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1. Introduction

The vibration of engineering structures, particularly those consisting of thin plate-like members, can be a significant
source of noise in many situations. Noise control techniques are often focussed on reducing the amplitudes of vibration and
include damping treatments, vibration isolation and structural modification. However, it is sometimes also possible to
reduce the sound radiation of plate-like structures directly by constructing them from perforates. This technique is known
to be capable of achieving considerable noise reductions and has found many practical applications, including safety guard
enclosures over flywheels or belt drives and product collection hoppers [1]. Despite this, there appears to be a lack of
suitable models to determine the sound radiation from a vibrating perforated plate and to give quantitative guidance
concerning the design and effectiveness of perforation as a noise control measure.

Fahy and Thompson [2] developed a model for the sound radiation by plane bending waves propagating in an
unbounded, uniformly perforated plate. In this model the perforations are replaced by an equivalent continuous
impedance, based on the assumption that the hole size and separation are much smaller than the acoustic wavelength.
The acoustic impedance of each hole was represented by the analytical solution for wave propagation in a small circular
tube, similar to that proposed by Maa [3], and was dominated by the inertia of the air in the holes.

The model was then applied to the case of a simply supported rectangular plate, in the same way as for a solid plate set
in an infinite rigid baffle [4], by expanding the plate vibration in the wavenumber domain. Although this allowed the
radiation efficiency of a finite plate to be determined, it was based on the assumption that the baffle had the same
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impedance as the plate, which implied that the baffle was perforated in the same way as the plate. Thus the effect of plate
perforation could not be seen unambiguously.

An extension of this model was also considered in which the plate and the baffle had different impedances [2].
The relation between the pressures and normal velocities was derived in the wavenumber domain as a matrix problem and
solved by matrix inversion. This was applied to the one-dimensional case of the radiation from a perforated strip piston
and good results were found for the case where it is set in a rigid baffle. However, as the impedance of the baffle tends
towards that of the free medium, the matrix becomes near-singular giving erratic predictions. Moreover, expanding this
approach to a two-dimensional case, such as a rectangular plate, is found to lead to excessive computational effort [5].

The problem of the sound radiation from an unbaffled plate is, in general, more difficult to solve than for a plate set in an
infinite baffle, as the velocity is known only over the surface of the plate, whereas in the remainder of the plane the
pressure is known (zero) and the velocity is unknown. Although various analytical methods exist for determining the
sound radiation from an unbaffled flat plate [6-10], these are less well known and take much more computational effort
than for the baffled plate. Of the various approaches in the literature, that developed by Laulagnet [10] is particularly
relevant as it can be readily extended to the case of a perforated plate, as will be shown. Laulagnet’s approach [10] involves
solving the Kirchhoff-Helmholtz integral equation by expressing the plate displacement and also the pressure jump across
the plate as a sum of normal modes of the plate.

There are few other models for the radiation from perforated plates. Janssens and van Vliet [11] produced a purely
empirical model for the effect of perforation on the radiation efficiency of flat plates. This was intended for application to
components of steel railway bridges.

According to the author’s knowledge, the first analytical model of sound radiation from a vibrating perforated panel was
published by Takahashi and Tanaka [12]. They presented the acoustic coupling of a perforated plate using Maa’s impedance
model for the holes [3] and used this to study several problems, including the sound radiation from an infinite perforated
plate subjected to a point force. Their results suggested that the perforation affects the radiated power only below the
panel critical frequency, where the sound power was found to decrease as the perforation ratio was increased.

This basic model was then adopted in [13,14] which considered the radiation from a force-excited plate in the presence
of a perforated face plate, rigidly attached to the plate via a honeycomb spacer. A large reduction in sound radiation was
obtained due to perforation of the facing plate in the narrow frequency band around the resonance of the Helmholtz
resonator formed by the air cavity inside the honeycomb structure and the holes of the perforate.

There has been considerable interest recently in the performance of micro-perforated plates. These typically have holes
with diameters in the range 0.05-1.0 mm and perforation ratios of 0.5-1.5 percent. Models for micro-perforates [15-18]
are mostly aimed at predicting their acoustic absorption and use the impedance of Maa [3] to represent the holes. Due to
the small size of the holes viscous effects are important. In [17], sound absorption from a finite micro-perforated plate is
investigated where the effect of plate motion is included based on the approach from [12].

The effects of plate boundaries are expected to be important. Therefore, whereas Takahashi and Tanaka [12] consider a
vibrating perforated plate of infinite extent, in the present paper models are developed for the sound radiation from finite
perforated plates. The model from Fahy and Thompson [2] of a finite perforated plate set in an equally perforated infinite
baffle is first presented. Then, the model of Laulagnet [10] for the radiation from an unbaffled plate is extended to include a
surface impedance representing perforations. The results from these two models are compared. Experimental results are
also presented for a number of perforated plates, showing good agreement with the predictions. An approximate formula is
also derived from which the effect of perforation can be estimated for engineering application.

The paper focuses on perforated plates with hole diameters of the order of several millimetres, typically used in
engineering applications, rather than on micro-perforates. Consequently inertial effects will dominate over viscous effects
within the holes and the hole impedance can be represented simply by the inertial term, as used by Fahy and Thompson
[2]. Therefore the model as presented here is not directly applicable to the case of a micro-perforated plate where the hole
diameter is typically smaller than about 1 mm, although it could be readily extended to cover this case by including the
additional viscous terms in the impedance.

2. Theory
2.1. Hole acoustic impedance

Models for sound radiation from a perforated plate can be developed by introducing the impedance of the holes to
account for the change in pressure difference across the plate due to perforation. Consider first a single hole in a plate for a
given frequency w. The flow velocity through the hole v, is related to the pressure difference across the hole Ap by the
impedance of the hole, Z,

_% (])

Vp = Zh
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The impedance Z, = Z, g +Zp,; of a circular hole of diameter dy is given by Maa [3]
/2
32wt x2\' V2Xo\ do
e="gp {(”ﬁ 78 )t (2)

X3 -172 8\ do
(o) e (2)® -
where Xy = (do/2)(wp/vq)'/? in which p is the air density and v, is the viscosity (which for air is 1.8 x 107> Ns/m?), t is the
plate thickness and a dependence on time T of ei®T is assumed. The resistive or real part of the impedance Z;, g corresponds
to viscous effects of air-solid interaction, while the imaginary part Z,;, termed the acoustic reactance, is inertial in nature.

In fact, although the pressure difference due to inertial forces is indeed proportional to the fluid motion vy, as indicated
in Eq. (1), the viscous forces are proportional to the relative motion of the fluid with respect to the plate [12]. Strictly,
therefore, it is not correct to use the above impedance for the case of a plate that is vibrating. Nevertheless, except for large
perforation ratios the motion of the fluid will usually be much greater than that of the plate and this difference can be
neglected.

Fig. 1 plots the real and imaginary parts of the acoustic impedance of 1 and 6 mm thick plates as a function of hole
diameter for three example frequencies. This shows that, as the hole diameter becomes smaller, the contribution of the
resistive component to the acoustic impedance becomes greater than that of the reactive component. Conversely, as the
hole diameter increases, the resistive contribution decreases rapidly. Hence, it can be seen that, for hole diameters greater
than about 1 mm, the reactive component dominates the acoustic impedance at frequencies of 100Hz and greater.
Therefore for the purpose of the present study, where dy is much greater than 1 mm, it can be assumed that the fluid
reaction in the holes is purely inertial (behaves like a mass). Hence the resistive component Z, g will be neglected, leaving
only the reactive component Z; which can be simplified to

Zy =2y =jpw {t+ (%) do} (4)

where the second term inside the bracket in Eq. (3) has been ignored as (9+X§/2)*1/2 < 1. The second term in Eq. (4),
i.e. (8/3m)dy corresponds to the end correction at both ends of the hole, which is proportional to an added mass in the
proximity of a moving piston [19]. This term will dominate for dg > t.

Zy=jpwt

2.2. Mean particle velocity

In the presence of a distributed array of holes across the plate, the particle velocity at the plate surface is modified by
the fluid flow through the holes vy The net particle velocity v formed by the combination of the normal velocity of the plate
v and the fluid motion vy is given by [12]

v= Up(l—’lf)-l—l/f (5)
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Fig. 1. The magnitude of the real (thin lines) and imaginary (thick lines) parts of the acoustic impedance of a circular hole in (a) 1 mm thick plate and (b)
6 mm thick plate (— - —100Hz, ——1 kHz, —5 kHz).
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where 7 is the perforation ratio (proportion of the plate area which is open). For a continuous distribution of holes with
perforation ratio 7, the equivalent fluid velocity through the holes averaged locally over the plate area will be vy = tv;, and
the specific acoustic impedance of the distribution of holes will be z; = Z;, /7. This can also be written as

zp =jpch (6)
where
k 8

is the non-dimensional specific acoustic reactance, k= w/c is the acoustic wavenumber and c is the speed of sound.
2.3. Baffled plate

2.3.1. Equally perforated baffle

Consider first a plane, harmonic bending wave of frequency » and wavenumber k, propagating in the x-direction in an
infinite plate. The specific acoustic impedance presented to the upper surface of the plate by the fluid (z > 0), z,(ky), is given
by [4]

P(ky) wp
Viko — (k2—k2)!/?’

where P and V are the complex acoustic pressure and complex plate velocity amplitudes, respectively. For |ky| > k, z,(ky) is
imaginary (reactive) and a near-field is produced. Thus only |k,| < k is considered here to calculate the propagating waves
producing sound radiation.

For the case of a perforated plate, as shown in Fig. 2(a), following the method of [2] the difference between the
local pressures on the upper and lower surfaces of the plate drives fluid through the individual holes. In turn, these
pressures are modified by the flow through the holes. By symmetry, the pressure difference is Ap = —2p. Considering the
holes as a continuous distribution, the equivalent fluid particle velocity v{x), due to the flow through the holes can be
given by

Za(ky) = Ikyl <k (8)

_ =2p(x)
vp(x) = Z 9
Therefore the mean particle velocity 7 as in Eq. (5) can be written as
T(x) = v(x)(l—r)—@ (10)
h

Since the plate is assumed infinite and the bending wave has a unique wavenumber k,, the plate and the equivalent
fluid particle velocity also have the same unique wavenumber in the x direction. Eq. (10) can thus be expressed as

2P(ky)
Zn

Viky) = V(k)(1—1)— (11)

For the case of a finite perforated plate, Eq. (11) can still be applied provided that the rigid baffle shares the same
impedance, i.e. it must also be constructed with the same degree of perforation as the plate, as indicated in Fig. 2(b).
From here, using Eq. (8), the pressure P generated above the finite plate is

Pk = Vlsozatka = (Vs 1-0)- 20 ) 2,06 (12)
h

Fig. 2. Analytical model of a perforated plate: (a) an infinite perforated plate and (b) a perforated plate set in an equally perforated baffle.
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Rearranging yields

Zpza(ky)(1-7)

P = = 2240k)

V(ky) (13)
If the perforated panel is embedded in a solid rigid baffle (without perforation), then this will lead to a mixed boundary
impedance, see [2], for which Eq. (12) can no longer be applied.

Finally substituting Eq. (13) into Eq. (11) yields the ratio of the complex amplitudes of the combined normal velocity of
the plate and fluid flow through the holes (mean velocity) to that of the plate alone

Viky) _ 1-1
Viky) — 1+42zq(kx)/zn

Eq. (14) confirms that the sound radiation from the plate is reduced by introducing perforation to the plate.
As |zq(ky)/zp] — 0o, i.e. open area condition (absence of the plate), the ratio tends to zero so that flow through the holes
completely compensates the plate motion, while as z4(kx)/z;, — 0, i.e. the unperforated plate (absence of the holes), the ratio
tends to unity. The sound power radiated per unit area of the perforated plate can be calculated from

(14)

Wy (k) = 3R(P(k)V" (k) (15)
where * denotes the complex conjugate and R indicates the real part. By using the relation from Eq. (8) this yields
Wp(ke) =3 Riza(k)V (ke)V" (kx)} = 31V (k)1 Riza(k)} (16)

The ratio of sound power per unit area of the perforated plate to that of the unperforated plate is therefore given by

— 2 2 2
wp<kx>_’va<x> _ 1 _RA-te/kHa-0? (17)

Wik V()| 14+4(zalke)/1zal)*  4+h2(1—(ke/k)?)

since zj is imaginary and z, is real.
For a plane wave travelling with components in the x and y directions, k2 can be replaced by the square of the resultant,
I<)2(+k§. In terms of non-dimensional wavenumbers, it follows that Eq. (17) can therefore be written as

h2(1—02—%)(1-7)2

24 8% <1 18
A (=) ot +p7 < (18)

IX(u B2 =

where o= ky/k and =k /k.

2.3.2. The acoustic sound power and radiation efficiency in terms of modal summation
From Eq. (17), the sound power from the perforated plate can be obtained from the sound power radiated by the solid
plate. The plate velocity can be considered as the summation of plate modes (m,n) which can be written as

vy = > Z Unmn @ (X,Y) (19)
m=1n=1

where up,, is the modal complex velocity amplitude and ¢,,, is the mode shape function. For the case of a simply
supported plate with dimensions a x b, the mode shape ¢,,, is the product of two sinusoidal functions, i.e.

@mn(%,y) = sin (m;tx) sin(ngy) (20)

Here it is assumed that the individual modes are uniformly excited simultaneously and each mode acts as an independent
energy reservoir [21].

The normal velocity distribution for each mode can be decomposed into a continuous spectrum of spatially harmonic,
travelling plane wave components, each having a certain wavenumber vector given by

a b i
Vinn(kx.ky) = / / Umn @ e IO dX dy = Umn P (Kxky) (21)
0 0

where ¢, is the Fourier transform of mode shape ¢,,, given by

N _ab [(=DMe 1| [(-1)"e -1
Pmnkek) = Zmn Lu/(mn))z—l] [(;{/(nn))Z_l} (22)

with pu=kya, y =kyb.
From Eqgs. (8) and (16) (for a travelling wave with components in the x and y directions), the sound power radiated by a
mode of a plate can be obtained from integration over wavenumbers ranging from —k to k, given by [4]

k2 k2
k
V imn(k, k)2 dky diy (23)
Winn = 37T2/ /,/kz 12 (k2—k2— k2)”2| ety
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Note that only wavenumber components satisfying the condition k2 +k§ < k? and therefore contributing to sound power
radiation have been considered. Using Eqs. (17) and (18) and by substituting Eq. (21), the sound power from a mode of a
perforated plate in terms of non-dimensional wavenumbers (oc p) can be expressed as

pcwmnF/ / 2 |qomn(oc B?
=g m| ( ﬁ)l SR docdp (24)
where @, can be written in terms of u= oka and y = fkb. The modal radiation efficiency can be calculated from

Wmﬂ (25)

 1pe(1=D)S Va2

where (|vm|?)> is the spatially averaged squared velocity amplitude in mode (m,n) and S=ab is the total plate area.
This has been averaged over all possible force positions. This is derived from the spatially averaged squared velocity
distribution of a mode expressed as

1
<|Umn|2> = E/S\an(x-J’N2 dxdy (26)
After averaging over all possible forcing locations (xo,y0)
J— 1 a rb
vmnl*y = 7/ / < vmnl*y dxo dyo (27)
ab 0 0
Substituting Eq. (19) for each mode for a simply supported plate yields
- u 2
Vmnl?y = l n;ln| (28)

In Eq. (25), the spatially averaged squared velocity has been multiplied by (1-7)S, i.e. the solid area of the perforate
which radiates sound into the air. The term (1-7), however, only has significant effect for high perforation ratio.
Substituting Eqs. (24) and (28) into Eq. (25), the modal radiation efficiency of a perforated plate set in an equally perforated
baffle is given by

2 M
Omn = = ‘E)STEZ/ /\/__l (o, p)l 2 )1/2 dodf (29)
The total radiation efficiency ¢ can be defined as a summation over the contributions of all modes [22]
Sm=12n=1 Wmn Zm 1 2 Omnl(@F,— 0 + 2wk, 7! (30)

PC(l TS o1 2n =1 <|Urrm| > Sm=1n=il (wmn_wz)z'Hllzwﬁnnr1

where 7 is the damping loss factor and wm, = (B/p,t)V/?[(mn/a)? +(nn/b)?] is the natural frequency with p, the plate
density and B=Et®>/12(1—v?) the plate bending stiffness in which E is Young’s modulus and v is Poisson’s ratio.

2.4. Unbaffled plate

2.4.1. Governing fundamental equations

Considering now an unbaffled perforated plate, Laulagnet’s model [10] for the sound radiation from an unbaffled plate
is extended to include perforation. Fig. 3 shows a flat thin perforated unbaffled plate with a surface area S located in an
infinite medium. The plate is excited by a harmonic force distribution F(x,y) of angular frequency w. Ap(x,y) is the
difference between the acoustic surface pressure on the two sides of the plate defined as

Ap(x.y)=p~(xy)-p* (x.y) (31)
The equation of motion of a perforated plate with a perforation ratio T excited by the force distribution F and pressure
difference Ap is

B .
i VA(,y) +jmsovxy) = Fx,y)+(1-1)Ap(x.y) (32)

where B is the bending stiffness, ms = p,t is the mass per unit area, v(x,y) is the transverse velocity of the plate and
V4= 0% jox* +20% /(0x20y2)+0* /oy*. The bending stiffness and mass per unit area also depend on the extent of perforation
but this is neglected here.

The pressure at a point M in the fluid can be defined by using the Kirchhoff-Helmholtz (K-H) integral

p(M) = /(p(Q)aG(QQM) GQ.M) )dsy (33)

where Q is a point on the plate surface, G is the free-field Green’s function and S, is the surface area of the volume enclosing
the plate. Therefore the integral is performed over both sides of the plate (the integral over the surface at infinity can be
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Fig. 3. A simply supported perforated plate enclosed by a volume V in the medium with its bounding surface S,.

neglected). In Eq. (33), the first and second terms correspond to the dipole and monopole source radiation, respectively.
By using the two dimensional spatial Fourier transform, the Green’s function can be expressed as [23]

j 0o oo ajkx(X—Xo) @iky(y—Yo) @ikz(2—20)
- 8n2 /—oo [w kl

G dky dky (34)
where k; = (kz—kﬁ—kf,)m, Q=(x,y,z) is a point on the plate surface (z=0), M=(xo,y0.20) is a field point and attention is limited
to the pressure at a point M above the plate (in the half-space zy > 0).

Since the plate thickness is assumed to be very small, the normal velocity is identical on the plate surfaces S. and S_
and hence 0p/dzq is equal on both sides of the plate. However the sign of the normal vector nq is reversed so that the
second term in Eq. (33) is zero. Thus by performing the integration over the plate surface, Eq. (33) reduces to

0G(Q,M
P o=~ [ A% as (35)

leaving only the dipole term.
For the case of a vibrating perforated plate, applying Euler’s equation to Eq. (35) in the plane of the plate at z=0 gives

o
2™

= —jpwv(M) (36)

z=0

Substituting Eq. (5)

o
2™

= ~IpWM)(1=0)+ 1 (M) = ~jper1—nyu) 2 Ap(h) (37)
z=0
where, as in Section 2.3, v is the velocity of the plate and vyis the locally averaged fluid motion. Substituting Eq. (32) into
Eq. (37) to eliminate the pressure difference Ap yields
L _ __Jpw
= —jpw(1-1)v(M) Z(=1)

z=0

op
M

(% VAux,y) +jm5wv(x,y)—F(x.y)> (38)

Substituting this into Eq. (35)

2
0°G(Q,M) ds

aZQaZM (39)

~ipo—orun L2 (J% V“v(Mmmswv(M)—F(M)) - (Jﬂw V“v(Qmmswv(Q)—F(Q))

where, compared with [10], the second term on the left-hand side has been introduced by the perforation.

2.4.2. Force excitation in terms of modal series
The plate velocity can again be considered as the summation of plate modes (m,n) as given in Eq. (19). The same is also
applied to the excitation force F which is written as

o0

Fxy)= > > Fun@pX.y) (40)

m=1n=1
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where Fp,;, is the modal force amplitude and ¢,,, is the mode shape function. As in Section 2.3, the modal force F, is also
assumed to produce equal excitation energy in each mode. Using Eq. (20) it is obtained that

2
V omx) = () oy (41)

The effect of damping can be included by replacing the plate bending stiffness B by B(1+j#). The orthogonality relationship
with mode (p,q) for a simply supported uniform plate gives

' S

/s PranPpq 8= Smping (42)

Writing in terms of the modal series of velocity v and excitation force F, Eq. (39) can be expressed as

—jpw(1—1y? Z Z umncomn(xO.yo)f— Z Z (— Unn V* @, (X0,Y0) + JMs Ul @ (X0, Y0) — anqomn(xO,yo)>
=1n=1 =1n=1

*G(Q.M
/ (J Unn V* Py (. Y) + TS Ol P (X,Y) — anqom,,(x,y)> TULM) 45 (43)

Sm—1n=1 (&) aZQaZM

Substituting Eq. (41) to eliminate the terms V4(pmn yields

(1-17pw? Z Z umn@mn(XOvyo)*T Z Z(ms(wfnn @)t —JFmn) P (X0,Y0)

=1n= azG M
7 S S MRy~ Pt OO Fon) Py y)# ds (44)

m=1n=1

2.4.3. Acoustic cross-modal coupling terms
Using Eq. (42), after multiplying Eq. (44) by ¢,, and integrating over the plate area

S w (S . SR
(1-0’pw ( )upq Jgh <Zl> (ms(wgq_wz)upq_JWqu) = Z Z (O Fun—Ms(@p =% Uimn) Copgmn (45)
m=1n=1
where
3%G
Cpgmn = / / Ppq(X0.Y0) 37—~ (X,X0,,.Y0.2 = 20 = 0)pmn(x,y) dx dy dxo dyo (46)
sJs 2020

Substituting Eq. (34) into Eq. (46) and performing the two integrals over S yields

Coamn = 57 [ [ Ko 50 (Ko )P ok ) i Ik, (47)

where (,,, is the Fourier transform of mode shape ¢,,, given as in Eq. (22). After algebraic manipulation, for simply
supported edges, Eq. (47) can be expressed as

2i
Cpqmn q,i‘n( ) / / k, Y02 dk, dk (48)

. 1—(—1)’cosu 1—(—1)%cosy
r= 2 2 . Q= 2 2
((/pm)° =D ((u/mm)"—1) ((x/qm)°=1)((x/nm)" 1)

with u = kya, y = kyb. The lower limit of integration has been changed from —oo to 0 because the integrand, with respect to
ky, is an even function when the mode orders (p,m) are of the same parity. Similarly, with respect to k,, it is an even
function when the mode orders (g,n) are of the same parity. The remaining cases will have Cpgm,=0. After re-arranging
Eq. (45), it can be written in matrix form as

where

(49)

msC(A—Iw?)u+(1-1)2 pw? <§> u_Pems <§> A-Iov*)u
4 Zy 4

w?

— joCF+ P ” <4)F (50)
where C is the matrix of complex acoustic coupling terms Cpgmn, U is the vector of modal velocities umy,, F is the vector of
modal excitation forces Fy,,, I is the identity matrix and A is a diagonal matrix of squared natural frequencies
i 0 ... 0

0 wi

A= (51)

mn
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Multiplying Eq. (50) by C™1, i.e. the inverse of matrix C yields

mS(A—la)z)u+pw2<i> ((1 ) J (A Iwz)> (le+ po’ G)C”)F (52)

Eq. (52) can be simplified by taking only the self-modal couplmg terms of Eq. (48). The inverse of the cross-modal
coupling terms C~! can then be replaced by a diagonal matrix of terms 1/Cygpq. Such an approximation works well for a
baffled plate [24], particularly when the average result over different force positions is considered [22]. It has been shown
that this approximation can also be used for the case of an unbaffled plate immersed in a light fluid such as air. For a heavy
fluid loading such as water, the off-diagonal terms become important, particularly for the radiated sound power [10].

By neglecting the cross-modal coupling contributions in the sound radiation, this can be approximated by

\2/ 1 JM pw? S\ 1 S
MPQ(wgq_wZ)upq—'_pwz <Z> (Cpqpq> <(1_ ) Sozm (w _w2)> upq (]CU+ 7 <Z> Cpqpq) <Z> qu (53)

where Mp,=m(S/4) is the generalized mass for mode (p,q). The case of the unperforated (solid) unbaffled plate, as in [10],
can be recovered by introducing very large z, and setting 7 = 0.

Eq. (53) can be solved to find the modal complex velocity amplitude up,. From this, the spatially averaged squared
velocity amplitude of a plate mode (|vy/?) is obtained (see Eq. (28)).

2.4.4. The acoustic sound power and radiation efficiency in terms of modal summation

The acoustic pressure is determined from the pressure difference Ap(x,y) between the two sides of the plate surface.
The normal vector n is pointing away from the plate as seen in Fig. 3. Therefore the total radiated sound power from both
sides of the plate can be defined as

W= / *R{ > 21 P+ YWV (%) - mdS . +p_(x,y)V5,(xy) - ndS_ }

SR{ Z Z Ap(x,y)v;;q(x,y)}ds (54)
p=1gq=1

where * denotes complex conjugate.
To obtain a convenient calculation, the pressure difference Ap(x,y) can also be written in terms of a series of plate modes [10]

ApxY) = D D PP mn(X.y) (55)
m=1n=1

where p,,, are the corresponding amplitudes. Therefore by using the orthogonality relationship from Eq. (42), the radiated sound
power can be written as

W= /*J?{ Z me”(pmn X Z Z qu’pq} _§<Z><‘R{Z prq“pq} (56)
= =1 p= = p=1qg=1
To find ppq, Eq. (32) can be used with Egs. (41) and (55) to give
> my(@hy— Mm@ 3Y) =0 > Y Fan@unX ) +io(1=1) D> > " Prn @ (%.Y) (57)
m=1n=1 m=1n=1 m=1n=1
Again, applying the orthogonality relationship (Eq. (42)) yields
My (5, —*)Upg = (Fpq +(1—T)Ppq) (58)
which allows py, to be found. The radiated power for each mode can be obtained by substituting p,, from Eq. (58) into Eq. (56)

S 1 *
Wy = 800 R{(Fpg—Ms (g — % pg )it} (59)

The total radiation efficiency can be calculated using Eq. (30).
The radiation efficiency of the unbaffled plate takes into account the fluid loading on both sides of the plate. Therefore
the total surface area of the plate S=2ab should be used in Eq. (30).

3. Results
3.1. Radiation efficiency results
Fig. 4 shows the radiation efficiencies of baffled and unbaffled solid (unperforated) plates. These are obtained by setting

a very high value of z; and 7 = 0 in both models. These results are for an example aluminium plate of dimensions 0.65 x 0.5
x 0.003 m with # = 0.1, excited by a unit point force and represents the average over force positions over the plate surface.
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Fig. 4. Radiation efficiency of a simply supported baffled (——) and unbaffled (—) plate (0.65 x 0.5 x 0.003 m aluminium plate with #=0.1).

The calculation is made up to 10kHz involving all modes with m <25 and n < 20. The material properties are taken as
E=7.1 x10'°N/m?, p,=2700kg/m?, v=0.33.

To help interpret these results, the frequency region can be divided into the fundamental mode region, below the first
plate resonance frequency f; 1, the corner mode region between f; ; and the frequency f, given by [4,25]

3c
fe=7 (60)
where P=2(a+b) is the plate perimeter, the edge mode region between f, and the critical frequency f,
_ 2 (pt 12
f=5: (%) (61)

and the supersonic region above f..

The two results show different levels and trends of the radiation efficiency. The slopes at very low frequency, i.e. below the
first resonance frequency (f;1=46Hz) are 20 and 40 dB/decade, showing the characteristic of monopole and dipole source
radiation for baffled and unbaffled plates, respectively. In the corner mode region between f; ; and f,, the result increases by
roughly 10 dB/decade for the baffled case and 30 dB/decade for the unbaffled case. Both curves increase above f, in the edge
mode region towards a peak at the critical frequency f.=4 kHz. The whole plate surface then radiates sound effectively above
the critical frequency (the supersonic region) where the radiation efficiency converges to unity ¢ =1 at very high frequency.

In Fig. 5 the radiation efficiencies are shown for the same plate but with 5 percent perforation ratio and 5 mm diameter
holes. Results are shown from both baffled and unbaffled models. The average radiation efficiency is plotted together with
the modal radiation efficiencies in each case. It is interesting to note that the slope of the radiation efficiency for the baffled
plate changes to 40 dB/decade below the first resonance frequency as shown in Fig. 5(a). This is due to the perforation of
the baffle, which opens the ‘communication’ of the sound fields between the front and the back of the plate and provides
cancellation of the monopole sources. For the unbaffled plate in Fig. 5(b), the trend of the slope is the same as for the solid
plate in Fig. 4 except that there is a reduction in the radiation efficiency. It is also lower than that of the baffled plate in
Fig. 5(a). It can be seen that for both cases the result at very low frequencies in the fundamental mode region is dominated
by mode (1,1), which is also the case for the solid plate.

Results for other perforation ratios with 10 mm hole diameter are shown in Fig. 6, plotted in terms of the radiation
index, 10log;, . This shows that the sound radiation is reduced as the perforation ratio is increased. As already mentioned,
perforation gives a significant reduction in the case of a plate set in an equally perforated baffle particularly at very low
frequency. At these frequencies, where the acoustic wavelength is greater than the plate dimensions, perforation of the
baffle has a greater effect on the sound reduction than perforation of the plate itself. This is why a large reduction can be
seen at low frequency where the plate exhibits behaviour that is closer to an unbaffled plate.

For the unbaffled plate, perforation leads to an almost constant reduction in radiation index for frequencies up to the
corner mode region (which commences at 450 Hz in this case). For both cases, the perforation effect reduces as frequency
increases. This can be expected as the impedance of the hole is proportional to frequency (see Eq. (4)). Therefore at high
frequency, the fluid in the holes has a very high mass-like impedance. This mass does not move sufficiently to compensate
for the volume sources adjacent to the hole. The cancellation of radiated sound thus becomes ineffective.

Fig. 7 shows the difference between the radiation index of baffled (g}¢) and unbaffled (o) perforated plates on a dB
scale, i.e. 10log;o(aups/ope). It is seen that the sound radiation for the plate in an equally perforated baffle is less than for
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Fig. 6. Radiation index of simply supported baffled (a) and unbaffled (b) plates; do=10 mm: — solid, ——7 =10 percent, -- -t =20 percent, — - —7 =40
percent (0.65 x 0.5 x 0.003 m aluminium plate with n=0.1).

the unbaffled plate at very high perforation ratios (40 percent). However, for moderate perforation (20 percent), the
difference is within +1.5dB which shows that both models show similar results. For smaller perforation ratios
the perforated baffle model gives an over-prediction of the radiation index relative to the unbaffled plate model as the
perforation of the baffle is insufficient to allow full ‘communication’ between the two sides of the plate.

3.2. Effect of perforation

The reduction in sound level due to perforation can be defined in terms of the effect of perforation ©, given by

© =10log;g (%) (62)
N

where W), and W; are the radiated sound power for the perforated plate and solid or unperforated plate, respectively. This
is related to the insertion loss (IL) commonly used in noise control by ® = —IL. For moderate perforation, where the term
1—7 can be ignored, the effect of perforation on sound radiation can be approximated by the ratio of the radiation
efficiencies of perforated (op) and solid plates (o), i.e. ©® =10log;((gp/05). However, for large 7 this is no longer correct.
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Fig. 8 presents the effect of perforation for constant hole diameter (left-hand side) and constant perforation ratio (right-
hand side) for both models. It can be seen that below 450 Hz, both cases show different trends of the effect of perforation.
Meanwhile above 450 Hz, the trend is almost similar. For the baffled perforated plate, due to the perforated baffle, the
effect of perforation increases by 20 dB/decade at low frequency before approaching 0dB at high frequency. For the case of
the unbaffled perforated plate, the effect of perforation is almost independent of frequency in the fundamental and corner
mode regions (<450Hz) and then increases in the edge mode region as the frequency increases. The effect again
approaches 0dB at high frequency. Figs. 8(a) and (c) show that sound radiation is reduced by increasing the perforation
ratio, while Figs. 8(b) and (d) show that for a constant perforation ratio, the radiated sound can be further reduced by
reducing the hole size.

It can be seen from these results that the effect of perforation is reduced above the critical frequency, in this case 4 kHz.
However, it does not tend to 0 at the critical frequency but can still be significant at higher frequencies than this.

From Eq. (7), for a plate where the plate thickness is much smaller than the hole radius, t < dy, the non-dimensional
specific acoustic reactance is dominated by the end correction and can be expressed as h = (8k/3m)dy /7. Consequently, the
effect of perforation is controlled by the factor dy/z. As seen from Fig. 8, for the same values of dy/1, the effect of the
perforation is almost equal. For example do=10mm, 7 = 10 percent and dy=20 mm, T = 20 percent give similar results in
each model (roughly 1.5 dB difference). However, the perforation ratio should not be too large as this will affect the area of
the radiating surface.

4. Experimental validation
4.1. Experimental arrangement

Measurements have been conducted to determine the radiation efficiency of a number of perforated aluminium plates
with two different thicknesses and various perforation ratios. As seen from Eq. (30), the experiment requires mechanical
measurements to obtain the spatially averaged squared velocity <{|vmn|?>)> and also acoustical measurements for the
radiated sound power W.

The realization of an ideal simply supported boundary condition in practice is not easy. However, several attempts have
been made in previous measurements involving this type of boundary condition [26,27]. For this purpose, to
support aluminium plates having dimensions of 0.4 x 0.3 m with 1.5 and 3 mm thicknesses, a 460 x 362 mm frame
with 44 mm height was constructed (see Fig. 9). The experiments were also conducted for free-free boundary
conditions. For this, the plates were hung using soft ropes from a stiff frame. As the plates were very lightly damped, thin
self-adhesive damping patches, made of a rubber material, were attached to parts of one side of the plates to increase their
damping.

The mechanical measurements were obtained in terms of mobility with the plate excited by a shaker. The velocity was
measured using a scanning laser vibrometer at 81 locations over the plate surface, while the excitation force was measured
by a force transducer. From the mobility measurements, the damping loss factors for all the plates were found to be around
1 =0.01 on average.

4.2. Reciprocity technique

The acoustical measurement was conducted using a reciprocity technique in a reverberant chamber, where the plate
was excited by a diffuse broadband sound field. This technique was chosen to avoid noise from the shaker which could
otherwise contaminate the measured sound power. The plate acceleration was measured by an accelerometer at the same
point as the force was applied in the mobility measurement.

front

" plate

L7

L thin shim

aluminium frame
back

~110 mm

Fig. 9. Mounting arrangement of simply supported plate showing the sound path at the frame edges.
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If the direct method experiment is conducted in a reverberant chamber, the radiated power W normalized by the
mean-square force F2 is given by

w Sz /p?
E:Tpc<ﬁ> (63)

where Sz is the room absorption, p is the air density, c is the sound speed and <{p? ) is the spatially averaged mean square
pressure in the room due to radiation by the plate. Using the principle of reciprocity, Eq. (63) can then be written as

W sx [v}
F—z=4pc<@> 9

where vé is the mean-square plate velocity at the point of excitation (in the direct experiment) due to the sound
excitation from a monopole source of mean-square volume velocity Q2 from the sound source (in the reciprocal
experiment) which is located at the positions used for the microphones in the direct experiment. The spatial average is
taken over different source positions. The mean-square volume velocity Q2 of a source in a reverberant field at frequency «
is given by [5]

@= ;)527(;[2 <p_2Q> (65)

where <%> is the mean square pressure in the room due to this source. Substituting this into Eq. (64) yields

w_ <% p
P> (pg»ame

(66)

where aq = jov, is the plate acceleration. In Eq. (66), the mean square acceleration of the plate % is averaged over sound
source positions in the room.

4.3. Measured radiation efficiencies

Fig. 10 presents the radiation index for the 1.5 and 3 mm thick simply supported plates, solid and perforated, along with
corresponding predictions in one-third octave bands. Although the measured and predicted results show similar trends,
it can be seen that the measured radiation efficiencies exceed the theoretical predictions by about 5-10 dB. However, the
measured results show good agreement, particularly at high frequency, with a baffled model. For the perforated plate
results, this is calculated using a discrete sources approach for a perforated plate in a rigid baffle [5]. This model can only be
used for a plate with a small hole density.

When a vibrating plate radiates sound in an unbaffled condition, the radiated sound from one side can ‘communicate’
with the radiated sound from the other side of the plate. This communication, particularly around the plate edges for a
solid plate, creates some cancellation of the sound radiation (see also Section 3.1). The effectiveness of this cancellation
depends on the acoustic wavelength; the longer the wavelength the more effective the cancellation. Conversely, in the
baffled condition this sort of communication is not possible leading to a higher radiation efficiency.

For the frame used in the experiment, the path length for the sound to propagate from one side of the plate to the
other is approximately 110 mm as shown in Fig. 9. In order for the plate to be considered as unbaffled, this has to
be less than about half an acoustic wavelength. This is only the case for frequencies less than approximately 1.5 kHz.
Above this frequency, the radiated sound from the back of the plate is blocked by the frame and the plate
becomes effectively baffled. This may explain the disagreement between the measured results and the unbaffled
model, at least above 1kHz. Moreover, the nature of the radiated sound from the back of the plate is also modified
by the frame, so the sound radiation from the back will be more directional than that from the front. This could also reduce
the effectiveness of the cancellation process. Hence the plate may be effectively baffled at frequencies lower than 1.5 kHz.
Thus it is clear that the frame used for the simply supported boundary conditions does not correspond to an unbaffled
situation.

Fig. 11 shows a comparison of the radiation index from measurements for the free-free boundary conditions with
that from the analytical calculation for a simply supported plate. It can be seen that a very good agreement is found
between the theoretical and the measured results. This raises an interesting finding. It is suggested that, for the case of an
unbaffled plate, the radiated sound is relatively insensitive to the edge conditions. To support this it may be observed that
calculation of the radiation efficiency of an unbaffled plate with guided boundary conditions shows a difference of less than
2 dB in the corner and edge mode regions compared with that for simply supported edges [5]. Ideally the model developed
here for an unbaffled plate should be extended to other plate boundary conditions but this is beyond the scope of the
present paper.
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Fig. 10. Measured radiation efficiencies of simply supported unbaffled plates (--- O -..): —— unbaffled model, — baffled model; (a) t=1.5mm,

unperforated, (b) t=3 mm, unperforated, (c) t=3 mm, do=15mm; 7 =7 percent and (d) t=3 mm, dp=25 mm; 7 = 20 percent.

4.4. Measured effect of perforation

Although there are differences between measured results and the model for simply supported plate edges, it is
worthwhile to consider the results in the form of the effect of perforation @. Fig. 12 compares the effect from analytical
calculations with that from measured data of 1.5 and 3 mm thick perforated plates. For the 3 mm plates, the measured data
are derived from those presented in Figs. 10(b)-(d) and an additional result for the plate with 10 mm hole diameter and
20 percent perforation ratio. For both thicknesses, the measured data from the simply supported plate experiment can be
seen to agree reasonably well with the trend of the model results with roughly 2-5 dB fluctuations above 800 Hz. However,
at lower frequencies the fluctuations are greater.

Comparisons are shown for the effect of perforation for the free—free plates in Fig. 13 from the corresponding results in
Fig. 11 and also for plates with other perforation configurations. These results show a satisfactory agreement with the
predictions, particularly above 400Hz. The measured results follow the trend of the predictions up to the critical
frequency. However, for 1.5 mm thick plates having 5 and 12 percent perforation ratio (Figs. 13(a) and (b)), a disagreement
of around 3-5 dB can be seen above 800 Hz. For Fig. 13(b) in particular, this comes from the measured radiation efficiency
for the solid plate in Fig. 11(a) where between 800 Hz and 3 kHz the measured result is 1-2 dB lower than the prediction.
Conversely, the perforated result (Fig. 11(c)) in the same frequency range is 2-3 dB higher than the prediction, leading to a
higher effect of perforation than given by the analytical calculation. This illustrates that it is not easy to obtain a reliable
result for ® because one has to deal with four input errors, i.e. from the sound power and the mobility measurements on
both the perforated and the unperforated plates. These errors result in high fluctuations, particularly below 400 Hz where
the radiation efficiencies are low, making them subject to noise contamination.
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Fig. 14. Comparison of the radiation indices from analytical calculation (—) with those from previous measured data [28] (— < —); (a) unperforated,
(b) do =5.6 mm; T =5.7 percent, (c) do =7.1 mm; t=9.4 percent and (d) dp = 8.8 mm; 7 = 14.1 percent (mild steel; 0.3 x 0.3 x 0.0012m, # =0.001).

4.5. Comparison with existing measured data

To complement the validation of the model, comparison is made with previous measured data. The data were
obtained in experiments made by Pierri [28] for 1.22 mm thick perforated steel plates having dimensions of 0.3 x 0.3 m
(also given in [4]). The measurement of the radiation efficiency was conducted using the direct method, where the plate
was excited by a broadband force from a shaker and the radiated sound pressure was measured in a reverberant room.
The plate sample was supported by the edges with very soft foam rubber so that free-free boundary conditions could be
assumed.

Fig. 14 shows a comparison of the measured radiation index with that from the model. The damping loss factor is not
known but in the calculation it is assumed to be very low, i.e. # = 0.001. It can be seen that the measured results agree very
well with the model, including the case of the unperforated plate.

5. Approximate formula for effect of perforation

In practice, rather than the absolute level of sound power (or radiation efficiency) of a perforated structure, the level of
noise reduction due to perforation is often of interest. Therefore in this section a simple empirical formula is derived that
can be used as quantitative guidance for an engineering application to predict the noise reduction.
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Fig. 15. Effect of perforation on sound power radiation of a simply supported perforated unbaffled plate plotted against h (0.65 x 0.5 x 0.003 m (thin
lines), 0.65 x 0.5 x 0.006 m (thick lines)), aluminium plate with # = 0.1, dp = 10 mm: T = — 10 percent, —— 20 percent, — - — 40 percent, - - - 60 percent).
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Fig. 16. Effect of perforation on sound power radiation of a simply supported perforated unbaffled plate at low frequency asymptote for different
thickness (O: 0.65 x0.5 x0.003m, <: 0.65 x0.5 x0.004m, A: 0.65 x0.5 x0.006m, -: 0.65 x0.5 x0.008 m aluminium plate with #=0.1,
dp =10mm; 7= 10,20 and 40 percent).

5.1. Edge mode region

Fig. 15 plots the predicted effect of perforation for the various cases considered against the non-dimensional specific
acoustic reactance h for different plate thicknesses. It can be seen that the curves collapse together with the same slope of
15 dB/decade in the edge mode region. Below the edge mode region, the results are independent of h but vary with plate
dimensions and perforation ratio.

In the edge mode region, up to half the critical frequency, the effect of perforation @ can be written as

0 =15log;olh(1-0)]-10, fo<f <fe/2 (67)

where f, is the starting frequency of the edge mode region and f; is the critical frequency as given in Egs. (60) and (61),
respectively. Note that this is valid only for reductions of more than 5 dB. For smaller reductions, the curve becomes less
steep as it approaches 0dB.
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Fig. 17. Effect of perforation on sound power radiation of a simply supported perforated unbaffled plate at low frequency asymptote for various plate
dimensions (t=3 mm, aluminium plate with #=0.1; O =10 percent, + = 20 percent, - =40 percent).
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Fig. 18. Effect of perforation on sound power radiation of a simply supported perforated unbaffled plate: 0.65 x 0.5 x 0.003 m
(b) =10 percent, (c) T =20 percent, (d) T =40 percent; —— analytical, — prediction (aluminium plate with 7 =0.1, dg = 5mm).
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5.2. Fundamental and corner mode regions

From Figs. 8(c) and (d) and Fig. 15, as the effect shows almost constant values at low frequency, at least up to end of the
corner mode region, an approximate formula can be developed to predict the effect of perforation in this frequency region.

Fig. 16 plots the effect of perforation at low frequency for plates with the same dimensions but different thickness and
perforation ratio to show the increment in the @ as the plate thickness increases. This is plotted against h/k, which is
independent of frequency. The constant values over the corner mode region are, in this case, taken from the average value
between 10 and 30Hz in each case. It is seen that the perforation of thinner plates has a greater effect of reducing the sound
radiation. This is reflected in the dependence of h on t (see Eq. (7)). The result also shows that the trend has a dependency of
about 19 dB/decade. Therefore a simple curve fit can be obtained as a function of the non-dimensional acoustic reactance h

O ~19log,, (%) +5, f<fe (68)

The effect of perforation at low frequency for different dimensions with the same plate thickness is shown in Fig. 17 for
perforation ratios of 20 and 40 percent. For the 20 percent perforation ratio, the dependence on the plate dimensions a and
b can be written as

1
@N_8'5IOgm<1/a2+1/b2+1/2ab>_25'5' f<fe (69)
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Fig. 19. Effect of perforation on sound power radiation of a simply supported perforated unbaffled plate: 7 =25 percent; (a) 0.8 x 0.4 x 0.003 m, (b)
0.65 x 0.4 x 0.002 m, (c) 0.39 x 0.3 x 0.005m and (d) 0.9 x 0.3 x 0.003 m; —— analytical, — prediction (aluminium plate with = 0.1, dy = 8 mm).
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Fig. 20. Effect of perforation on sound power radiation of a simply supported perforated unbaffled plate: dy =5mm, t =20 percent; — - — = 0.001,
——n=0.2, — prediction (aluminium plate).

where a and b are given in metres (m). The results for 10 and 40 percent perforations have similar gradients to that for
20 percent, but different constant terms.

These two equations (Egs. (68) and (69)) can be combined to give a general equation for the effect of perforation at low
frequency:

1 h
©® =-8.5logq, <1/a2+1/b2+1/2ab>+1910g1° (E) -2, f<fe (70)

Figs. 18 and 19 show a comparison of the effect of perforation to test the validity of Eqs. (67) and (70) for different
perforation ratios, plate dimensions and thickness. Results are shown in Fig. 18 for the same plate size with 5 mm hole
diameter and different perforation ratios. Fig. 19 shows the effect for different plate size with 8 mm hole diameter and 25
percent perforation ratio. For clarity, these are plotted in one-third octave bands. The results show good agreement over
the frequency range up to half the critical frequency. However in the corner mode region, the approximate model does not
give such a good estimation. This is due to large fluctuations in this region both from the radiation efficiency of the
perforated plate and that of the solid plate, which then also lead to large fluctuations in the ‘effect of perforation’ curve.
Nevertheless the differences in this region are only 2-3 dB at most and the model can be used to good effect. Fig. 18(a) also
shows an over-prediction just before h./2 as the sound reduction is less than 5 dB in that frequency range (see Section 5.1).
Fig. 20 presents a comparison for two extreme values of damping loss factor (1 =0.001 and 0.2) again showing good
agreement with the model.

6. Conclusions

The sound radiation from a perforated plate has first been calculated using an approach from Fahy and Thompson [2] in
which the plate is assumed to be set in a rigid perforated baffle. The model is based on the assumption that the baffle has
similar perforation to the plate in order to have a continuous impedance across the plate and the baffle for convenience of
calculation. It has been shown that, according to this model, the radiation efficiency of the baffled plate is considerably
reduced at low frequency due to the perforation. However, this is more due to the effect of perforation of the baffle rather
than due to perforation of the plate itself.

A model for an unbaffled perforated plate has therefore been developed by extending Laulagnet’s model for the
radiation efficiency of an unbaffled solid plate [10]. The perforation leads to a reduction in the radiation efficiency which is
constant at low frequencies (up to the corner mode region) and decreases as the frequency approaches the critical
frequency.

Comparing the results from the two models, it has been found that the simpler model can be used to predict the
radiation for the unbaffled case fairly reliably for moderate perforation ratios (around 20 percent). This approach has the
advantage of a much reduced computational effort.

It is found from both models that the sound radiation reduces as the perforation ratio is increased or the hole size is
reduced. The effect also depends on the plate thickness and dimensions. For only 10 percent perforation ratio and 10 mm
diameter holes, the sound radiation can be reduced by 10-15 dB at low frequencies, which illustrates the effectiveness of
perforation as a noise control measure. An approximate formula to predict the effect of perforation has also been proposed
which can be used for frequencies up to half the critical frequency.
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Comparison of the model with experimental results for a series of freely suspended perforated plates gives a good
agreement, even though the model has been based on simply supported boundary conditions.
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