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A Study on the Sound Radiation from a

Clamped Circular Plate with

Viscoelastic layer by Impact Force
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ABSTRACT

In this paper, the sound radiation from a clamped circular plate with a visco¢lastic layer excited by
impact force ig studied both analyticaily and experimentally. The composite plate vibrations are obtained
by using the normal mode analysis and the eigenvalues are obtained by a Mindlin plate theory including
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the rotary inertia and shear def __.._.___. _... _. ..., ..... .. ...ped between the ball and the plate
with attached layers is obtained by Hertz contact theory. The radiated sound pressure is calculated
by the Rayleigh integral. Prediction of the waveforms of sound radiating from the plate with attached
layers and a method for reducing noise generation from the plate by impact force are also shown in this

paper.

INTRODUCTION

Sound radiation from mechanical systems
results mainly from the vibration by various
kinds of the external forces. The mechanism of
the sound radiation depends on the geometry
and the nature of contact between the imping-
ing abjects."

Many investigations on impulsive vibration
and sound radiation have been performed.
Strasberg? calculated the radisted acoustic
power from a periodically struct diaphragm
in frequency domain. The formulation of the
sound radiation was based on the results of
Lax.? He investigated the radiation on a circular
clamped plate using the Rayleigh integral equa-
tion. Akay et al% investigated impact of a
ball on a clamped circular plate. Takahagi et
al.® evaluated the waveform of the impulsive
sound pressure from the plates of various thick-
nesses, taking into account of the effects of
rotary inertia and shear deformation.

The above investigations are all limited to
the sound radiation from only a simple plate.
However, recently, many papers have been in-
vestigated to the dynamic response of com-
posite plates consisting of one or two outer
layers because of their increasing application in
various fields. Venkatesan et al.” investigated
free vibrational characteristics of layered plates
including the shear deformation and rotatory
inertia effect. Krzysztof Poltorak et al.® dealt

with a method for solving free vibration pro-
blems of three-layered isotropic plates of arbit-
rary shape with a clamped edge. However, they
have not discussed about the sound radiation
from the composite plate.

In this paper, the transient sound radiation
from a composite, clamped circular plate with
viscoelastic layer is studied both analytically
and experimentally. The layered plate vibrations
are obtained by using the mode analysis and
the eigenvalues are obtained by a Mindlin plate
theory. The contact force developed during the
impact of a bail with composite plate is obtained
by the Hertz theory. The radiated sound pressure
is calculated by the Rayleigh integral. Also we
suggest a method for reducing the sound radia-
tion,

I. THEORETICAL ANALYSIS

A. Axisymmetric vibration equation including
effects of rotary inertia and shear
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Fig. 1 Layered plate in cylindrical coordinates.
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The equation of axisymmetric motion for the
displacement of the clamped circular plate con-
sisting of multilayer, as shown in Fig 1, are
derived from Mindlin’s theory which includes
effects of the rotary inertia and the shear de-
formation, We can write the equation of motion
of the layered plate as
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where sub- and superscript m denote the m-th
layer and #" is the density, ¥m the Poisson’s
ratio, and Em the Young’s modulus of the m-th
layer.xs=x"/12is a numerical factor depending
on the shape of the cross section and in the cage
of plate

The general solution of the eigenvalue pro-
blem of the Eq.(1) is given by
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We can obtain the frequency equation from

3
the boundary condition, _é_rE =0 at r=0,
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for the axisymmetric layered circular plate
of radius a, the normal mode shapes are given by
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where G is obtained from the normalization.

G=-—‘/;—l;_1§§——[ 2J.’(#1a)+( 1-—%‘; )

N

Jf (ﬂl a)

—

B. Impact force

The representation for the contact force
developed during elastic impact of a ball of
radius R with semi-infinite viscoelastic plate
was given by Phillips et al.° and W. Goldsmith!®
as a function of the relative displacement of
impinging ball and the impacted plane surface.
In the case that the duration of contact is shorter
than the duration which the flexural waves are
reflected back from boundary to the center of
plate, we can apply the contact force for the
semi-infinite viscoelastic plate to this paper,

F{t)=ka(t)*” (7)
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where » »* and E, E* are Poisson’s ratios
and elasticity moduli of the ball and the plate,
respectively.

The contact force representation in Eq.(7) is
an extension of the well-known Hertz contact
theory. In the case of the sphere impinging
the plate, the time history of the contact force
obtained from the following equation,

& Eirk e
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where
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and m is the mass of the striker. Eq.(8) is non-
dimensionalized to
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Fig. 2 Impact force time history for various thicknesses.
Impacting velocity v=1 m/sec and steel ball of
1504 ¢m diameter and steel plate of 28 cm
diameter.
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where t=t/T, a.—a/TV, and T=0.311T«. Tx
is the duration of contact predicted by Hertz

theory for semi-infinite solid and V is the im-

pinging velocity. Inelasticity parameter is given

by A=m/(0.311T« Z), where m is the hass of the

striker and Z=8 (phD)'? is the impedance of the

plate at the impact point.

The force time history obtained from Eq.(8)
is plotted for various impinging velocities and
thicknesses of plate in Figs.2 and 3 and is plotted
for various thicknesses of attached layer.in Fig.4.
As the thickness of plate increases the contact
time history resembles a half-period sine wave.
Inelasticity parameter is zero for the infinite
rigid surface. In this paper the impact force is
represented as

, . x  &(r—r,)
Flr, t)=F, e*& smHt———-?”—’r-—
0=t=d (9

where the duration of contact d is obtained from
Eq.(8), F, the magnitude of contact force and
r; a point that the impact force acts. The para-
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Fig. 3 Impact force time history for various impacting
vejocities, Bare steel plate of 2 mm thickness
and steel ball of 1.504 cm diametey.
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Fig. 4 Impact force time history for various attached
tayer thicknesses. lmpacting velocity v=1 m/sec,
steel ball of 1.504 cm diameter and base steel
plate of 2 mm thickness. Layer material is
rubber.

meter A is closely connected with the inelasti-
city.

C. Vibrationarmponse of the plate

As using the normal mode method, Laplace
transform and convolution integral, the dis-
placement response of a circular plate, initially
undeformed and at rest, to the impact force
given in Eq.(9) can be written as

Wi, 0 ) mF, 5 Wmalr, ) Wa(r,6)
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*sin[wmn (t—7)] [H () —H (r—a)] dz

where 4, are the natural frequencies of the
plate, Wmn are the normal mode function of the
plates, (r,, §) the position of the impact force
F(t) and H(t) is a unit step Heaviside function.

In the case of the axisymmetric vibration,
m=0 and the mode shapes do not depend upon 4,

9

The displacement response of a clamped
circular plate to an impact force can be written
as
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and 7 is a loss factor.

The velocity and acceleration of the plate
are obtained Ly differentiation of the Eq.(11),
once and twice, respectively.

The loss factor 7 of the plate with attached
layer is obtained from the complex transformed
flexural rigidity. For many cases, the structural
damping is almost the same as the material dam-
ping and therefore the loss factor can be as-
sumed to be zero. However, for structures which
the joint damping is high, the structural damping
could be an important factor. If the damping
layers have a high loss factor, c%" term is
involved to Eqs.(1), where ¢ is a damping co-
efficient,
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Fig. 5 Coordinates related to the sound radiation from
the circular plate.
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IIl. SOUND RADIATION FRCM
THE TRANSIENT VIBRATING
CIRCULAR PLATE

The sound pressure radiated from a vibrating
plate is calculated by using the Rayleigh integ-
ral, the elements of the plate are regarded as the
simple point source of an outgoing wave and
they have a time delay. The acoustic pressure
from' a vibrating circular plate shown in Fig.5

is calculated as the following equation.”’12

_po_cos® ({w . g _Ryds
P, 670 = 5L (fieo-F%n

where
R=[(x—x:)*+ (y—y) 425"
r= (x*+y?)'*

where #is an acoustic admitance p.c/z(w)
where z (w) is a surface impedance and 5, ca
characteristic impedance of the ambient medium,
W(r,61~R/C)is the acceleration-time response
of the plate, From Eq.(11), the acceleration is
given as
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TIME
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Fig. 7. Measured sound pressure waveform and acceler-
ation response of the bare steel plate. Steel
ball of 1.504 cm diameter and steel plate of 2
mm thickness and H=0.052 m. The position of
microphone is 10 ¢cm on z-axis.

The waveform of the radiated sound pre-
ssure is obtained from Eqgs.(12) and (13), and
is plotted in Fig.9 for the case of bare steel
plate by the impact force, and Fig.12 is plotted
for that of the plate with attached layer.

HI. EXPERIMENT

The experimental apparatus is shown in Fig.6.
The circular plate was clamped with a rigid
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Fig. 8 Calculated acceleration waveform at impact

point. Steel ball of 1.504 cm diameter, steel
piate of 2 mmm thickness and H=0.052 m.
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Fig. 3 Calculated sound pressure wave form on the
axis of symmetry. Steel ball of 1.504 cm dia-
meter, steel plate of 2 mm thickness and H=
0.052 m. The position of microphone is 10
cm on z-axis.

sandwich circular ring bolted together in order
to fix rigidly the plate. The pressure waveforms
were measured by a microphone(B&K 4134
1/2 inch diameter) in an anechoic enclosure
as shown in Fig.6 and the acceleration in time
domain was measured by accelerometer (B&K
4375).

Measurements were carried out to obtain the
plate vibration response and the radiated sound
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Fig.10 Measured acceleration response of the plate and
the waveform of radiated sound pressure for
Figs.9 and 10. The thickness of attached layet
{rubber) iz 3.5 mm, the diameter of steel ball
1.504 cm, the thickness of bare steel plate 2
mm and H=0.052 m. Impacting side: steel. The
position of microphone is 10 c¢m on z-axis.

pressure waveforms for various circular plates
- with or without rubber coating, The bare and
coated steel plate of 0.28 m-diameter were
clamped at the edges and the plate stood vertical
to the ground. The steel ball was dropped from a
height H. The measured waveforms of the sound
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Fig.11 Calculated acceleration at impact point of the
plate “with attached layer for Fig.11(a). The
thickness of layer is 3.5 mm-rubber, the diameter
of steel bal! 1.504 cm and H=0.052 m.
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Fig.12 Calculated the waveform of the radiated sound
from the plate with attached layer on the axis
of symmetsy for Fig.11(b). The thickness of
layer is 3.5 mm-rubber, H=0.052 m and the
diameter of steel ball 1.504 cm. The position
of microphone is 10 ¢cm on z-axis.

pressure and the acceleration are given in Figs.7,
Analytical results corresponding to the experi-
mental results, Fig.7, are shown in Figs.8 and 9.
And the waveforms of the measured and calcu-
lated sound pressure and acceleration for the
layered plate are shown in Figs.10-12.
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IV. RESULTS AND DISCUSSIONS

The vibration and acoustic response of the
clamped circular plate by an impact has been
obtained analytically and experimentally. In
the computation, the results have been taken the
first 15 modes of the plate.

Fo /Fu

[¢] 1 é :l! r; 5
x10
ms(B.311 T, 2>

Fig.13 The amplitude of impact force as a function of
plate inelasticity,

In this paper, we coat the viscoe¢lastic material
on the steel plate in order to reduce the noise
and vibration, We find that the contact forces
reduce as increasing the coating thickness and the
duration is longer than the case of bare steel
plate, From Figs.2,4 and Eq.(8-1), the depen-
dence of the magnitude of the impact force,
F., for the plate with viscoelastic layer on the
inelasticity parameter A and impedance Z. of
the plate can be approximated from the fig.13.

Fo= 13797 (‘Zz”)’ 14
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where Fy is the Hertz contact force developed
during elastic impact of a spherical striker with
a rigid plane surface of a semi-infinite solid and
A is inelasticity parameter. From Fig.13, the
contact force on the bare steel plate can be
approximated as  F,/(1+1.12). Z, is
the impedance of the bare stee]l plate. As the
inelasticity parameter decreases, the waveforms
of contact force become a half-sine shape,

The sound pessure- and acceleration-time
histories is similar both in the analytical and
experimental results, respectively. The first
peak in the waveform of sound pressure and
plate acceleration are due to the forced deforma-
tion of the plate. In Figs. 7-12, the theoretical
and experimental results are shown that, imme-
diately after the first peak of the sound pressure,
there is no sound radiation until the flexural
waves are reflected back from boundary to the
center of plate.

After the reflected flexural waves reach at
the area of impact, the plate becomes the state
of damped free vibrations, and the vibrations
have an effect on the ringing radiation from
plate. The lack of sound radiation due to the
flexural waves before the state of damped free
vibration can be explained by considering the
sound radiation mechanism from the flexural
waves in the finite plates. Below the critical
frequency the flexural waves rarely radiate any
acoustic power, that is, the radiation efficiency
for low frequencies than critical frequehcy is
negligible.

The phenomena of impact excited plate with
attached layer are shown in Fig. 10. In Fig.10,
the magnitude decreases much in comparison
with the case of bare steel plate, The time inter-
val between the first and second peaks of the
acceleration and sound pressure are connected
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with the flexural wave speed.

The peak sound pressure levels calculated
from Eq.(12) agree well with the measured values
for various layer *hicknesses, as shown in the
TABLE.

Table. Measured and caleulated values of the maximum
peak sound pressure levels for various layer
thickness, 2Zmm-thick. bare steel plate, H=
0.052m 1.504 ¢cm-steel ball, a=14 cm.

Layer thick. Measured Calculated
(rubber) ¥=0°,R=10cm
0. 125.8 dB 125.5dB
1.7 mm 1236 1229
2.7 mm 122.9 122.1
3.5 mm 122.7 12L6

In Eqgs.(12) and (13), we can find the im-
portant parameter in impact transient sound
generation. It is apparent that the radiated sound
pressure is directly proportional to the impact
force and inversely proportional to the mass

V/Vp

»

POINT VELOCITY
o

DIMENSIONLESS DRIVE

1. 12 14 16 1.8 2. 22 z/2
DIMENSIONLESS PLATE IMPEDANCE

Fig.14 Dimensionless drive point velocity of a plate
as a function of plate impedance. Subscript
b denotes the bare steel plate and no subscript
denotes the plate with viscoelastic layer.
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of the plate. Also the impedance values is direct-
1y related to the drive point velocity of the
plate. From Eq.(14), the drive point velocity
of the plate with viscoelastic layer can be ap-
proximated as

- <27> 15

where subscript b denotes the bare steel plate
and V, is given as Fu/Z,(1+1.1A). The Eq.
(15) has been plotted for various impedance of
the plate in Fig.14.

sl<

V. CONCLUSIONS

Axisymmetric transient sound radiation from
the clamped circular plate with or without at-
tached layer has been obtained, The resuits of
the theoretical analysis agree with those of
experiments on the sound radiation by impact
force. The waveforms of sound pressure are
evaluated by Rayleigh integral and Mindlin’s
plate theory including rotatory ipertia and
shear deformation. This analytical resuits can
be applicable to multilayered plate.

We find a method to reduce the impact noise
and vibration from the analytical and experi-
mental results. Then we suggest a method redu-
cing the noise in according to the state whether
the first peak by rigid body radiation or the ring-
ing radiation by the free damped vibration
dominates in impact noise. In both cases, the
decrease in the magnitude. of impact force
results in the reduction of the peak level of
the radiated sound pressure and vibration.
When the magnitude of the first peak pressure
is higher than that of the free vibratiorn sound,
it. is important to decrease the impact force and
to increage the duration of the impact. In the
opposite case, we have to increase the damping
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in order to reduce the ringing noise, However,
in the case of the high damped plate, the first
peak level may be a dominated source of sound
on the axis of impact point. In order to satisfy
this both cases, the plate with viscoelastic layer
is useful,

Although the results for the velocity response
and the sound radiation on the two layered
plate are given in this paper, the present evalua-
tion can be extended to the problems of multi-
layered viscoelastic plate.
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