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Sound radiation from an impact-excited clamped circular

plate in an infinite baffle
Adnan Akay and Michael Latcha

Mechanical Engineering Department, Wayne State University, Detroit, Michigan 48202

(Received 7 September 1982; accepted for publication 13 February 1983)

Sound radiation from most mechanical systems results from impact forces of various kinds. In
this paper, transient sound radiation from impact-excited circular plates is studied both
analytically and experimentally. First, the contact force developed during the inelastic collision of
a ball with a flexible plate was obtained. The plate vibrations were then obtained using normal
mode analysis. The sound radiation waveforms in the time domain were obtained by numerical
integration of the Rayleigh integral. Both analytical and experimental results show the radiation
of a sound pulse during the contact which is a result of the forced deformation of the plate.
Quantitative relationships are given for the plate vibration response and acoustic radiation.

PACS numbers: 43.20.Px, 43.40.Dx, 43.20.Tb

INTRODUCTION

Sound radiation from elastic structures excited by im-
~ pact forces is a fundamental problem in acoustics. Most me-
chanical systems exhibit impact forces of various kinds. The
mechanism of sound radiation resulting from mechanical
impacts may differ according to the geometry and the nature
of contact between the impinging objects.! In general, the
" dynamic response of an impacted object can be considered as
its forced and free vibrations. The forced response of an ob-
ject may be its acceleration as a whole, resulting in rigid-
body radiation, or it may be rapid deformation of its sur-
faces, which results in a different radiation mechanism. On
the other hand, the free vibrations of an object following
impact result in what is commonly called “ringing” radi-
ation.

The first investigation of sound radiation from impact-
ed plates was done by Strasberg,? who calculated the radiat-
ed acoustic power from a periodically struck diaphragm in
the frequency domain. The formulation of the radiation
problem was based on earlier results of Lax,? who investigat-
ed radiation loading on a circular clamped plate using the
Rayleigh integral equation. Several other studies on sound
radiation from impacted plates have led to empirical rela-
tionships between sound pressure amplitude and plate vibra-
tion response in different frequency regions. These experi-
mental studies have also established relationships between
the radiated peak sound pressure amplitudes and the mo-
mentum or kinetic energy of the impacting spheres on elastic
plates.*® In addition, a number of analytical studies have
been reported on radiation from infinite plates excited by
point forces”!! and transient sound transmission through
finite plates.'>~'¢ These studies, however, have not addressed
the problem of transient sound radiation from finite plates.
In a recent paper on paper noise in impact line printers, ex-
pressions for the sound power radiation from the forced and
free vibrations of a sheet of paper were modeled as a simply
supported rectangular plate, with results given in the fre-
quency domain.'’

In this paper, transient sound radiation from the forced
and free vibrations of a circular elastic plate in an infinite
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baffle excited by an impact force is examined. Solutions of
the pressure waveform are obtained by numerical integra-
tion of the Rayleigh integral. These results are compared
with corresponding measured waveforms.

I. VIBRATION RESPONSE OF THE PLATE

The vibration response of a clamped circular plate to an
impact force can be found by solving the classical equation of
motion of the plate in Eq. (1)

Pu(r,6,t)
ot?
where u(r,6,t ) is the displacement of the plate at a point (7,0)
and F (r,0,t ) is the applied force per unit area of the plate. The
constants in Eq. (1) are D = Eh3/12(1 — +?) is the flexural
rigidity, p is the density, 4 is the thickness, E is Young’s
modulus, v is Poisson’s ratio, and 7 is the internal loss factor
of the plate. Although the Euler plate theory is used here to
describe the vibration response of the plate, Timoshenko—
Mindlin plate theory should be used to avoid the slight error
introduced in the frequency response for frequencies above
which 84, <k, where 4, is the plate wavelength.' It should
be noted also that, in general, neglect of fluid loading on the
plate shifts frequencies and alters the mode shapes. How-
ever, for radiation from plates of common metals into air this

change is negligible.’

The displacement response of a circular plate, 1mt1ally
undeformed and at rest, to an arbitrary force F (r,6,¢) can be
written as

D(1+ ﬁ)V‘u(r,B,t )+ ph =F(r,0,t), (1)

2 b)) [
u(r,et)——"zw P o +jn)”2L ()

Xsin [@,n(1 + /)"t — 7)]dr, (2)
where w,,,,, are the natural frequencies of the plate, with the
subscripts #n,m denoting the radial and circular modes, re-
spectively. ¢, are the normal mode shapes of the plate and
are determined by applying the boundary conditions to the
homogeneous, undamped equation of motion of the plate.
For the axisymmetric vibrations of a clamped circular plate
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of radius a the normalized mode shapes are given by

1 (JolA,r/a) IA,r/a)
¢n (’ ] = ( - )’
Ji Jo('ln ) I 0(’1n )
where A, are the roots of the frequency equation
JolAaM1iA,) + JiA Mold,) = 0.

Joand J, are Bessel functions of the first kind and I, and
I, are modified Bessel functions of the first kind. The natural
frequencies of the plate @, are given by

o, =A,/a)* (D /ph)'~ (4)

(3)

A. The Impact force

The expression for the contact force developed during
elastic impact of a spherical striker of radius & with a rigid
plane surface of a semi-infinite solid was given by Hunter'®
as a function of the relative approach “a’ of the striker and
the impacted plane surface:

F(t)=ka(t)*"?, (5)
where

4 1=V (=)

k_?/F( E T E ) ’

v, v and E,, E are Poisson’s ratios and elasticity moduli of
the sphere and the impacted object, respectively. The con-
tact-force expression given in Eq. (5) is an extension of the
well-known Hertz contact theory developed for the static
contact of curved bodies.'**°

Although Eq. (5) was obtained for plates of semi-infinite
thickness, it is applicable to thick plates, or slabs, where the
time taken for the elastic waves to reflect from the lower
surface of the plate back to the impact region is much longer
than the contact duration. As the thickness of the plate, or its
impedance, is decreased the contact force between the
sphere and the plate deviates sharply from that predicted by
Hertz theory.

In the case of impact of a sphere with a thin plate, the
force-time history is found by combining Eq. (5) with the
equation of motion (1) of the plate.?'~>* The resulting nonlin-
ear differential equation obtained by Zener?” for the case of a
large plate (where the reflections from the boundaries of the
plate return to the impact region after the contact ceases) is
given as

pUE_L(dY 3 4o

dt> 3 \dt 2
X(L F3 4+ Mpm E) =0. (6)

m, 4h*oE dt

Following Zener,* Eq. (6) is nondimensionalized to give
do ( d )
—+|1+i—])""=0, 7
s Utors (7)

wherer=1t/T,0 =a/TUsand T = 0.311T,. T, isthedu-
ration of the impact predicted by Hertz theory for infinitely
rigid surfaces and is given by T, =2.9432 ¢,,/U,. «a,,
= (SU32m,/4k }*’* is the maximum value of the relative dis-
placement a, and U, is the impact velocity.
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Equation (7) depends on a nondimensional constant A
called the “inelasticity parameter” and is givenby 4 = 3.218
Xmy/TyZ, where m, is the mass of the striker and
Z = 8(Dph)"/? is the impedance of the plate at the impact

" position.

The force-time history obtained from Eq. (7) is plotted
for various values of the inelasticity parameter A in Fig. 1.2
In cases for which A is very small, the contact-time history
resembles the square of a half-period sine wave.?! As the
value of A increases, the impact force amplitude decreases
and the duration of contact is longer in the second half of the
contact period. The maximum value of the normalized im-
pact force decays exponentially with A as shown in Fig. 2.
Since the inelasticity parameter A is inversely proportional
to the second power of plate thickness 4, for a given impact
velocity the impact force amplitude increases nonlinearly
with plate thickness and mass of the striker, reaching its
maximum value predicted by Hertz theory for a plate of
semi-infinite thickness.

In this paper the force developed during impact
between a spherical impactor and a plate is represented as a
point force with a squared half-period sine-wave time his-

-tory.

F(rt) = Fb(r)sin® oyt /277, 0<LI<7/ 0, (8)

where the duration of contact T, = 7/w, is obtained from
the Hertz theory and the amplitude F, is obtained by using
the inelasticity parameter following the analysis described
above. It should be noted that, although impact force is
sometimes defined as a half-period sine pulse, the discontin-
uities in the rate of change of this force-time history induce
artificially high frequencies in the dynamic response of the
system. Therefore, the force-time waveform should have a
continuous derivative. The effects of a half-period sine pulse
and its powers as the force waveform are shown in the fol-

C_>,
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FIG. 1. Normalized impact-force time history for various inelasticity pa-
rameters.
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lowing section. Also, care must be taken in the assumption of
a “point force” for the spatial distribution of the impact
force, since it implies that the eigenfunctions are constant in
the contact region, which may not be true at very high fre-
quencies.

|

u(r,t)=% e
n=0 (1]

— &2 )sin 2 — 29w, 0, cos 2

where
2 = tan™"[ (0 — 403}/ 270w, ],
' w?*(E + Jsin 2
@oc08 2 + } o, (E + 4sin 2) )
2, =tan"'[C\0}/(C, + Cin0,)], -
X, =wq cos 12 /(4 @, sin 2,
= C/ (o} cos 2, — nw, sin 12,),
C, =1sin®2 + Xexpl — 1m0, 7/20)sinfo*1/0, + 2,) + E,
— N@, 7/20)
X [ cosl@?m/wy + 2,)
~ 1/ 2, sinlotn/oq + 2))],
E = [(4w} — o)sin 2 — 20w, cos 2 /202,
M =pra*h, and o* =w,(1 —72/4)"2

The velocity and acceleration response of the plate are
obtained by differentiating Eq. (9) once and twice, respec-
tively. Examples of these waveforms at the center of the plate
opposite from the impact point are shown in Fig. 3 for the
cases of impact of a 1.905-cm-diam acrylic ball on a 1.59-
mm-thick steel plate of 0.50-m diameter. The acceleration

02, = tan“(

— @} cos £2,),

C,= wycos 12 + X, exp(

o

0.8

Ry
0.6

uax/

i
04

0.2

©0.0

0 8.0 16.0 24.0 320 400

A

FIG. 2. Impact force amplitude as a function of plate inelasticity.
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B. Response of the plate to impact

The axisymmetric displacement response of a circular
plate with clamped outer edge to an impact force by a spheri-
cal object can be found by evaluating the response in Eq. (2)
with the forcing function in Eq. (8), which gives

6,(0),.(r) [5 sin(200f + 2) + X,e =" sin(w*t + 2,) + E, 0<t<n/w,
X,e =" sin(w¥t, + £2,),

tl =f— Tl'/aJ(,}O,
)

I
response obtained from Egq. (9) is used in the following sec-
tion to obtain the sound pressure radiated. from a circular
plate.

Il. TRANSIENT RADIATION FROM A CIRCULAR PLATE

The acoustic pressure from a plate vibrating in an infi-
nite baffle is calculated by using the Rayleigh surface inte-
gral where each elemental area on the plate surface is regard-
ed as a simple point source of an outgoing wave and their
contributions are added with appropriate time delay?*

P(Ra¢,z)_P° II ( t——)ds (10)

where ii(r,0,t ) is the acceleration-time response of the plate
and d is the distance from each elemental area to the field
point as shown in Fig. 4. The Rayleigh integral is a special
case of the Helmholtz—-Huygens integral for a plane radiator
in a rigid infinite baffle where reflection or diffraction of
sound does not take place at the boundaries.
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FIG. 3. Velocity and acceleration response of the plate at the impact point.
1.905-cm-acrylic ball and 1.59-mm-thick steel plate. H = 0.10 m.
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P(R'eﬁw)

FIG. 4. Geometry of the problem.

A. Boundary conditions

For steady-state radiation problems the surface integral
in Eq. (10) is carried out over the area of the plate and the
proper time delay due to the distance from the receiver to
various parts of the plate is accounted for by the time-delay
term ¢ — d /c in the integrand. However, for time-dependent
vibrations of a plate such as the beginning or conclusion of
vibrations or turning on or off of a source, the integral limits
in Eq. (10) are time dependent. These integration limits must
account for the early arrival of radiation from the elemental
areas closer to the receiver point at the start of the radiation
and for the late arrival of the waves from the distant areas of
the plate at the conclusion of radiation. The Rayleigh inte-

gral is then evaluated piecewise using time-dependent inte-
)

< $.(0)

_ Pofo
PR Yt)= M

where
d

c

'
— 20} sin(2a)ot — 2w,

A(rot—d/c)={

and

t,=t—m/wg d=(P+R*—2rRsinycos 6)"%

o (403 — 0?)sin 2 — 29w, w, cos 2

)] -2

7 . d d
x [(T«o: _ w:’) sm(w:t —ord + n.) . oos(m:t —otd s a)] :

FIG. 5. Integral limits for R sin y>a: (i) When d<R: r (6,d)=Rsiny¢
X cos @ — (d% — R*cos?  — R 2 sin? P sin’ 6)'%, r, = a, and 6 changes
from — 0, t0 O,,,; (ii) Whend>R, integration is performed in two steps.
When 0<6<0,,.:r, =0 and r,=Rsiny—(d5. —R’ cos? ¢)/2
When 8,,,<8:r, =0,r, =R singcos & +(@*—R*cosy—R?sin’ ¢
x cos? 8)'2, and 6 changes from 6,,,, t0 (6. + ), Where Oy = cos™!
X[ — d? + @ + R? sin ¢)/2aR sin ¥},

gration limits with appropriate contribution of forced and
free acceleration responses of the plate, it, and il, respective-
ly. These integral limits are illustrated in Figs. 5 and 6 and
are given in Table I for different geometric configurations of
the receiver point with respect to the plate, and for different
impact force durations compared with the time it takes for
the sound waves to reach from the plate to the receiver point.

B. Evaluation of the Rayleigh integral

Substitution of the axisymmetric plate acceleration
waveform, obtained by twice differentiating the displace-
ment response in Eq. (9) into the Rayleigh integral in Eq.
(10), gives

Li" I 4 (r,B,t _ %)lﬁ,, "= d;da, (11)

(4

0<t<——

c @y

) .
X, CXP[ — l'tya),, (t, — i)] [(ﬂ— o2 — mﬁ’) sin(a),‘}‘t1 —or 4 + .{22)
2 c 4 c

— N, cos((o: t, —b: % + 02)] 0

Equation (11) can be rewritten in the following form using trigonometric identities:

Rt = BFo & 4.0
L kv v D VR yo BT S w—

643 J. Acoust. Soc. Am., Vol. 74, No. 2, August 1983

(A0, + AL, + (A5 + A + (A, + ALl 0<t<7/w,
[(B, + By); + (B, + BJ),],

rioect 02
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FIG. 6. Integral limits for R sin ¢<a: (i) When (d2 — R 2 cos® ¢)"/*<(a
—Rsin): r, =Rsincos 6 —(d> — R*cos® ¥ — R ?sin’ ¢ sin® §)"/2,
r,=Rsinycosd +(d*— R2cos’y — R3sin’ ysin®0)'/%, and 6,
= — Opuns 0, = + Oppas; (ii) When (d2 — R 2 cos® ¢)>(a — R sin ¢) inte-
gration is performed in two steps: When 0<6<0,,.: r, =0 and r,
=Rsiny—(d2, —R%cos’¢)"/2. When 6,,<0: r,=0, r,
=Rsinycosd +(d? — R?cos ¢ — R ?sin® Y cos® 6)"/2, and 8 changes
from 8,,,, to(0,.., + 7), where 8,,,, = sin~'[(d 2 — R 2 cos® }"/%/R sin ¢].

where
A, = — 20} sin2w4t + 2),
A, = 2w; cos(2wyt + 2),

As = X\(j7’0} — o¥e ™ sinfwdt + 2,),

Ay= — X7’} — oF)e” ™ coslwtt + 2,),
As= — Xo,ote” " coslw®t + 2,), 3
dg= — Xpo,0fe™ ™ sinloft + 2,), )

Bl = +X2e— 2/27113.',.1‘1[(,'72/4)a)?l _ (0:2] sin(b:t, +02)’
B,= —X,e” " [/ 402 — w2*]cos(wft, + 12,),
By= — Xpe” "m0, 0¥ cos (02t, + 02,),

B,= — X,e~ "o, 0* sin(w?t, + 2,),

and the integrals I are given as

O L

I,= J L sin( 2“:"1 ) il (’)'d drdf (14b)

e [l E) 5

o [ B

The integrals in Eqs. (14) are solved here for the case of a
receiver point on the axis-of-symmetry of the plate using the
time-dependent boundary conditions given in Table I.

Sound radiation from elemental areas on the plate with
equal radial distances from the plate center arrive simulta-
neously at receiver points located on the axis-of-symmetry of
the plate. The time-dependent integration limits represent

644 J. Acoust. Soc. Am., Vol. 74, No. 2, August 1983

TABLE I. Integration limits for Eq. (12) for various conditions.

L Rsing¢>a
(a) ﬂ/ w0<dmlx / ¢
(i) donin <C1<d i + T/ W, iy rp(d)oa,
(i) doie + TC/ W< <A ax iy rp(d)or,(d’)
ity r,(d"}>a
(i) dpax <CED ey + T/ W, ity;: O—a
— iy rpld'}a
i“z: L (d ')—m
(i) dupax + me/woct ity 0—a
(b) T/ wedp,/c
(i) donin <1< pas iy r(d)a
(ii) dmax <CI<Apax + TC/ Wy i;: O—a
(iii) dmax + T/ W< Ct<2d, 0., + TE/ W, il: 0—a
— iy r(d'a
ity: r (d'}>a
"(iv) 2dpax + me/Wo<ct iy 0—a
where d =d,,;, +ct
d' = dpn + clt — m/wo)
II. Rsiny<a
(8)  din/c<T/ W<y, /€
(i) R cos ¥<ct<d ity: re{d)or,(d)
(ii) dmin <CELdmin + /W0y iy rpd)ysa
— ity rp(d'}or,d’)
ity rp(d'}>r,(d’)
(i) dpin + me/Wo<ct<d s Uy rp(d)or,(d’)
ity r,(d'}a
(iV) dingx <C1<ax + 7/, it;: O—a
—iiy: rp(d'}oa
ity: r (d'}>a
(V) dpax + mc/Wo<ct ii: 0—a
b) T/ wekdpin/c
{i) R cos ¢¥<ct<R cos ¢ + mwe/w, iy: re{d}or,(d)
(ii) R cos ¢ + mc/we<ct<dpin iy reld)or,(d)

— il rp(d'}or,(d)
ity: ry(d)>r,(d)
(i) din <CtLAmin + 7€/ W, i r,(d)a
— iy r(d}or,(d)
(iv) Same as Il.a.iii
(v) Same as Il.a.iv
{vi) Same as IL.a.v

(©) 7/we>dnu/c

{i) R cos ¥<ct<dmiy ity: ry(d}or,(d)
(ii) dmin <CI<dppx - g r{d)oa
(iii) dipax <cEKTC/ W, ) it;: O—a
(iv) me/woct<me/wy + Ay it;: O0—a

— iy r(d'}or,(d)

ily: rp(d’}or,(d)

(V) me/wy + dpin <CtKTC/Wo + A il
~iy r(d')a

iy rp(d'y—a

(Vi) me/wo + Aoy <2 ii,: 0—a
where d=Rcosy + ¢t and d' = R cos  + c{t — 7/w,).

I

IIL¢y=0

(a) 7/we<dpes/C

(i) R<ct<R + mwe/w, ity: O—r,(d)
{ii) R + mc/wo<ct<dpey ity vy (d'}>r,(d)
ity: O—r (d’)
(iii) dpax <Ct<Aoay + wC/Wg ity: r,(d'}>a
ily: 0r, (d)
(iv) dpax + mc/wo<ct ity: 0—a
®) 7/ wo>dua/c
(i) r<ct<dpe ity: 0—r,(d)
(i) dpax <C2<7C W, it;: 0—a
(i) 7me/wo<ct<mC/Wo + dipyy ity 7,{d'}oa
ity: 07, (d’)

(iv) me/wy + dpayx <t it,: O—a
whered,., =(R*+d*)""%, d=R +ct,d’ =R + c(t — 7/w,)
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circles around the center of the plate. Integration is per-
formed by dividing the plate into a number of annular rings
and numerically integrating Eqgs. (14) from the center of the
plate up to each annular ring by using Simpson’s rule. These
values for I, are then used in conjunction with the coeffi-
cients 4; and B; in Egs. (13) to obtain the sound pressure
waveforms for different time periods given in Table 1. The
number of aninular rings is chosen according to the frequen-
cy range of interest. In general, the higher this number is, the
more accurate the results are.

An example of the sound pressure waveform from a -

centrally impacted circular plate obtained from Eq. (11) is
given in Fig. 7 for the impact of a 1.905-cm-diam acrylic ball
on a 1.59-mm-thick steel plate of 0.50-m diameter. The simi-
larity between the sound pressure waveform and the corre-
sponding velocity waveform at the center of the plate shown
in Fig. 3 is noted for the initial pulse due to forced deforma-
tion of the plate.

. EXPERIMENTS

Measurements corresponding to the present theoretical
analysis were carried out to obtain plate vibration response
and radiated acoustic pressure waveforms for different cir-
cular plates with clamped outer edge under various impact
conditions. Steel and aluminum plates of 0.5-m diameter
were clamped at the edges using sandwich circular rings
bolted together. They were placed in a baffle with the radiat-
ing side facing an anechoic chamber, as shown in the sche-
matic of the experimental apparatus in Fig. 8. The plates
were impacted at their midpoints by an acrylic ball of 1.905-
cm diameter and a steel ball of 1.27-cm diameter. The balls
were dropped from various heights, H.

The acceleration and sound pressure waveform mea-
surements were made using a subminiature accelerometer
(B&K 8307) and a 1/8-in. D microphone (B&K 4138). Ex-
amples of measured sound pressure and plate acceleration
waveforms corresponding to the calculated waveforms in
Figs. 3 and 7 are given in Fig. 9. \

150.0
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FIG. 7. Calculated sound pressure waveform on the axis of symmetry.
R=0.10m, #=0.10m, n = 0.05.
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BE&K2607

FIG. 8. Schematic of the experiment.

IV. RESULTS

The vibration and acoustic response of an impact-excit-
ed clamped circular plate has been obtained analytically. In
the computations, contributions from the first 50 modes of
the plate have been included. An equivalent value for the loss
factor 77 has been selected from the experimental waveforms.
One important assumption used in the analytical develop-
ment was that the impacts were elastic or inelastic, with neg-
ligible plastic deformation. This assumption was very satis-
factory for the impact of the acrylic ball on the plates. For

- theimpact of the steel ball on the plates considered here, the

analytical results differ from the experimental results. This
difference increased at higher impact velocities.

The velocity response of the plate at the impact point
shows the same waveform as that of the impact force during
contact. This follows from the real and frequency indepen-
dent impedance of the plate. The contact force waveform,

ACCELERATION

10,000 M/S2

12.6 PA

SOUND PRESSURE

FIG. 9. Measured sound pressure and plate acceleration waveforms.
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calculated from the response of a plate to the Hertz impact .

force, was calculated as a function of an inelasticity param-
eter A and plotted in Figs. 1 and 2. The effect of inelasticity
can be considered as spreading the collision energy over a
longer period of time, thus reducing the impact force magni-
tude. For A = 0 the forced response corresponds to the con-
tact force calculated from Hertz theory, as in the case of the
elastic impact of a ball on a very thick plate or slab. These
results were obtained for large plates. For small plates where
the reflection of bending waves returns to the impact area
during the contact period, the effect of the resonance of the
plate must also be included in these calculations.*!

The effects of the choice of the impact-force time his-
tory are illustrated in Fig. 10for the 1, 1.5, and 2nd powers of
a half-period sine wave. It is seen that the half-period sine
wave induced discontinuities in the acceleration response of
the plate during contact, whereas the 1.5 and 2nd powers of
the same force history are similar to each other and to the
experimental results, with a smooth beginning and end.

The theoretical and measured peak acceleration re-
sponses of the plates on the other side of the impact point are
tabulated in Table II. These results show good agreement
between analytical and experimental values and demon-
strate the éffects of departure from the assumptions of elastic
impact and from Hertz theory.

The peak sound pressure values computed from the an-
alytical results agree well with the measured values for the
more elastic impacts, as shown in Table III. As in'the case of
the vibration response, the agreement is less for the impact of
the steel ball on the plates.

V. DISCUSSION

The similarity between the force-, velocity-, and pres-
sure-time histories for the initial pulse is apparent both in the
analytical and experimental results. The initial pulse in the
plate velocity and sound pressure waveform is due to the
forced deformation of the plate. Both the theoretical and
experimental results show that, immediately following the

400.0
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-400.0
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FIG. 10. Vibration response to different force-time histories.
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TABLE II. Calculated and measured values of peak acceleration values of
plates during impact. Plates are 1.59-mm thick with 0.5-m diameter.

1.905-cm-diam acrylic ball

(m/s?)

Aluminum plate Steel plate

Uy(m/s) Calculated  Measured Calculated = Measured
0.44 6250 6 000 3700 3600
-0.62 9 890 9 500 5830 6 000
0.88 15 650 16 000 9330 9 500
1.40 27 830 28 000 17110 17 000
1.27-cm-diam steel ball
(m/s?)

Aluminum plate Steel plate
Uy(m/s) Calculated  Measured Calculated  Measured
0.44 16 930 19 000 18 900 18 500
0.62 26 320 34 000 28 870 29 000
0.88 40 730 47 500 44 340 50 000
1.40 71 150 95 000 81030 105 000

initial sound pressure pulse, there is no sound radiation until
the bending waves are reflected back from the edge to the
center of the plate, reaching a state of damped free vibra-
tions. The lack of contribution of the bending waves before
resonant vibrations are started can be explained by consider-
ing the radiation mechanism from the bending waves of the
plates. Below the critical frequency, bending waves do not
radiate any acoustic power. On the other hand, at and above
the critical frequency the direction of radiation is away from
the axis of symmetry and is determined by the ratio of the
wavelengths of the plate bending waves and sound pressure.
This can be verified by measuring sound pressure off the axis
of symmetry, as shown in Fig. 11. As the measurement point
ismoved away from the axis of symmetry, radiation from the
bending waves starts to reach the receiver point before the
“pulse” and there is no “silent” time period before the reso-
nance takes place as was the case for ¥ = 0. This pheno-
menon has also been observed in larger plates of arbitrary

TABLE II1. Calculated and measured values of peak sound pressure levels
of the “initial pulse” for various impact conditions.

(dB) (dB)
Calculated = Measured Calculated  Measured

Uym/s) R=010m,¢y=0° R=0.50m,¢=0

Impact of 1.905-cm-diam acrylic ball and 0.5-m-diam aluminum plate

0.44 115 114 103 100.5
0.62 118 117 105 104
0.88 122 120 110 108
1.40 126 125 113 112
Impact of 1.905-cm-diam acrylic ball and 0.5-m-diam steel plate
0.44 110 107 97 95.5
0.62 113.5 111 102 98
0.88 117 115.5 105 102.5
1.40 121 118 108 106
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shape.2’ It can be concluded that the initial pulse is due to the
rapid deformation of the impacted region of the plate, which
acts like a piston with a spatially and temporally varying
velocity profile. An illustration of this can be seen in Fig. 12
where a smaller sound pressure pulse precedes the usual ra-
diation. This smaller sound pressure waveform is due to the
flat end of the accelerometer placed on the plate on the oppo-
site side from the impact point. The time delay between the
pulses is accounted for by the early arrival of the waves from
the accelerometer surface which is closer to the receiver
point. It should be noted, however, that the plate deforma-
tion during contact does not generate sound as a rigid piston
where contribution from the edge diffraction contributes to
the sound field.

The radiation mechanism during resonance is similar to
steady-state radiation from circular plates and has been
treated in the literature. In this case, the plate vibrations can
be considered as an array of concentric circles with different
amplitude and phase relationships as was done in the nu-
merical integrations here. This array of sources lead to en-
hancement and cancellation of sound at different frequen-
cies due to the phase differences introduced by the vibration
response and the distance of the receiver to different ele-
ments on the plate.

A brief examination of Eq. (12) reveals the important
parameters in impact sound generation. It is clear that sound
pressure is directly proportional to the impact force and in-
versely proportional to the mass of the plate. Although not
explicitly apparent in the equation, mechanical impedance
of the plate has dual and opposite roles. The lower the im-
pedance of the plate the higher the “inelasticity parameter”
becomes thereby reducing the impact force amplitude dur-
ing contact. On the other hand, lower impedance values re-

10000 M/s2
5.2 P3 ¥oo0
5.2P3
¥=30°
6.55P2
Y=60°
10.4 Pd °
¥=90

. 200 US

FIG. 11. Sound pressure waveforms away from the axis of symmetry.

647 J. Acoust. Soc. Am.,, Vol. 74, No. 2, August 1983

.58 P3

SO S

FIG. 12. Sound pressure waveform at R = 0.10 m.

sult in higher drive point velocity of the plate. From Fig. 2,
the dependence of the impact force on the inelasticity param-
eter can be approximated as

Fo=Fy(l —e~%). (15)

From this relationship, the impact velocity v can be obtained
as
v=Fy[1—exp(—3.321m/TyZ)]/Z. (16)

Equation (16) has been plotted for various impact con-
ditions in Fig. 13 toillustrate the dual role of the plate imped-
ance on the drive point response of the plate. It is clear that
above a certain value further increase in impedance does not
effectively reduce the plate mobility.

The empirical relationship offered by previous stud-
ies*® relating sound pressure and acceleration levels of im-
pacted plates to the kinetic energy of the striker can be readi-
ly obtained from Eq. (12). Substitution for the impact force
amplitude F, from Eqs. (5) and (15} and regrouping of the
terms result in an expression as

SPL = 12 log E + 20 1og[C,C;] + 81 dB, (17)
where C, = k%41 — e~*)/M and C, is the expression in-

side the summation sign in Eq. (12). It is clear here that the -

\
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FIG. 13. Drive point velocity response of a plate to impact forces as a func-
tion of plate impedance.
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value C, which represents the plate response and radiation
characteristics, is a determining factor of the SPL and exten-
sive numerical simulations can give some generalized re-
sults. However, the slope of the equation between SPL and
the kinetic energy of the striker is always constant and is
verified by earlier results.®

VI. CONCLUSIONS

Axisymmetric sound radiation from an impact excited
clamped plate has been obtained. Since the approximations
were kept to a minimum, the results are applicable to both
near- and farfields. The numerical scheme used reduces the
computation time even for very high spatial and frequency
resolutions.

The experimental and analytical results show a sound
pulse emanating from the impact region of the plate. It is also
observed that the outgoing bending waves do not contribute
to the acoustic pressure on the axis of impact leading to the
conclusion that for very large and heavily damped plates the
initial sound pressure pulse may be the dominant source of
sound on the axis of impact.

Although the results for axisymmetric excitation and
radiation are given here, the present method can be extended
to asymmetric problems.
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