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Abstract

A numerical study of the sloshing response of a reactor tank with deck-mounted compo-
nents Is presented. The effects of the deck-mounted components on the sloshing wave heights,
wave patterns, and wave frequencies are Investigated. Tlie sloshing pressures exerted on the
deck-mounted components are determined. For the case studied, the maximum sloshing pressure
on the IHX or pump 1s 0.034 MPa (5 psi) . I t will produce an additional bending stress of the
magnitude of 27.5 - 48.2 MPa (4-7 ksi) on the components and should be added to the other
stresses obtained from the conventional seisnfc analysis for the design of deck-mounted com-
ponents.

1. Introduction

A large commercial size breeder reactor tank contains a huge aoount of liquid sodium and
many deck-mounted components. Due to the presence of large free-surface area, the liquid
sodium will participate in the sloshing motion under seismic disturbances. Of interest 1n
the reactor design is the magnitude of the hydrodynamic pressure acting on the deck-mounted
components and the maximum wave height of the free-surface. In the current practice, how-
ever, the hydrodynamic pressures and maximum wave height are s t i l l determined from a simple
mechanical model [1] which was developed for calculating the dynamic response of a l iquid-
storage tank with no In-tank component.

Sloshing response of a reactor tank without Internal component has been studied by Ma
and Liu [2 ,3 ] , This paper presents the results of a f inite element analysis performed on the
sloshing response of a reactor tank with the presence of many deck-mounted components sub-
jected to horizontal seismic excitation. The objective of the study is to Investigate the
effects of the internal components on sloshing response and to determine the sloshing loading
for design of the components. The mathematical model Is described in Section 2; the results
are presented In Section 3; the conclusions are given In Section 4.

2. Description of the Mathematical Model

The finite element model used in the study is shown in Fig. 1 which represents the fluid
1n the upper part of a commercial-size LMFBR reactor tank that will participate In sloshing.
The fluid in the lower part of the tank is completely trapped; i t does not participate in
sloshing motion and therefore is omitted. The component at the center of the tank represents
an upper internal structure (UIS); the other six off-center components represent three inter-
mediate heat exchangers (IHXs) and three pumps, which will normally appear in a large pool
type of reactor. The tank and components are assumed to be r igid. The fluid Is simulated
with displacement-based continuum elements. Only linear sloshing is considered. The Input
motion is at the tank base, which is a 10 s acceleration time history having a rraximum accel-
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eration of 1 g. After 10 s, the seismic ground motion 1s assumed to have terminated. How-
ever, the analysis of sloshing motion is carried out to 50 s, since sloshing is a long-
duration motion. For comparison purpose, a similar analysis 1s also performed on a reactor
tank which has a UIS but no off-center components. The mathematical model of that reactor 1s
shown in Fig. 2.

3. Sloshing Response

The computed free-surface wave patterns of the two cases studied at Instant of t = 15 s
are shown In Figs. 3 and 4. As can be seen, the sloshing wave height of the tank with UIS
only (see Fig. 3) has a cosS distribution In the circumferential direction of the tank. The
circumferential wave patterns of the tank with UIS and other coinponents (see Fig. 4) I s , how-
ever, quite different. I t no longer has a distinct cos9 distribution in the circumferential
direction of the tank, and the free surface exhibits many peaks, i . e . , up-and-down wave pat-
terns when the coolant sloshes. This Is clearly demonstrated in Fig. 4. Also, the presence
of the Internal components, i . e . , IHXs and pumps affects the mode shapes and values of
sloshing frequencies significantly. In the case of no off-center component, the sloshing
response is dominated by two sloshing modes, i . e . , the f i rs t radial mode (antisymmetric) and
the f i rst tangential mode. The modal shapes of these two modes are shown 1n Fig. 5 in which
H and L Indicate the high and low lines of the free-surface, and 0 represents a zero l ine.
The free-surface wave height In the radial antisymmetric mode Is primarily caused by fluid
flowing in the radial direction of the tank, whereas the wave height In the tangential mode
1s mainly caused by fluid flowing in the circumferential direction of the tank. The radial
antisymmetric mode has a sloshing frequency of 0.28 Hz. The frequency of the f i rs t tangen-
t ial mode Is found to be 0.74 Hz.

Figure 6 shows the areas of the free surface which are dominated by the two sloshing
modes. I t shows that the sloshing motion of coolant adjacent to the tank wall Is dominated
by the radial antisymmetric mode of the radial fluid flow, and the sloshing response adjacent
to the UIS is dominated by the tangential mode of the tangential fluid flow. I t is Inter-
esting to note that the f i rs t sloshing frequency of a rectangular tank with fluid depth of
6.09 m (20 f t ) and tank width of 3.84 m (29 f t ) (equal to the radial distance between the UIS
and the tank wall) is 0.29 Hz which is very close to that of the radial antisymmetric mode.

In the case of the tank with off-center components, the sloshing response is dominated
by four sloshing modes. They are the radial antisymmetric (0.46 Hz) and tangential (0.72 Hz)
modes of the fluid which lies between the UIS and the off-center components, and the tangen-
t ial (0.90 Hz) and radial antisymmetric (0.96 Hz) modes of the fluid between the off-center
components and the tank. The distribution of these four modes on the free-surface Is shown
in Fig. 7. The f i rst two modes are similar to those of the case without off-center component
as previously mentioned. The frequency of the radial antisymmetric mode, however, is In -
creased from 0.28 Hz to 0.46 Hz. The increase of frequency is attributed to the decrease of
the effective width of an equivalent rectangular tank. For the case studied, i t decreases
from 8.84 m (29 f t , i . e . , the radial distance between the UIS and the tank) to 4.87 m (16 f t ,
i .e. the radial distance between the UIS and the off-center components). The classical fun-
damental sloshing frequency of a rectangular tank with 6.09 m (20 ft) depth and 4.e7 m (16
f t ) width is 0.40 Hz. The frequency of the tangential mode, however, is not affected by the
off-center components. This is because the tangential fluid flow mainly occurs In the area
adjacent to the UIS as previously mentioned. The third (0.9 Hz) and fourth (0.96 Hz) slosh-
ing modes are caused by the fluid flowing between the off-center components and the tank
wall. Again, I t is Interesting to note that i f the distance between off-center component and
tank wall, I . e . , 0.91 m (36 i n . ! , Is used as the effective tank width, the classical sloshing
frequency is 0.93 Hz.

The maximum wave heights at various locations for the cases without and with off-center
components are shown In Figs. 8 and 9, respectively. I t Is noted that the maximum wave
heights shown In Figs. 8 and 9 are not occurring at the same time. For the case without off-
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center components, the maximum wave height Is 172 cm (68 I n . ) . I t occurs at the fluid-tank
wall Interface at 3 = 0*. The maximum wave height at fluid-UIS Interface 1s 116 cm (46 I n . ) .
The maximum wave he<7ht for tie case with off-center components is 101 cm (40 in.) which
occurs at the off-center component, and is primarily caused by the radial fluid flow between
the UIS and the off-center components. The maximum wave heights at various locations for the
case with off-center components are generally smaller than those of the case without off-
center components.

The calculated fluid pressure history of free-surface fluid element 1 (at fluid-tank
wall interface at 8 » o*) for the case with off-center components is shown In Fig. 10. As
can be seen, the pressure in the f i rs t ten second period of time consists of both impulsive
and convective (sloshing) pressures. After ten seconds only the sloshing pressure remains
active. The Impulsive pressure vanishes because of the termination of the ground disturb-
ance. Since the objective of this study is to find the maximum sloshing pressure acting on
the submerged in-tank components, the calculation continues to 50 seconds of time. The maxi-
mum sloshing pressure of fluid element 1 is found to be 0.005S MPa (0.8 psi) which occurs at
25 s after the start of the ground notion or 15 s after tha cease of the ground motion.

The maximum sloshing pressures at tank top and midheight for the case with off-center
components are shown In Fig. 11. Again, those maximum sloshing pressures are not occurring
at the same time. As can be seen in Fig. 11, the maximum sloshing pressure acting on the
components 1s 0.0275 MPa (4.0 psi) . The off-center components are subjected to two different
types of sloshing modes, one side with a frequency of 0.46 Hz and the other side with a f re -
quency of 0.9 Hz. Since both sloshing modes have a cos9 distribution, I t is reasonable to
assume that the sloshing pressure acting on the component will have cose distribution at cer-
tain Instances (see Fig. 12). In other words, one side of the corraonent will be subjected to
a compressive loading, while the other side will be subjected to a tensile loading. This is
the worst loading condition for a component subject to seismic sloshing. To obtain a con-
servative estimate, we use the maximum sloshing pressure of 0.034 MPa (5 psi) to calculate
the maximum stresses on the component. Furthermore, I t Is assumed that this maximum pressure
is uniformly distributed along the submerged length of the component. I f the component is
represented by a stick model which is usually the case in the conventional component anal-
ysis, the resultant force f per unit length acting on the component (see Fig. 12) 1i

271 2
f = ! P • cos 8 rde (1)

F = it • P • r (2)

where p is the maximum slcshing pressure and r is the radius of the component. The total
force F acting on the component is given by

F = f • I (3)

where i is the submerged length of the component plus the maximum wave height.
The Sending stress at the support of a component due to the sloshing loads described

above is 24.1 MPa (3.5 ksi) . The component is assumed to have a diameter of 3.04 m (10 f t ) ,
thickness of 5.08 cm (2 I n . ) , a length of 10.66 m (35 f t ) and a submerged length of 6.09 m
(20 f t ) . I f the component has a thickness of 2.54 cm (1 i n . ) , the bending stress would be
incr«ased to 48.2 MPa (7 ksi) due to sloshing.
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4. Conclusions

From the results of this study, i t can be concluded that:
1 . The presence of off-center components can significantly change the dynamic charac-

teristics of the sloshing motion. The sloshing frequencies of a tank with off-center compo-
nents are considerably higher than those of a tank without off-center component.

2 . The sloshing wave height Is considerably reduced due to the presence of off-center
components. The prediction of maximum wave height based on a simplified mechanical model
without In-tank components such as Housner's equation 1s too conservative. Therefore, I t
should not De used 1n the reactor design.

3. The seismic stress due to sloshing could be significant; I t should be added to the
conventional seismic analysis for the deck-mounted components. For the case studied, the
maximum sloshing pressure on the off-center components is 0.034 HPa (5 psi) . I t has a cos8
distribution along the circumferential direction of the component, which can produce an addi-
tional stress of the magnitude of 27.5 - 48.2 HPa (4-7 ksi) on the deck-mounted components.
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FIGURE CAPTIONS

Fig. 1 . Mathematical Model of a Reactor Tank and Internal Components

Fig. 2 . Mathematical Model of a Reactor Tank without Internal Components

Fig. 3. Free-Surface Wave at t * 15 sec (without IHXs and pumps)

Fig. 4 . Free-Surface Wave at t * 15 sec (with IHXs and pumps)

Fig. 5. F i rst Tangential Mode and First Radial Antisymmetric Mode

Fig. 6. Dominant Sloshing Frequency (Hz) (without off-center components)

Fig. 7. Dominant Sloshing Frequency (Hz) (with off-center components)

Fig. 8. Maximum Wave Heights (1n.) (without off-center components)

Fig. 9. Maximum Wave Heights ( in . ) (with off-center components)

F1g. 10. Pressure History at Fluid-Tank Interface (with off-center
components)

Fig. 11. Sloshing Pressures (psi) at Tank Top and Midheight (with off-center
components)

Fig. 12. Sloshing Pressure Distribution on the Components
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