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INTRODUCTION

This paper descrivesg the seismic analysis of a 850-HWe pool-type liquid metal
reactor {LMH) under 0.3 g SSE ground excitations. It also assess the ultimate
inelastic structural capapilities for other beyoud-design-basis selsmic events,
Calculation 13 focused on a new design configuration where the vessel thickness
13 reduced cunsideraply compared to the previous design (Ma and Ovildys,
1987). In the analysis, the stress and displacement fields at {important
locationa of the reactor vessel, guard vessel, and support skirt are
investigaved, Emphasis is placed on the horizontal excitation in which large
stress is generated, The possibillty of impact between the reactor and guard
vessels is examined, In the reactor vessel analysis, the effect of (luld-
structure interaction {3 includea. Attention {s further given to the maximum
horizonta! acceleration of the reactor core as well as the relative dlsplacement
between the reactor core and the upper internal structure,

The Argonne National Llaboratory augmented three-dimensional Fluid-Structure
Interaction program, FLUSTH-ANL (Chang et al, 1988} is utilized for performing
the base calcutation where ground excltation i assumed to be 0.3 g SSE. The
Newmark-Hall buctility modification method was used for the beyond-design-basis
seismic events. In both calculations, s8tress fields generated from the
hortzontal and vertical excitations are evaluated separately. The resultant

atresses due to comblned actions of these events are computed by the SR3S
method.

THE MATHEMATICAL MODEL

To conserve the computer core storage and to save the computational cost sepa-
rate calculations are performed for the reactor vessel, the guard vessel and
support skirt. Also, different models are used depending on the directions of

the deismic excitation. A 3-D model is chosen for the horizontal excltation
analysis, whereas a simplified axisymmetri{c model i3 developed for the vertlical
excitation calecu *ion, Moreover, in the analysis of the guard vessel and

support skirt, the reactor vessel ard its internals are simulated by beam ele-

ments in which coolant and component masses are approprlately lumped at element
* fal palnts.

To facilitate the numerical calculation, a 1B0° sector of the flnite element
Model is developed for the horizontal excitation analysis. Figures ) and 2
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provide the computer-generated plots describing the isoparametric an. clevation
views of the LME. In the analysis, the fluid {s simulated by the eight nodes
luid element. The KV and redan are represented by the resultant stress
Dagenerated Sheli (HSDS) elements. Ma jor in-tank components, thermal liner,
skirt extension of the shield barrel, and the core-support structure (lncluding
the shield barrel and core-support cylinders) are approximated by beam elements.

Since in tnis detailed 3-D analysis the response of the RV and major components
are calculated simultaneously by solving the fluid and structural governing
equations, the effect of fluld-structure interaction is appropriately consid-
ered. This 1s quite different from the conventional lump-mass technique, where
the reactor vesse. !s represented by a stick or a shell, and no fluid-structure
cogpling careutation vy congtdered.

RESULTS

Hased on the computed stress components, the equivalent stress of each shell
elament is obtaiped. This stress represents the magnitude of the stress tensor
4t a given location. it represents the local stress level and has the form
{Mengelson, 1908)

2 . 2 2
“Ux-n}) . \r_\y-az) - kuz-ux)

ce:—_1
2
(1)

in which Oy+ Oy. and o, are norma! stresses wWith respect to three orthogonal
axes; o,,, 0,,, and o,  are the shear'‘ng stresses, Once the equivalent stress
is calcuiate‘!." it can l\j'e used to compare with the material yield and/ar ultimate
stresses to determlne the characterlstlc of the subsequent structural response.

Elastic atructural capability is of importance since within this limit no perma-
nent deformatlion ang structural damage will ocecur., To determine the maximum
ZPA of ground excitation corresponding to the material yleld strength, astress
flelds at several critical locatlons are presented here, The maximum equivalent

stregses due to both horlzontal and vertlcal selsmlc events are calculated by
the SRSS methed.

Table ! gives the maximum equivalent stresses at important locations along the
reactor vessel (see Fig. '), i.e., at elements ' {first row, 0° lacation), 9
{flrst row, 90° locatlon}, '7 (first row, 170° locatlon), 27 (second row, 90°
location), 156 (near junction of RV and baffle plate), 217 (vessel-lower head
junction), and 378 (RY-CSS Jjunction, 90° location). It can be seen that the
equivalent stress generated from the comblned actien of the three stress compo-
nents is about 8700 psi. Thls value is considerably smaller than the material
yield streas of 17,000 psi {55 316 annealed). The ratic of the maxlmum equiva-
tent stress to the material yleid streas |s about 1,0 to !',95, This lmplies
tnat for the new reactor design, the response of the reactor vessel will remain
tn the elastic regime |f the ground excitation has a ZPA of 0.586 g. For
iilustration of the norizontai-excitation analysis, the hoop stress near vessel-
lower head junction and axial stress near the upper vessel as well as their FFT
are presented in Fig. 3 and U, respect.vely.

Similarly., equivalent stresses at several locations of the support skirt and
guard vesse! are presented in Table 2. These include locatlons of 3-D model
corresponding to elements 127 and 132 (Q0° iocation) of the upper skirt, 115 and
120 of the louwer skirt, as well as element Y09 {90° location) of the upper guard

vessel. Flgure 5 shows the axial stress and its FFT at lower skirt under
vertical excitation.
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It s found that the maXximum equivalent stress is abut 2,030 psi, which oceurs
at the upper support skivt and i{s far betow the material yield stress of 26,000
psi (36 S3 annealed at 260°F). The ratio of the maximum equivalent stress to
the matertal yteld stress is abont 1.0 to 12.80. This means that without the
presence of sodium in the anoular region betwoen the reactor aud guard vessels,
the response of the guard vessel and support skirt will remain in the elastic
regime even 11 the ground eicitation has a ZPA of 3.B4 g. Thus, we believe that
considerable design conservatlsm has been provided for the new reactor des.gn.

INELASTIC STHUCTURAL CAPABILITIES

Because of the material nonlinearity and tts energy-atsorption capabisity the
reactor components generally car Wlthstand more severe seismic events thaun those
mentloned in the previous section. The energy absorption in the inelastic range
is handled by the so called “ductillty ratlo” (Newmark and Hall, 1978). It is
defined by

“:Ll_ ' t2)

where ug and uy are the ultimate and effective elastic displacements, respec-
tively,

In general, for small displacements into the inelastic range when the latter is
approximated by an elasto-plastic resistance curve, the responge spectrum is
decreased by a factor which {s one over the ductility ratio for the frequency
less than 2.0 Hz and a factor of 1//2u-1 for frequency hetween 2.0 and €.u Hz.
There is no reductlon for frequency beyond 33.0 H2.

Here, we assume that such a scheme is also applicable to the time-history
methad. Furthermore, we assume that both the reactor and camponent belaong to
the class-1l structures {Newmark and Hall, 1978} which have a ductility ratio of
2.0 - 3.0. Thus, one can shown that the factor of acceleration reduction is
about 1.732 to 2.236 based on u=2.U-3.0, Modifying thig factor to the beyand-
dosign-basis aeismic events of the reactor and guard vessels (0.59 g and 3.84 g
regpectively) 1t Is seen that the RV and guard vessel can withstand beyond-
design-basty seismies with peak accelerations ranging from 1,01-1,31 g and 6.65-
8.54 g, respectively. These correspond to 3.37-4.37 times the 0.3 g SSE for the
reactor vessel, and 22,17-28.63 times the basle 0.3 g SSE for the guard vessel
{no sodium) and support skirt.

CONCLUSIONS

Seismic analysis has been perfarmed for the new design of the 450-MWe pool-type
LMR subjected ta both horlzontal and vertical excitations. Several remarks can
bte drawn from this study:

', The dominant frequency of the reactor vessel subjected to 0.3-g horizontal
SSE is about 7.05 Hz. The maximum stress obtained is 8700 psi, which is
sttll only about half of the material yield stress. The shear effect
resuiting from the horizontal excltation is the major cause of this stress
and accounts for 90% of the total stress, For the guard vessel and support
skirt, the stress level i3 very small.

2. The maximum horizontal acceleration of the reactor core is 0.B' g, and the
relative horizontal displacement between the U1S and reactor core ls only

0.19 in. Both are weil below the design specified limits of 3.5 g and 2.2
in,

3. The relative horizontal dispiacements between the reactor and guard vessels
{s 0.15 in, which i{s far smaller than the §.75-in nominal annular clearance
between these two vessels. Thus, vessei Ilmpact wiill not occur during the
0.3-g SSE horizontal excitation,
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Moments and forces acting on the in-vessel components under horizontal ex-
citation are also increased slightly in the new design. The variations of
these values during the design iterations is are about 15%. Stress flelds
generated by the seismic moments and forces are found to be quite small,

5. Based on the Newmark-Hall ducttitty method, {t {s found that the reactor
vessel can withstand seismic events with ground ZPAs ranging from 1.0V to
1.31 g, which corresponds to 3.37 to 4.37 times tie zuvic v.3-g SSE.  Thus,
we can conelude that the reactor and guard vessels of the pool-type LMR
utilized in the new destgn are strong euough to resist selsmlc loads.,
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Table 1. Maxiumum Stresses at Varlous Locations of Reactor Vessel Under

Combined SSE Horizontal ang Vertical Seismic Excitations

Element No. Maximum Equivalent Stress (psi)

3-0 Horizontal Vertical Comb ined

Model Locat ion Excitation Excitation Excitations
1 First row, U° u875 1740 5176.2
9 Firgt raw, 90° 7189 1780 1981.0
17 First row, 170° 5114 1740 4501.9
27 Second row, 90° 7902 3561 8667.3

156 HV-baffle Junction 1803 3578 Bs84,2

211 RU-lower head Junction 4871 2938 5688.4

378 RV-CSS Junction 2015 ug72 5365.0

Tabie 2. Maxiumum Stresses at Various Locatlions of Guard Vessel and Support

Skirt Under Combined SSE Horizontal and Vertical Seismic Excitatlons

Element No. Maxlmum Equivalent Stress (psl)
3-b Horizontal Vertlcal Comblpag
Model Lacation Excltatlon Excltatlon Excltations
127 Upper skirt, 0° K05 Wy 1525.7
132 Upper sklrt, 90° qus 1471 17484
15 Lower skirt, 0° 406 1842 1887.2
120 Lower skirt, 90° gus 1843 2027.5
109 Upper vessel, 90° 203 195 281.5
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Fig.

Fig.

Fig.

Fig.
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Isoparametric View of the Reactor Vesse! Model

Elevation View of the Reactor Vessel Model

Hoop Stress and FFT Near VYessel-Lower Head Junction under
Horizonta! Excitation

Axiral Stress and FFT Near Upper VYesse! under Horizontal
Excitation

Axial Stress and FFT at Lower SKirt under Vertical Excitation
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