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internals are performed with an appropriate equivalent lumped-mass stick model. It is necessary to idealize a 
mathematical model consisting of lumped masses connected by elastic massless members to reduce computation 
time and to save storage memory. As the perforated structures in the reactor internals require a lot of elements for 
finite element modal analysis, the finite element model for the perforated structures cannot be constructed as they are. 
Application of equivalent properties of the perforated structures for the finite element analysis can be an effective 
analysis method. Recently, many investigators have developed approximate solutions to predict the changes in the 
natural frequencies of rectangular plates with a group of identical circular holes [1~9]. The most effective way, 
adopted by most authors, is to estimate effective material properties regarding as an equivalent homogeneous plate. 
In this way, the effective properties such as effective modulus of elasticity and effective Poisson’s ratio can be used 
simply in standard procedures to design the perforated plates. As several partially perforated structures have been 
used in the reactor internals, the analytical method for modal analysis of partially perforated circular plates with the 
effective material properties is suggested for a simple and efficient calculation instead of a complicated finite 
element analysis via full modeling of perforated plates. The approximate method is verified by the finite element 
analysis. The effective elastic modulus of the perforated material (E*), and effective mass density (*) will be used 
in the theoretical formulation, but the Poisson’s ratio ( is assumed to be constant regardless of the ligament 
efficiency.

2. Estimation of effective material properties 

In the previous studies [3, 4], the effective material properties were suggested for the clamped square plate as a 
function of the ligament efficiency, ( ( ) / )p d p   . The effective modulus of elasticity for the perforated square 
plates is used in estimation of the natural frequencies of the partially perforated circular plate. The effective modulus 
of elasticity of the perforated square plate was obtained using the inverse method for the triangular penetration 
pattern. It was known that the effective modulus of elasticity in the perforated square plate with the clamped edge 
does not depend upon the mode number, but they can be given as a function of the ligament efficiency. The effective 
modulus of elasticity is approximated by polynomials using the curve fitting in References [7, 8]. 

              Fig. 1. Analysis model of a circular plate with a central perforation. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2017.09.230&domain=pdf
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internals are performed with an appropriate equivalent lumped-mass stick model. It is necessary to idealize a 
mathematical model consisting of lumped masses connected by elastic massless members to reduce computation 
time and to save storage memory. As the perforated structures in the reactor internals require a lot of elements for 
finite element modal analysis, the finite element model for the perforated structures cannot be constructed as they are. 
Application of equivalent properties of the perforated structures for the finite element analysis can be an effective 
analysis method. Recently, many investigators have developed approximate solutions to predict the changes in the 
natural frequencies of rectangular plates with a group of identical circular holes [1~9]. The most effective way, 
adopted by most authors, is to estimate effective material properties regarding as an equivalent homogeneous plate. 
In this way, the effective properties such as effective modulus of elasticity and effective Poisson’s ratio can be used 
simply in standard procedures to design the perforated plates. As several partially perforated structures have been 
used in the reactor internals, the analytical method for modal analysis of partially perforated circular plates with the 
effective material properties is suggested for a simple and efficient calculation instead of a complicated finite 
element analysis via full modeling of perforated plates. The approximate method is verified by the finite element 
analysis. The effective elastic modulus of the perforated material (E*), and effective mass density (*) will be used 
in the theoretical formulation, but the Poisson’s ratio ( is assumed to be constant regardless of the ligament 
efficiency.

2. Estimation of effective material properties 

In the previous studies [3, 4], the effective material properties were suggested for the clamped square plate as a 
function of the ligament efficiency, ( ( ) / )p d p   . The effective modulus of elasticity for the perforated square 
plates is used in estimation of the natural frequencies of the partially perforated circular plate. The effective modulus 
of elasticity of the perforated square plate was obtained using the inverse method for the triangular penetration 
pattern. It was known that the effective modulus of elasticity in the perforated square plate with the clamped edge 
does not depend upon the mode number, but they can be given as a function of the ligament efficiency. The effective 
modulus of elasticity is approximated by polynomials using the curve fitting in References [7, 8]. 

              Fig. 1. Analysis model of a circular plate with a central perforation. 
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