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ABSTRACT

Dynamic responses of the tank-fluid-submerged objects system subjected to ground
excitation are investigated by a coupled boundary eclement-finite element method. A
rectangular tank which stores submerged objects in regular periodic pattern is modeled by one
period section of the infinitely long system. The effects of the submerged objects on the
dynamics of structure and on the pressure and sloshing response of fluid are investigated and
presented. The stability of the submerged objects in the isolated tank is analyzed.

1. INTRODUCTION

Reinforced concrete liquid containers of rectangular plane are usually preferred for the wet
storage of nuclear spent fuel assemblies. Despite being massive structures, the effect of their
flexibility is known to be significant on the dynamic fluid-structure interaction behavior. To
investigate the fluid-structure interaction behavior, coupled boundary element-finite element
methods have been proposed[1,2]. However, the effects of submerged objects on the dynamic
responses of the fluid and structure are not adequately described. This paper investigates the
effect of submerged objects inside the container on the fluid and structural behaviors by the
present analysis method.

The tank-fluid-submerged objects system which consists of flexible side walls, rigid
bottom slab and submerged objects is assumed to extend infinitely into the out of plane
direction. The submerged objects standing fixed on the rigid bottom slab are assumed to be
placed periodically into the out of plane direction, so that the tank-fluid-submerged objects
system is modeled by one period section of the infinitely long system. The irrotational motion
of the inviscid and incompressible ideal fluid is modeled by the three-dimensional boundary
element method and the motion of structure and submerged objects by the finite element
method. Coupling is performed by imposing compatibility and equilibrium conditions along
the interface between fluid and structure and submerged objects. The interaction effects are
reflected into the coupled equations of motion as added fluid mass matrix and sloshing
stiffness matrix. Free surface sloshing motion and hydrodynamic pressure developed in
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rectangular containers due to ground motions are computed in time domain and compared to
each other. L R

Dynamic responses of the tank-fluid-submerged objects system subjected to horizontal
ground excitation are investigated. The effects of several factors such as the flexibility of the
submerged objects, number of the submerged objects and other geometric factors on the
dynamic responses of tanks are investigated. Also, the influence on the sloshing response of
the above factors is presented. The behavior of tank and the stability of the submerged objects
in the isolated tank is calculated.

2. BOUNDARY ELEMENT MODELING OF FLUID MOTION

The irrotational motion of inviscid, incompressible ideal fluid in a container can be
described in terms of velocity potential which satisfies Laplace equation and Green-Lagrange
Identity. Then the potential, ¢(%,t), at any point E on the boundary as a solution of Laplace
equation can be given in the following integral equation[1],

CBWE.0= [0 D @D - [ Xiz.n6 Erds m

where c(%) is a constant depending only on the geometry of the boundary, G( i;g) Green's
function of Laplace equation and X the position vector of source point.

Figure 1. Tank-fluid-submerged objects system

Applying standard discretization procedure of boundary element method to Eq(1) the
following algebraic equations can be obtained
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where [B] and [H] are coefficient matrices and {ﬁ} and {¢} denote nodal normal velocity

vector and nodal potential vector respectively.

Under the horizontal ground excitations, the linearized dynamic boundary conditions for
the model given in Figure 1 may be expressed as[1]

%¢— (%,t)+gn(x,,x,,t) =0 on free surface 3)
;—f x,0)= % (x;5x,,¢)  on free surface 4
P(x,t)= —p% (x,1) on the interface ' Q)
g? (X, )=nevy » on the interface (6)

where n(x,,x,,t) denotes vertical displacement of free surface from the stationary level,
P(%,t) hydrodynamic pressure in excess of hydrostatic pressure, g gravitational acceleration,
fi = 7i(¥) exterior normal vector on the boundary, p fluid density, and v, the velocity vector.

Differentiating equation (2) with respect to time and applying boundary conditions,
equations for the fluid region can be obtained as follows[1].

an{vp} + Mﬂ’l{ﬁ} + Kﬂﬂ{n} +Mﬂn{l}ﬁg3 - {0} @)

P=P{ii }+P, {#j} + Py {m} + P, {ii, } +P, {1}it,, ®)

where {u < } indicates horizontal ground acceleration vector.
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3. COUPLING PROCEDURE

The equation governing the motion of containing structure and submerged objects can be
derived by finite element method to be

M {ii(0)} + K* {u()} = —Ms[rs]{ﬁg(t)} +1(¢) ©)

where M* and K* denote mass and stiffness matrices, respectively, {u(¢)} relative nodal
displacement vector, {ﬁg (r)} ground acceleration vector, f(¢) external nodal force vector and

[r*] earthquake influence coefficient matrix.

Along the interface between the walls, submerged objects and fluid, compatibility and
equilibrium conditions should be satisfied. Fluid particle acceleration normal to the interface
boundary is set equal to the acceleration of the structure and submerged objects boundary in
the same direction under the assumption of small displacement. In order to impose
equilibrium condition at the coupled nodes, the fluid pressure is converted into equivalent
nodal forces. The governing equation of the coupled system including the free surface
sloshing motion. can be derived by imposing equilibrium and compatibility condition in the
following form [1}]

Mfw MZp 0 i Kfm Kip 0 u

M;O MSPP +MPP MP’] ﬁP + K;’O KSPP KP’] u
0 M M, |3 0 0 K, |7

np mm

4
(10)
Mfm MZP 0
=— Mspo M;p +Mpp MP'I [r]{ug}

0 M, M,,

where {u,} and {ii } are nodal displacement and acceleration vectors defined at the nodes of
structure and submerged objects not in contact with the fluid region and {u_} and {i,} are
those in contact with the fluid region.

4. NUMERICAL EXAMPLES

Dynamic responses of the tank-fluid-submerged objects system in Figure 2 are analyzed by
the developed coupled boundary element-finite element method. The material properties of

the tank are determined to be as follow density, p=1200Kg / m3; Young's modulus,
E=29x10° N/m?*; and Poisson's ratio v=035.
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Figure 2. Dimensions of Tank-fluid-submerged objects model

The N-S component of the ground acceleration recorded at El Centro during the 1940
Imperial Valley Earthquake is used as input motion with peak ground acceleration adjusted to
0.2g. The effects of number of the submerged objects are investigated. The submerged objects
are assumed to be rigid.

Figure 3 are time histories of the free surface sloshing motion at the intersection point of
fluid and structure. It is found that the overall trends have minor difference in their detailed
shapes. But any notable difference is not observed in general trend and magnitude. These facts
suggest that sloshing response is not influenced by the presence of submerged objects.
Displacement time histories at the crest are provided in Figure 4. The natural frequency of the
tank with the submerged objects seems to be slightly lower than that of the tank without the
submerged objects because of the submerged objects. However the magnitude and distribution
pattern of the developed hydrodynamic pressure appear to be significantly influenced by the
presence of the submerged objects. The profiles of pressure distribution along the height of
the wall at the moment when the base shear reaches its peak value are made in Figure 5. It
shows that amplification of the pressure in the tank with the submerged objects is much more
pronounced than the tank without the submerged objects. In order to study stability of the
submerged objects, pressure distribution around the left-most object is calculated at the
moment when the base shear reaches its peak value and is plotted in Figure 6. From the
pressure distribution, the overturning moment of the object can be calculated. From the
pressure distribution, the overturning moment developed exceed the restoring moment by a
factor 1.5.

The effects of the flexibility of the submerged objects are investigated. The material
properties of the submerged objects are determined to be as follow Young's modulus,

E=196x10°N/m?.
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Figure 3. Histories of free surface sloshing motion Figure 4. Histories of displacement at the
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Figure 5. Hydrodynamic pressure distribution along the wall in the tank
with varying number of stored objects
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Figure 6. Hydrodynamic pressure distribution along the left-most object

186



The time histories of the free surface sloshing motion are compared in Figure 7.
Comparison of pressure distribution along the height of the wall is made in Figure 8. Though
the pressure distribution is affected significantly due to the flexibility of the submerged
objects, the free surface sloshing motion seems to be not sensitive to the flexibility of the
submerged objects.

By installing isolators, the dynamic response of the structure can be reduced significantly.
The isolated tank with 0.5Hz effective frequency and 10% damping is considered. Figure 9
shows time histories of the free surface sloshing motion at the intersection point of fluid and
structure. In the isolated tank, the component of the free surface sloshing motion associated
with wall vibration is not visible. The profiles of pressure distribution along the height of the
wall at the moment when the base shear reaches its peak value are given in Figure 10. The
reduction of hydrodynamic pressure acting on the wall is achieved by the isolator. The base
isolation system is confirmed to be very effective in reducing hydrodynamic pressure acting
on the submerged objects as can be seen in Figure 11. In the isolated tank, the submerged
object seems to remain stable. The restoring moment of an object is about five times larger
than the overturning moment.

4 0
=Ll o L TS
b 1 e | O N | P T N
o _‘;éo 5.6 Rigid objeqts
= 'S — Flexible objects !
© jan i
L - V
@ - Rigifi objects .
B 1~:lex1ble lobjects| . 112 . . . .
0 2 4 6 8 10 0 10 20 30 40 50
Time, sec Hydrodynamic pressure, Kpa
Figure 7. Histories of free surface sloshing ~ Figure 8. Hydrodynamic pressure distribution
motion at the intersection point with along the wall with rigid/flexible
rigid/flexible objects objects
4 0
g
g £
8 o
= g 564 e Isolated tank
g ko) i —— Nonisokated tank
< o b
@ - Isolated tank
-.4|—— Nonisokated tank 112
0 2 4 6 8 10 0 10 20 30 40
Time, sec Hydrodynamic pressure, Kpa
Figure 9. Histories of free surface sloshing Figure 10. Hydrodynamic pressure distribution
motion at the intersection point in along the wall in the isolated/
the isolated/nonisolated tanks /nonisolated tanks

187



3.3 Kpa 4.0 Kpa

3.8Kp i 4.5Kpa
0 0
Pressure, Kpa

Figure 11. Hydrodynamic pressure distribution along the left-most object
in the isolated tanks

5. CONCLUSIONS

A coupled boundary element-finite element method for the analysis of the tank-fluid-
submerged objects system is developed and applied to investigated the effects on the dynamic
response of fluid, structure and submerged objects.

The magnitude and distribution pattern of the developed hydrodynamic pressure are
influenced by the presence and flexibility of the submerged objects. The pressure distribution
developed in the tank with the submerged objects is found to be more amplified than that in
the tank without the submerged objects. However, the structural behavior and the free surface
sloshing motion are lesser influenced than the hydrodynamic pressure by the presence of
submerged objects.

In the base isolated tank, remarkable reduction is obtained in the hydrodynamic pressure
acting on the wall and stability of the submerged objects can be reached. However, the
sloshing motion in the base isolated tank could be increased.
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