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1. INTRODUCTION

Profiled plates or claddings are commonly used as a facade of industrial buildings. Their

structural advantages are in their stiffness and in their low weight However. from a

noise-control point of view, their benefit is doubtful. The aim of this paper is to present a

detailed mathematical model for the acoustic behaviour of profiled plates. This will give a

physical insight into phenomena. such as wave diffraction, resonances, trace matching of free

plate waves and air—home waves, which can occur when a sound wave impinges on a profiled

plate. The model may also be used to give guidelines on how to optimize the design of

cladding for noise-control purposes.

The profiled plate is modelled as a structure which is made of narrow sections of infinitely

long panels which are connected at right angles. The structm'e is periodic with each repeat

(length L) consisting of four panels. A cross-section is shown in figure 1.

   / incident wave

Figure 1 Cross-section of profiled cladding

There are two aspects to the model. The first is sound transmission if the plate is excited by an

air—bome wave (section 2.1). The second aspect is structure-home waves propagating freely

(Le. without external excitation) along the cladding.

2. MODEL

The panels A, B. C and D are considered as narrow, infinitely long Mindlin plates. Only the

two-dimensional case, where there is no dependence in the z-direction. is treated here. Panel A
has width IA and thickness hA; analogous notation is for panels B. C and D. The free waves

that can propagate on each panel are free bending waves and free compressional waves. Their
wave numbers are kBp (propagating bending wave), de (exponentially decaying bending

wave near-field). and kD (compressional wave). Each of the four panels can have adifferent

set of free wave numbers. They are marked by superscripts.
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Figure 2 Geometry of an panel
Figure 3 Connection between panels A and B

There are three independent field quann'ties: _
éM: in-plane compressional motion at central plane of the plate

1': bending motion of the plate '
rp: bending angle of the plate (see figure 2).

The connection between the panels is described by boundary conditions. For the connection
betweenpanelsAandB(seefigtne3)theyare

(1!)[we]no .
(continuity of displacement in the x-direction),

It
(A) _ [ (B) B a)n — - 6M - 2— «p‘

IX=IA ] |y=0

(continuity of displacement in the y-direcrion), and

(3)_ (PM) in“ =% Lg” (1c)

(non-rotating connection between the panels). The notation is chosen in such a way that .5
always stands for an in-plane displacement and n for a bending displacement. On panel B, i is
in the y—direction and 11 in the x-direction. The first two boundary conditions (la) and (lb)
describe the conversion of bending waves into in-plane waves and vice versa at the interface
between panels A and B.

2.1. Sound transmission across the cladding
The profiled plate is surrounded by air and excited across its whole width by a plane air-home
sound wave with pressure
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ik cortp +i'k rinq;

p(x.y)=pae “X a "y a (2)

This pressure is harmonic with angular frequency a), wave number [to and angle 90 between

the propagation direction and the panel A (see figure 1). The influence of the surrounding air

on the motion of the cladding can be neglected. since air is very light compared with the

cladding material. which is typically steel. One thus avoids treating the fully coupled problem
which would be required for significant fluid loading; instead the problem can be tackled in

two steps. (i) Structure-bome waves are generated on the profiled plate by fluctuating forces

which in turn are generated by the incident and rigidly reflected wave. (ii) As a consequence,

the cladding radiates sound into the surrounding air.

The incident wave excites bending waves with wave numbers k“ on the individual panels.

There are also free waves on each panel; these are excited by the forces that the adjacent

panels exert at the panel edges. The total wave field on panel A is

. (A) . (A)
Ht 1: -1k (Jr-1 )

9;"): A1 2 D + A28 D A . (3a)

. (A) . (A) 7 (A) (A) - (A)
ik x -ik (x-l ) It (x—I ) - x ll: 1

n(A)=AJe BF +A4e 3” A+A5¢B A+A6e Ed +A7e ex , (3b)

ikM): -ikW(x-I ) k(A)(x-l ) -k"";: ith
(9011:1482 8” +A92 8" A+A10e8d A +A“e 8d +Alze ex .(3c)

The amplitudes A1, A12 are unknown at this stage. Analogous expressions hold for the other

three panels B, C and D of the repeat with amplitudes £1,312, CI, C12, and 01,012.

The boundary conditions (1) hold for the connection of panels NE. and similar equations hold
for the conneclion of panels BIC and panels CID. There is also a periodicity condition which
relates the field quantities EM, n. (p at the two points 1 and 2 (see figure 1) which are exactly

one period apan.

-'It L carA A A I o A. . .
will,“ )Z'Pfln . =e 0 “[513 {nmllq/AJ] . . (4)

paint I paint 2

This say-5k tgat the field at points that are exactly one period apart only differ by the phase
-1 coup

factor 2 ° 0which is imposed by the incident wave.
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Hamilton's principle is now applied to the repeat ABCD and combined with the boundary
conditions (1) and the periodicity condition (4). This is described in detail by Heckl (1993).
and leads to a matrix equation for the amplitudes A1, A12, DI, D”. Once these
amplitudes are known. the motion of the repeat ABCD can be calculated at every point.
5 u]

The radiated pressure p is given by the Helmholtz/Kirchhoff integral equation. The integration
over the tonal cladding surface can be reduced to an integration over only one of the repeats.
say ABCD (see Heckl 1993). and the result is

w M (hf)

(r)=e t HLLHS r.') mzmr') 45'. (s)
p" v="' SHP C an' ‘1‘: p" ' ] 3

ABCD

with

. 'k (x-X’Jcaw + ilr [y-y'l sinrp_ t 2 I ' a . v a v
Gv([::)-1E;Z1_m¢ve (5b)

5: (x.y) is the observer point. I: = (Jr'.y') is a source point. 3% is the derivative in the
direction of the surface normal. and e = 1 or 2, depending on whether 5 is on the surface or

away fi'om it. The 'scattering angles‘ (pv are defined by

cos ov = cos ipo + £5; , (6a)
0

J 7 - easie— far [cor pvl S I
(6b)

13/ cqurv- l for [car ovl > 1
sin rpv = {

Equation (5a) represents a superposition of plane waves with discrete angles wv These waves

are propagating for v-values with |cor ¢v| SI; v—values with |cos ¢v| > 1 represent a
near-field which decays exponentially with the distance from the cladding. An equation
analogous to (S) is found in the theory of optical diffraction gratings; the cladding is therefore
an 'acoustic diffraction grating'. Equation (5) can be evaluated by the boundary element
method. This gives the pressure field at any point of the surrounding air on the transmitted-
wave side of the cladding.

The radiation efficiency is given by
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Real[ i} p {as}

SABCD
o= . (7)

9060 0! lnl2 :15

SABCD

where po and co are respectively the density and speed of sound in the surrounding air.

2.2. Free waves on the cladding
This section deals with free waves on the cladding as a whole, as opposed to free bending and
compressional waves on individual panels. These free waves are anes which can exist on the
cladding without being maintained by external forces, such as the incident sound wave in
section 2.1.

The total wave field is similar to (3) and given by

~ (A) - (A)ik x -Ik (1-1 )
5:4"): I] e D +32 2 D A . (8a)

~ (A) ~ (A) (A) (A)It x -tk (x-l ) k (x—I ) -k x
1'0”:ng 8" +I4e 3" A+FK5eBd A +K6e Bd , (8b)

~ (A) - (A) (A) (A)ll: x -tk (x-I ) k (x-l ) -k x
¢(A)=I7e BF +386 3” A+I928d A +Fl’10e Rd , (BC)

with amplitudes 7-l‘ . 2'10. Expressions analogous to (8a,b,c) hold for the other panels 3. C.

D of the repeat with unknown amplitudes B' , Em. C], C10. 171,510.

Free waves in a periodic system obey Bloch's theorem, which states that all field quantities at
two points exactly one period apart are related by the same factor. For the case considered
here. this can be written as

F F M )L F F[§M, 1:. at E 1,. ] — :2 [éw n. tp. g. n. (9)

 

M] .
point 2

where Fx, Fy are internal forces and M is a moment exerted by the panels on either side of the

repeat ABCD. The factor relating the field quantifies at the two points is commonly denoted

by 27“. L is the length of one period. yis the 'Bloch wave number'; it is generally complex,

point 1
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y: a+ilt, (10)

where the real part at denotes the ‘Bloch anenuation' which is the attenuation of the wave from
repeat to repeat. The imaginary part k is the 'Bloch propagation wave number'; it is a measure
of the speed of waves propagating along the cladding. 7 has to be calculated numerically from
an eigenvalue problem with a 6x6 matrix. There are three independent solutions. y1, y2, 13; the

other three solutions are -71. -y2, -y3 which correspond to waves with the same attenuation

and propagation speed as 71, 72, 73. but withthe opposite propagation direction.

3. NUMERICAL RESULTS AND DISCUSSION

Numerical calculations have beenperfonued for steel cladding with

p=ttoookgm'3.2
15:2-1011Nrn'.2
G =o.77-10“Nm‘ ,
u = 0.3 .
loss factor: 0.01.

The thickness of the individual panels is 4mm. The lengths of the panels A and C are
IA = [C = 0.25 m. Claddings with two different depths were considered, one was a shallow

cladding with [B = ID = 0.03 m (figure 4) and the other was a deep cladding with

[B = ID = 0.15 in (figure 5). The figures show spectra in the frequeny range from 0 to

3000 Hz. Figures 4a,b and 5a.b refer to the sound nansmission across the cladding which is hit

by an incident wave at angle 4:0 = 0.9 g (nearly perpendicular); figures 4c,d and 5c.d refer to

free waves on the cladding. The average squared velocity of panels A (solid line) and B
(dashed line) is shown in figures 4a and 5a. Figures 41) and 5b show the radiation efficiency of
the cladding. Resonances are clearly seen as sharp minima in the spectrum of the radiation
efficiency and sharp peaks in the velocity spectra. It is impossible to identify these peaks as
resonances of individual panels because of the coupling between the panels. Figures 4c and 5c
show the three independent solutions obtained for the Bloch attenuation. There are frequency
bands where the attenuation is zero. These are called 'passing bands' because waves can
propagate unattenuated at these frequencies. There are also frequency bands where the Bloch
attenuation is positive forall three solutions These are ‘stopping bands'; only non-propagating
waves exist at such frequencies. The ‘pin—pin l'requencies', i.e. frequencies where the length L
of a repeat is an integer multiple of the free bending wavelength of an equivalent flat plate
(4 mm thick). are marked by arrows. The Bloch propagaan wave numbers in the passing
bands are shown in figures 4d and 5d. At this stage. these wave numbers are determined
uniquely modulo 27:. One can graphically construct from these curve sections a monotonically
rising curve (with discontinuities) and compare it with the spectrum of the wave number of an
air-borne wave. Coincidence, analogous to the coincidence in a flat plate. occurs if the two

272 Proc.l,0.A. Vol 15 Part B (1993) 
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wave number curves intersect. For a 4 mm thick flat plate, the critical frequency of
coincidence is just above 3000 Hz Preliminary studies for the case of the shallow cladding
indicate that the critical frequency of coincidence is around 2900 Hz. There are several peaks
in the spectrum of the radiation efficiency of the deep cladding (see figure 5b). Some of these
peaks are not due to resonances because there are no corresponding features at those
frequencies in the velocity spectra (see figure 5a). They could be caused by coincidence
effects. Simulations with a number of different configurations still need to be done.
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