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ABSTRACT

tpplying a decoupling method to vibration analysis of nuclear plants has the
advantage of improving plant design efficiency as compared with use of a cou-
pling methods.

In this paper, the applicability of the decoupling method to sloshing anal-
ysis in a seismically isolated LMFBR is shown analytically.

Furthermore, this paper presents characteristics of sloshing phenomena and
peints out the necessity of taking account of high natural frequency modes in
modeling of sloshing bhehavior.

1 INTRODUCTICN

Seismic isclation is one of the most effective methods of reducing seismic load.
Applying this method to a FBR plant promotes enlargement of siting, design
standardization and increased reliability during earthquakes.

However, to realize a FBR plant with a seismic isolation system, it is neec-
essary to verify the applicability of conventional design methods for reactor
building and nuclear components as well as the reliability of isolation devices.

A pool type LMFBR contains liquid sodium in & thin walled vessel, and its
sloshing period is longer than that of a LWR and a loop type LMFBR.

Accordingly, when the pool type LMFBR is subjected to a slightly longer
period of seismic motion, the wave height of liquid during sloshing may rise
significantly(Yashiro et al.1987). In nuclear component design, a method for
evaluating the sloshing phenomena during an earthquake is required for the
purpose of securing structural integrity.

In existing nuclear plants without seismic isolation systems, a decoupling
method which calculates seismic responses of building and components separately
has traditionally been used for vibration analysis because of its simplicity.

In this paper, the applicability of the method to evaluation of the sloshing
phencmena in a base isclated FBR is examined., In addition, the characteristics
of the sloshing phenomena are studied, and points to be attended to in analysis
of the sloshing phenomena using the decoupling method are presented.
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2. APPLICABILITY OF THE DECOUPLING METHOD

The sloshing phenomena of liquid in various pools in reactor buildings during
an earthquake have traditionally been evaluated by using a decoupling method
which calculates responses of building and components separately.

In the decoupling method,firsi,seiswic response on an operating floor is cal-
culated using a vibration model of the building, then the responses of the
sloshing wave height and convective pressure of sodium liquid are calcutated by
inputting the obtained seismic loads on the operating floor.

This decoupling method is often used so as to avoid large scale calculations
required for the change of design specification.

In a base isolated FBR plant, however, the sloshing frequency of liguid
gsodium is close to the isolation frequency. As a result, the variation of
sloshing period occurs in the coupled and decoupled analyses, so the applica-
bility of the decoupling method comes into question.

2.1 Analytical model

The applicability of the cecoupling method can be judged from the variation of
natural frequency of the sloshing phenomena between coupled and decoupled
models as shown in reference (Aziz and Duff. 1978).
Figure 1 shows a two degree of freedom vihration model consisting of a
reactor building(supporting system) and liquid in a component(supported system).
In this analytical model, the mass of reactor structure is regarded as a
rigid body, and assembled into the reactor building wodel, because the natural
frequency of the reactor structure is far from that of the sloshing phenomena.
Equation 1 shows a vibration equation of the coupling model shown in Fiz.l1.(a).
Equation 3 shows the variation of the natural frequency between the coupled and
the decoupled models,
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Fig.1 Apalytical MNodel

Table 1 shows the analytical conditions of reactor building and sloshing
model in the analytical model shown in Fig.l.

The effective mass of the ith mode of the sloshing wodel can be caleulated by
equation 4 which is derived by combining the potential theory and mass spring
vibration model for sloshing phenomena. Equation 5 shows the sloshing natural
frequency of the ith mode which is derived by the potential theory (Sogabe et al.
1977).



Table 1 Analytical Conditions
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2.2 Analytical results

Table 2 shows the ratio (x ) of the effective mass corresponding to the i th
sloshing modes and the mass of reactor building, and the ratio (1/6) of the
sloshing frequency to the isolation frequency of reactor building. Here, the
isclation devices are assumed to have bilinear spring characteristics with the
horizontal vibrating frequencies of f,=1lz and f,=0.5Hz as shown in Table 1.
5o the natural frequency ratios (1/9) at isolation frequencies £, and £, were
evaluated.

Figure 2 indicates the relationship of the mass ratio and the frequency ratio
between reactor building(supporting system) and components(supported system)
when the variation of the frequency was a«=5%, 1% and ©.5%.

This Tigure also indicates the region appropriate Lo the use of the decouplig
method and the evaluation standard curve proposed by the NRC.

In the base isolated FBR plant, o« can be suppressed to less than about 1/10
of the evaluation standard as shown in Fig.2

Although the obtained ratio (1/9) of sloshing frequency to the ‘solation
Trequency was close to unity, the mass ratio () was so small that the value
of a entered the decoupling region.

Table 2 Mass Ratio and Frequency Ratio of Sloshing Model
to Reactor Building
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1 6.22 53204.0 3.32x10°® 0.22 0.44.
2 0.40 1636.7 1.5 % 107 0.4 0.8
3 0.51 438.8 2.T3 % 19°° 0.51 1.02
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The sloshing response of sodium liquid 0.0007
in a vessel can be evaluated by the Housner
theory and the finite element method(FEK)etc.

Among these methods, the Housner theory
has been most frequently used in LWR plants
due to its simplicity.

In this study, to show the characteristics
of sloshing phenomena in the base isolated
FBR plant, the sloshing responses of sodium
in the vessel were analyzed using the FEH
and the Housner theory.

Furthermore, the points to be attended to
regarding the modeling of sloshing phenomena
were examined using these analyses.
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Figure 3 shows the pool type FBR reactor Fig.2 Variation of Sloshing Fre-
structure. The region of sloshing analysis quency Depending on the Mass
is shown by hatching in this figure. Ratio and the Frequency Ratic

Seismic respcenses in this region were + 16000
analyzed by the mode superposition method r________"ﬁﬁﬂ
with modal damping of 0.1%. :

A slightly longer period of earthquake
based on observation records of the Japan
Sea Central Earthquake which occurred
in 1983 (¥j=7.7, observation site;
Furoufushi, Shiranuka) and Mexico Earth-
quake which oceurred in 1985 (Ms=8.1,

La Union), was emnployed in the analysis.
{Ishida et al.1987)

-

. X ZZ REGION OF SLOSHING ANALYSIS
3.2 Analytical results

Fig.3 Reactor Structure
5.2.1 Characteristics of seismic sloshing pehnomena

The sloshing responses of liauid sodium in the hatched region were analyzed by
the FEM. In the analysis, seismic waves on the ground (CASE A) and the oper-
ating floor (CASE B) were used as seismic loads for the purpose of ohtaining
characteristics of the seismic sloshing phenomena in the base isolated FBR plant.
Figure 4 (a), (b) show the time histories of sloshing wave heights analyzed

using the seismic waves on the ground and the operating fleor in La Unien
records respectively. High frequency mode waves were observed in the wavefornms
of the free liquid surface of sodium as shown in CASE B of Fig.4.

Table 3 shows the comparison between the maximum sloshing wave heights in CASE
A and B. The seismic isolation amplified the wave height by 40% at most due to
the excitation of the high frequency modes, as shown in Table 3.
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Figure 5 shows the design basis floor Pariod (szc)
responses to the seismic waves on the {a) Spectra st Ground LQVBQ&EES? Al
ground and the operating floor in La Union o~ T : |Mi¥ﬂjf'
records o gﬂﬁ(}[} Dampir -l 500, f-t
Maximum acceleration existed in the e HISEL RS y74%‘§
frequency range from 0.5 to 1.0 Hz in the -S1000 ;‘éﬁ\ il e
design basis floor response spectra on the g i 4ﬂ'.—3
operating floor as shown in Fig.5 (b). % 500 1 ﬁ&ﬂ}\ *‘r1g§&
Furthermore, the high frequency modes < . i julifliman il
were noticeably excited by the seismic 051 o I m— 1)
loads. So these high frequency modes are not Perivd (soc)
negligible to avoid the underestimation (b) Spectra st RV Setting Level of
of the sloshing wave height. Resctor Building (case B)

FFig.h Floor Response Spectira
3.2.2 Remarks to be observed in sloshing analysis

Teble 4 shows the contribution of each mode to the sloshing wave height due to
the earthquake based on La Union records [t also contains the maximum
sloshing wave height obtained by the Housner theory; the scismic wave on the
operating floor was used in this analysis . From this tahle, the following
phenomena should be noted.

The contribution of the high frequency mode to the sloshing wave height is
large in the base isolated FBR plant, as shown in Table 4.

The sloshing wave height obtained by the Housner theory is smaller than the
result obtained by the FEMN.
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This is because the Housner theory deals with the sloshing analytical model in
which the mass producing the convective force, called equivalent oscillation
weight, is connected to the walls of the pool by springs with only the 1st
sloshing natural vibration frequency.

As mentioned above, the design

basis floor response on the Table 4 Contribution of High Frequency
operating Tloor had an acce- Hode to Maximum Wave Height

leration peak in the high Seiomic | Maximum | st Heigh [Contribution
frequency range, so the sloshing Mathod L;Q' Wave Mode |Frequency| of High
responses must be calculated Height (m)]  (m) |Mode (m)|Frequency(5)
using the analytical method in - case A 2.03 1.43 0.6 20.6
which high frequency modes are ! cose B 2 65 161 T 94 295
suitably modelized to obtain

the sloshing wave height ﬁ%ﬁﬂw cose B 202 -
accurately. eory

4. CONCLUSION

From these results, the following conclusions can be drawn.

(1) The sloshing frequency was close to the isolation frequency. However,
the variation of sloshing frequency hbetween the coupled and the decoupled
models was small enough to be able to apply the decoupling method to the
sloshing analysis in a base iscolated FBR

(2) The sloshing wave height during an earthquake was amplified by as much as
40% by the isolation system as compared with the result obtained using the
seismic waves on the ground,

It was confirmed that the amplification of the wave height was due to the
excitation of high frequency modes.

(3) Since the design basis Tloor response on the operating floor had an acce-
leration peak in the neighborhood of the sloshing high frequency modes, the
sloshing phenomena in a hase isolated FER plant should be evaluated using
the analytical model in whieh high frequency modes are suitably introduced.
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