2 Seismic Response Based on Spectra
Seismic responses of the pool reactor structure are expressed in the form of
a displacement field. The mode shapes determine the relative displacements among points in
the structure. Each mode of vibration has a definite level of "participation" depending on
the stiffness and mass of the entire system (structure). Given an input seismic spectrum,
the displacement field is completely determined for each mode of vibration. The frequency
range of concern is between zero and 33 Hz during a seismic event. Up to 24 modes of vibra-
tion can participate in the seismic responses based on the present model. However, only
significant modes of vibration that contribute substantially to the seismic response are
considered.
Tables III and IV show the deflections and stresses at points of interest
for the vertical OBE and SSE. The deflections and stresses represent the "square root of
the sum of the squares" of all significant modes of interest.
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The first 9 modes of vibration were summed for the SSE. The first two modes
of vibration and the last mode were less significant. Therefore, only 6 modes of vibration
in the frequency range of 4.0 - 8.0 Hz were summed for the OBE. The deflection of the
center of the closure head is dominated by the contribution from the 8th mode of vibration,
which characterizes the deck vibration.

Tables V and VI show the lateral displacements and stresses at some key
points of concern due to the horizontal SSE and OBE. The first eleven modes of vibration
were summed (in the frequency range of 2.4 Hz to 11 Hz) for the SSE. Only the first six
modes were needed in the OBE summation to yield a reasonably accurate result. The maximum
lateral displacements were dominated by the cantilever mode of the vessel vibration.

5. Conclusions

The preliminary seismic analysis demonstrates that the 1000 MWe Pool Reactor design is
a feasible design with a high potential of success while maintaining good safety margins.
Iterations must be made where much more detailed calculations are needed on more extensive
models, however, this analysis demonstrates sufficient conservatism and margin for success
at this preliminary state of design.
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TABLE I
NATURAL FREQUENCIES OF VIBRATION FOR VERTICAL (SYMMETRIC) LOADING

MODE FREQUENCY (CYCLES/SEC.) MODE FREQUENCY (CYCLES/SEC.)

1 .308+001 16 .176+002
2 .331+001 17 . 185+002
3 .404+001 18 .198+002
4 .477+001 19 .210+002
5 .581+001 20 .220+002
6 .611+001 21 .243+002
7 .696+001 22 .291+002
8 .751+001 23 .305+002
9 .867+001 24 .320+002
10 .890+001 25 .357+002
1 . 104+002 26 .452+002
12 .113+002 27 .463+002
13 .121+002 28 .536+002
14 .140+002 29 .576+002
15 .163+002 30 .641+002
TABLE II

NATURAL FREQUENCIES OF VIBRATION FOR HORIZONTAL (ANTI-SYMMETRIC) LOADING

MODE FREQUENCY (CYCLES/SEC.) MODE FREQUENCY (CYCLES/SEC.)
1 .241+001 16 . 166+002
2 .362+001 17 .178+002
3 .405+001 18 .180+002
4 .496+001 19 .190+002
5 .525+001 20 .210+002
6 .558+001 21 .212+002
7 .628+001 22 .249+002
8 .714+001 23 .313+002
9 .822+001 24 .363+002

10 .871+001 25 .436+002
11 . 107+002 26 .445+002
12 .123+002 27 .466+002
13 . 134+002 28 .524+002
14 . 155+002 29 .559+002
15 .157+002 30 .643+002
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Fig. 2 Axisymmetric Model Description

/

Fig 4 Eighth Vertical Mode of Vibration
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Fig., 3 Dynamic Degrees of Freedom
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Fig. 5 Fifth Horizontal Mode of Vibration
(f = 5.25 Hz)

K 12/4



