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Perforated plates are used in many mechanical structures in thermal power plants, nuclear power plants, or chemical plants etc. Cylindrical structures made by the perforated plates are also found in many places. However, vibration characteristics of the structures made by perforated plates are not fully clarified, especially for the structures immersed in liquid. The stiffness of the structures becomes smaller than that of ones made by simple plates with no holes, while the mass of the structures also becomes smaller. According to the balance between the stiffness reduction and mass reduction, natural frequencies will be decided. Moreover, added mass and added damping effects are very large in liquid, and are thought to largely change due to holes.

In this study, as a fundamental step, a perforated plate is treated. The vibration characteristics such as natural frequency and damping ratio are studied for various hole numbers or various opening ratios by both numerical simulations and simple test models. Vibration tests are conducted in liquid as well as in air.

INTRODUCTION

In various industrial plants such as chemical plants, thermal power plants, nuclear power plants and food industries, perforated plates are often used for reducing weight or for effective mixture. Another example is exhaust pipes of automobile which is used for reducing noise. And cylindrical structures made by the perforated plates are also found in many places such as marine structures. However, vibration characteristics of the structures made by perforated plates are not fully clarified, especially for the structures immersed in liquid. The stiffness of the structures becomes smaller than that of ones made by simple plates with no holes, while the mass of the structures also becomes smaller. According to the balance between the stiffness reduction and mass reduction, natural frequencies will be decided. Moreover, added mass and added damping effects are very large in liquid, and are thought to largely change due to holes. Thus, vibration characteristics and vibration response of the perforated plates will change largely in liquid. Therefore, it is very important to clarify the stiffness reduction, mass reduction, added mass and added damping of a perforated plate immersed in liquid.

As for the natural frequencies of a square plate with a hole in air, Kumai, T. proposed a modification ratio between natural frequencies of a plate without and with a hole [START_REF] Kumai | Flexural vibration of square plate with a central circular hole[END_REF]. Huang, M. et al. studied natural frequencies of a square plate in air with a various-shaped hole by approximated calculation [START_REF] Huang | Free vibration analysis of rectangular plates with variously-shaped holes[END_REF]. Cheng, L. discussed natural frequencies of a circular plate in air with a hole with eccentricity [START_REF] Cheng | Vibration analysis of annular-like plates[END_REF]. As for natural frequencies of a perforated plate in air, Okitsu, A. et al. studied the effects of hole pitch theoretically and experimentally [START_REF] Okitsu | Experimental study on the dynamic characteristics of perforated plates[END_REF]. And Matsumoto, A. et al. studied added mass of liquid of a square plate without holes theoretically and experimentally [START_REF] Matsumoto | Consideration on added mass acting on rectangular plate[END_REF]. However, these studies do not treat the vibration characteristics of a perforated plate immersed in liquid. Therefore, it is thought that systematic investigation will be necessary for using perforated plates in the actual design.

In this paper, added mass, added damping of liquid acting on a perforated plate and vibration characteristics of a perforated plate are investigated for various opening ratios and hole numbers analytically and experimentally. A square plate is treated here. In the analyses, natural frequencies are calculated for the perforated plate in air using a general-purpose computer software ANSYS. In the experiments, natural frequencies and damping ratios are measured both in air and in water. From these data, modal stiffness, added mass and added damping are evaluated.

ANALYSIS Analytical Model

In this paper, a square plate clamped at one end is treated as shown in Fig. 1. The length of the plate is defined as a, and the diameter of a hole is defined as d.

Figure 1 Square plate model with a hole

Here, natural frequencies in air are calculated for various opening ratio R (=A/A') and hole numbers N. A is the area of a square plate without holes, and A' is the area of a hole. Opening ratio is varied from 0 to 50 %. And for R=20%, the hole number is varied 1 to 36. The relationship between the opening ratio and the ratio of d/a is shown in Table 1. And the finite element mesh figures for each case are shown in Figs. 2 and3. The dimensions of a square plate are selected as; a is 200 mm, thickness h is 1mm.

Table 1 Opening ratio of a plate

In this paper, an aluminum plate is treated, thus,  is 2690 kg/m 3 , E is 73 Gpa and  is 0.3.

Analytical Results

Vibration mode and natural frequency for various opening ratios

Vibration mode and natural frequency in air for various opening ratio are calculated. Figure 4 shows the mode shapes from 1 st to 5 th for the opening ratio of R =0, 13, 50 %. Major differences among 3 opening ratios are not found for the mode shapes from 1 st to 3 rd . But slight differences are found for the higher mode shapes such as 4 th and 5 th among 3 opening ratio.

Figure 5 shows the natural frequencies for various opening ratios. Natural frequencies except for 4 th mode shows the tendency to decrease according to the increase of opening ratio. The increase in the opening ratio means the reduction in the stiffness and mass.

From these results, it can be said that the stiffness reduction is slightly larger than that of mass reduction. Only 4 th mode shows a different tendency, where natural frequencies decrease according to the increase of the opening ratio from 0 to 13 % as well as other mode numbers, but those tend to increase for larger opening ratio than 13 %. In Fig. 4, large mode shape change is not found for 1 st to 3 rd and 5 th modes for various opening ratio, but mode shape change for 4 th mode is relatively large than that for other mode numbers. This may be the reason for different tendency of 4 th mode.

Vibration mode and natural frequency for various hole numbers

As well as the effects of the opening ratio, effects of hole numbers are studied. Figure 6 shows vibration modes from 1 st to 5 th mode for N=1, 9, 36, and natural frequencies for various hole numbers are illustrated in Fig. 7.

Major change in mode shapes are not found for N=1~36. And as shown in Fig. 7, natural frequency once reduces when the hole number increases from N=0 to N=1, but for N>1, natural frequency is almost constant.

EXPERIMENT Experimental Apparatus

At first, free vibration tests in air are conducted and after the tests in air, free vibration tests in water are conducted. In these tests, natural frequencies and damping ratios are measured, and based on these results, added mass and added damping of liquid are evaluated.

A square plate with the same dimensions as those of the analytical model is used here. In order to study the effects of opening ratio, 6 kinds of opening ratios are selected as shown in Table 2. In this table, mass of a plate is also shown. Mass reduction for the plate with opening ratio of 38 % is around 35 %. In order to study the effects of hole numbers, 6 kinds of hole numbers from 1 to 25 are selected. Here, the opening ratio is kept as 20%. Figure 8 shows photos for the test specimen. The square plate is clamped at one end to a rigid box-type channel. This channel is fixed to the base floor, and installed in a rectangular vessel as shown in Fig. 9.

Measuring Method

In order to measure frequency, water proof type strain 

Experimental Results

Natural frequency in air

Time histories for damped free vibration in air are obtained. From these data, 1 st mode natural frequency is evaluated. Table 3 and4 show natural frequencies for various opening ratios and hole numbers. In these tables, modal mass and modal stiffness are also shown. These values are generally available from eigenvalue analysis by FEM code such as ANSYS. However, for a perforated plate with many holes, conducting FEM analysis requires a lot of efforts, therefore, in this study, modal mass and modal stiffness are obtained using a beam theory for convenience assuming that the mode shape in the experiment of a square plate in air is almost the same as that of a cantilever beam in air, although it is well understood that this manner is an approximation and there is surely slight difference between them. Modal mass of 1 st mode calculated based on a beam theory is found to be 0.39 times of the total mass of a square plate. And this reduction rate is assumed to be the same as those of various opening ratios and hole numbers. From modal mass and measured natural frequency, modal stiffness is also calculated. Fig. 10 and 11 illustrate the trend of natural frequency against opening ratio or hole numbers. In these figures, analytical values obtained by ANSYS are also shown by a broken line.

As for the effects of opening ratio, natural frequencies by experiments also tend to decrease according to the increase in opening ratio as well as the analytical values. As shown in Table 3, both natural frequency and modal mass decrease according to the increase of opening ratio. Modal stiffness also decreases. And as for the effects of hole numbers, the trend in the experimental values is in good agreement with that of analytical values, i.e., large reduction is observed from N=0 to N=1, but natural frequencies are almost the same for large hole numbers. Thus modal stiffness change is thought to be very small. Slight differences between the experimental and analytical values are found. The experimental values are smaller than the analytical ones. Analyses are conducted based on the perfect-clamp condition, however the actual clamped end has finite stiffness. The differences in the clamp-condition may be the main reason for the differences between the experimental and analytical values.

Damping ratio in air

Damping ratios are evaluated from the time histories of damped free vibration. Fig. 12 and 13 illustrate the relationship between damping ratio and opening ratio or hole numbers. It is known that the damping ratio in air tends to decrease slightly according to the increase in opening ratio, and are almost same for various hole numbers. But the damping ratios in air are very small, i.e., less than 0.5%. Thus, it is said that the differences in damping ratios due to opening ratio and hole numbers are very small in air.

Natural frequency in water

Time histories for damped free vibration in water are obtained. Figure 14 illustrates typical time histories for various opening ratios. From these data, natural frequency is evaluated. Tables 6 and7 show natural frequencies for various opening ratios or hole numbers. Figs. 15 and 16 illustrate the trend of natural frequency against opening ratio or hole numbers respectively. In Figs. 15 and 16, the trend in air is also plotted for comparison.

It is found that the natural frequencies decrease to 1/5~1/3 of those in air and tend to increase according to the increase of opening ratio or hole numbers. This frequency reduction indicates the existence of large added mass, because there is no added stiffness in this experiment. And it is thought that added mass tends to become smaller according to the increase in opening ratio and hole numbers. Therefore, added mass is evaluated through these data. In air

In water

Damping ratio in water

Damping ratios in water for various opening ratios and hole numbers are illustrated in Figs. 17 and 18, respectively. As is known from time histories shown in Fig. 14, damping ratio for first few cycles is larger than that for subsequent cycles. Thus, it is said that damping ratio has amplitude dependency. Therefore, damping ratio is evaluated both for large amplitude region and small amplitude region. The former is denoted as 1  and the latter is as 2  . Damping ratios for small amplitude 2  are very small and almost flat for all opening ratios. But damping ratios for large amplitude 1

 are large and tend to increase according to the increase in opening ratio or hole numbers. When we increase the opening ratio, damping ratio becomes more than 2 times larger than that for the plate without holes. And as for hole numbers, damping ratio becomes more than 3 times larger than that for the plate without holes.

Added mass

As is stated before, there is no added stiffness in this tests, then, modal stiffness is thought to be the same as those in air. Therefore, natural frequencies will be expressed by the following equation typically seen for a single degree of freedom system. 

1 2 w a k f mm    (2) 
Here, , dw ff are damped natural frequency and un-damped natural frequency in water respectively, and , , , a k m m  are measured damping ratio in water, modal stiffness, modal mass of a square plate and added mass of liquid acting on the plate, respectively. From these equations, added mass a m is evaluated by the following equation; (1 ) ( 2)

a d k mm f     (3)
From Tables 3,4, 6, 7 and Figs. 17 and 18, added mass of liquid acting on the square plate is evaluated using Eq. ( 3). In these calculations, 1  is employed. The relationship between added mass and opening ratio and that between added mass and hole numbers are shown in Figs. 19 and20. Tables 8 and9 show both damping ratio and added mass for large amplitude region for various opening ratios or hole numbers.

Added mass decreases according to the increase of opening ratio, and that for d/a=0.7 decreases to 1/4 of that for no hole. As for the effects of hole numbers, added mass for a single hole suddenly decreases to 1/2 of that of no hole case. And for larger hole numbers than N=1, added mass gradually decreases and becomes around 1/3 of that of no hole case.

DISCUSSIONS

In this paper, modal mass and modal stiffness in air are evaluated, and also damping ratio, damped natural frequency and added mass of liquid are evaluated in water for various In air, as for the effects of opening ratio, modal mass and modal stiffness decrease according to the increase of opening ratio, and reduction rate for modal stiffness is larger than that of modal mass. Thus, natural frequency tends to decrease according to the increase of opening ratio. As for the effects of hole numbers, natural frequency and modal stiffness also tend to decrease according to the increase of hole numbers. The reduction rate from no hole case to N=1 case is very large. But for N>1, natural frequency and modal stiffness are almost constant.

In water, on the other hand, damped natural frequency for d/a=0.7 becomes 30 % larger than that for the plate without holes, and that for N=25 becomes 54 % larger than that for N=0. This is mainly caused by the added mass reduction due to holes. When we increase opening ratio, added mass becomes 1/4 of that for the case without holes. As well as the effects of opening ratio, when we increase the hole numbers, added mass becomes 1/4 of that for the case without holes.

Another important fact is that damping ratio in water drastically increases due to the presence of holes. When we increase the opening ratio from 0 to d/a=0.7, damping ratio becomes 2.3 times larger. And also when we increase the hole numbers from 0 to 25, damping ratio becomes 3.3 times larger. Presence of a hole means the increase of edge line. Vortices will be induced around the edge and vibration energy will be absorbed by the vortices, thus damping ratio is thought to increase for the square plate with large opening ratio or large hole numbers.

The reduction in added mass means the increase in natural frequency. This fact is very important for the design for the mechanical structures made by perforated plates immersed in liquid. And damping ratio increase will very useful to maintain the structural integrity of these mechanical structures.

CONCLUSIONS

In this study, vibration characteristics such as natural frequency and damping ratio of the perforated plate were investigated.

A cantilever type square plate was treated. Natural frequency in air was analyzed by ANSYS, and modal mass and modal stiffness were evaluated. The effects of opening ratio and hole numbers were studied. And a plate model with the same dimensions as the analytical model was fabricated. Natural frequency and damping ratio were measured both in air and in water from free vibration tests. From these data, added mass of water and damping ratio were evaluated for various opening ratios and hole numbers.

The following conclusions are obtained: (1) In air, modal mass and modal stiffness decrease according to the increase of opening ratio. Modal stiffness reduction rate is larger than that of modal mass. Thus, natural frequency tends to decrease according to the increase in opening ratio. As for the effects of hole numbers, natural frequency and modal stiffness also tend to decrease according to the increase in hole numbers. The reduction rate from no hole case to N=1 case is very large. But for N>1, the effects of hole numbers are small. (2) In water, damped natural frequency for d/a=0.7 becomes 30 % larger than that for the plate without holes, and that for N=25 becomes 54 % larger than that for N=0. This indicates that the added mass reduces due to holes. Added mass for d/a=0.7 reduces to 1/4 of that for the plate without holes. Added mass for N=25 also reduces to 1/4 of that for the plate without holes. (3) Damping ratio in water drastically increases due to the presence of holes. Damping ratio for d/a=0.7 becomes 2.3 times larger than that for the plate without holes, and that for N=25 also becomes 3.3 times larger than that for the plate without holes. (4) The reduction in added mass is very important in designing the mechanical structures made by perforated plates immersed in liquid. And the increase in damping ratio will be very useful to maintain the structural integrity of these mechanical structures.
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	Natural frequencies in water for various
	hole numbers	
	N	In air [Hz]	In water [Hz]
	0	20.0	3.70
	1	18.7	4.30
	4	18.7	4.70
	9	19.0	5.30
	16	19.3	5.70
	25	18.7	5.70

Table 8

 8 Damping ratio and added mass in water for various opening ratios d/a Damping ratio Added mass[kg] 

	0.0	0.10	1.17
	0.1	0.13	1.01
	0.3	0.18	0.88
	0.5	0.20	0.58
	0.6	0.23	0.45
	0.7	0.24	0.29
	N	Damping ratio Added mass [kg]
	0	0.10	1.17
	1	0.20	0.58
	4	0.30	0.45
	9	0.31	0.36
	16	0.29	0.32
	25	0.34	0.29

Table 9

 9 Damping ratio and added mass in water for various hole numbers