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ABSTRACT 

A rigorous computational procedure is presented for dynamic response auaJysis of horizontal tube 
array in partially-filled calandria including hydrodynamic interaction effects. The procedure is general 
enough to consider transfer of energy between the fluid-coupled tubes, effects of moderator sloshing in 
terms of magnitude and the distribution of hydrodynamic forces on tubes, and wave absorption by the fluid 
boundaries. The auaJysis method is based on the substructure approach in which individual tubes, 
calandria shell, inside moderator domain and the outside vault water domain are treated as different 
substructures. Numerical evaluation procedures for various substruetures and sample response results for 
typical tubes have been presented to demonstrate the capabilities of the developed procedure. 
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INTRODUCTION 

Earthquake response auaJysis of horizontal tubes in partially-filled calandria of pressurized heavy 
water reactor must recogoize the hydrodynamic interaction forces and modifications in their vibration 
properties to ensure non-vulnerability during design seismic event. Because of moderator sloshing in 
partially filled calandria, the generated hydrodynamic forces on tubes and calandria walls may not be 
accurately accounted for by simple added mass approach based on rigid structures and incompressible 
water assumptions. The presence of a large number of horizontal tubes forther complicates the fluid­
structure interaction problem, as their arrangement, spacing, and relative motions among the tubes are 
additional important considerations in the computation of hydrodynamic forces and added damping. The 
magnitude and the distribution of hydrodynamic forces also depend on the extent of tuning between the 
uncoupled frequencies ofcalandria and tubes, and the sloshing frequencies of moderator contained in 
calandria (Liu and Ma, 1982). Additionally, because of hydrodynamic coupling, the resultant 
hydrodynamic forces on horizontal tubes may not be in phase or in the direction of applied ground 
excitation (Cben, 1987; Chen et al., 1976), thus requiring simultaneous solution for multi-component 
excitation. Therefore, effects of moderator compressibility, its sloshing and hydrodynamic coupling 
between diffureot tubes and the calandria walls should be considered in developing computational methods 
for the auaJysis ofhorizootal tube array. 

For multiple rigid submerged tubes under seismic excitations, the concept of self-added and coupled­
added mass based on potential theory has been applied, although the experimental confirmation is far less 
extensive for large tube array (Dong, 1978). An auaJytical procedure is required to determine the design 
values of earthqnake responses for large tube array including the effects of moderator sloshing, and 
hydrodynamic coupling between the tube array and the calandria shell. At the same time, the developed 
method should account for added damping due to wave absorption at the structure-fluid interfaces and 
sloshing surfe of the fluid. 

For partially-filled horizontal cylindrical tanks, the theoretical solutions only for the transverse slosh 
response are available (Budiansky, \960). The longitudinal slosh response is computed utilizing the 
available results for rectangnIar tanks. The cylindrical tank is converted into an equivalent rectangnlar 
tank based on its aspect ratio, liquid level parameter and excitation amplitude parameter (Kobayashi et al., 


























































