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ABSTRACT

A multiple wall of four panels separated by air gaps is considered. The thicknesses of the
panels and the air gaps are variable, They are determined in such a way that the transmission
coefficient (A-weighted and averaged over the angle of incidence) of the multiple wall is
minimized under the constraint that the total thickness of the multiple wall is constant, This
optimisation problem is treated numerically. The influence of frequency range, loss factor of
the panels and flow resistance in the air gaps is discussed.

1. INTRODUCTION

If a sound wave with pressure amplitude P; is incident on a wall, it is partly transmitted with
a transmitted pressure amplitude P, The transmission coefficient

p,f

describes the transmitting properties of a wall. For a thin single wall, which is hit
perpendicularly by a plane wave of a single frequency, t is given by the well-known mass
law, which states that 1 decreases with the frequency of the incident wave and also with the
mass per unit area of the wall. If the incident wave is oblique, bending waves on the wall are
excited which can have a sirong influence on the transmitting properties, The sound
ransmission is particularly high at coincidence, i.e, if the trace wavelength (the distance
between pressure maxima of the air-bome wave along a line parallel to the wall) coincides
with the bending wavelength of the wall (Cremer and Heckl 1988, P. 444). A double wall
(two thin panels separated by an air gap) shows an additional effect in its sound transmission
properties because the double wall can resonate like a system of two masses (the panels)

separated by a spring (the air gap). The sound transmission is also particularly high at such a
resonance.

It is of interest for noise control purposes 1o find walls with a minimal sound transmission.
The aim of this paper is to examine multiple walls of four panels separated by air gaps. The
panel thicknesses and the pane! spacings will be chosen in such a way that the transmission
coefficient is minimised. Since in a practical situation, the sound comes from many different

N

angles and contains a range of frequencies w, we use an averaged transmission coef)f(iciem

Kiw

(1.2) i [ -L-L &) sin 840 dw
w
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in our considerations. K(w) is & function which describes the A-weighting to take the
frequency-dependent sensitivity of the human ear into account. 8 is the angle to the surface
normal of the wall. The 3-dimensional case with waves from all directions is considered,
therefore t(w,8) is weighted with sin 8. The minimisation will be performed under the
constraint that the total thickness of the multiple wall is constant.

2. MODEL

A multiple wall with four panels is considered (see fig. 2.1). The individual panels are made

from the same material but may have different thicknesses & {v=1,2, 3, 4). The panels are
_ assumed 1o be thin compared with the wavelength, so that the velocity is constant across the

thickness. The acoustic behaviour of one such panel is given by the impedance

, . 4 mzcwz "5 .

2.1} Zvﬂmgwhv{l-smﬂ-—;z————;?—ﬂ-rnp},
-]

where o, is the density of the panel material, ¢, is the speed of sound of the panel
{compressional waves on a plate), ¢, is the speed of sound in the surrounding air, and 1) is the
loss factor of the panel. Z y is the ratio between the pressure difference across a panel and the
wall velocity, i.e.

2.2) Py Pyep =2y,

With the assumption that the gaps hsve a width d_ which is also much smaller than the
wavelength, a gap can be modelled as a spring between adjacent panels with the stiffness

0oc?

s =

v d, v 1 - irlwgd

per unit area. r is the flow resistance of the gap; it gives rise to losses in the gaps and can be
increased by inserting absorbing materials such as mineral wool into the gaps; g, is the

density of the medium in the gap. Hooke's law relates the velocity difference across a gap
with the pressure by

2.3

1
@4 s B
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Fig. 2.1 Cross-section through the multiple wall

The motion of the multiple wall as shown in fig. 2.1 is described by a series of equations
basad on {2.2) and (2.4) for the panels and the gaps.

@oCo

(2.5} 2p;=Zy* —orgl ¥yt Pa
26) A2 p,.

2.7 Pa-P3= 2,4y,

(2.8) "216'0 : 53=py,

2.9 p3-p4=z3u3,

Uas- u_,
.10 oS4 Py
(2.11) Py-P=Zguy,
QoCo
2.12) P —uy.

By successive elimination, this set of equations can be reduced to give an expression for the
transmission coefficient 7. The result is rather lengthy and is given in the appendix. T is a
non-linear function of the panel thicknesses and gap widths. The gradient of T in the space
formed by the co-ordinates (h r hz h3, h & d2‘ d3, d 4) can be calculated analytically, but not

the integrals in (1.2) over 8 and w.
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3. NUMERICAL TREATMENT

A numerical approach is required to (i) calculate T from (1.2) which requires integration over
g and o, and (ii} to find the minimum of T as a function of the variables hl, hz, h3’ h & dz
dy and 4, under the constraints that they are all positive and that their sum is constant.

The integration over & causes numerical difficulties when coincidence occurs. This happens
at frequencies above the critical frequency of coincidence which for a panel of thickness 4,

is

- cd ~
3.1) @, = Q’l_ S°  (Heckl and Miller 1975, p. 39

There is then an angle, the angle of coincidence, where the trace wavelength and bending

wavelenth match, giving rise 10 a extremly sharp peak in t as a function of 8. Up to four such |
ks occur in t for a2 multiple well of four panels. These coincidence angles for a given

g:;uency w are ‘

4 .
(3.2) sin 8, = ————— (Cremer 1975, p. 281).

acceptable accuracy. The integration over w is unproblematic and is done most efficiently
- with an adjustable step which rises with w when the integrand decays to very small values.
The function

(3.3) Klw = 0.75 + 0.2 (53900 ]:z)z+(i(l§‘v—ﬂj)2+3.5(£%-u3)3+2t%}£)s

W e
The numerical integration is done with a particularly small step around these angles 10 get
|
is used for the A-weighting;: f stands for w/(2x). “
The minimisation method is based on a combination of two techniques. The first is a series

of one-dimensional minimisations, which provides a starting point for the second technique

which is an iteration scheme. The first technique is based on symmetry considerations and

the assumption that the optimal multiple wall will be symmetrical with respect 1o its centre

plane; this leaves only three independent variables if the constraint

4

T d, =1

4
(3.4) T A v *
v=1 v=2

is taken into accounl. A series of one-dimensional minimisations with respect to these
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Fl

variables is performed. This is necessary for the second technique which requires a starting
point close to the absolute minium. The second technique is an iteration scheme with
successive line minimisations in the 6-dimensional space formed by the co-ordinates 4 s

ky by dy dy, d, under the constraint (3.4). The gradient of T is calculated, then the

minimum is sought along a line in the direction of this gradient. The minimum obtained in
this way forms the starting point of the next iteration step. The constraint that all panet
thicknesses and gap widths have to be positive is incorporated in the line minimisation.

4. RESULTS

The minimisation was performed for a multiple wall of four glass or aluminium panels.Three
different frequency ranges were considered. The loss factor of the panels was varied, and also
the flow resistance of the gaps to study the effect of different absorbing materials. The
following parameters were used.

1

co=340ms (speed of sound in the air)

€,y = 2400 m s'l {speed of sound in the pane! (compressional waves))
0o =121 kg m3 {density of air) ' ‘

0,, = 2300 kg m™> (density of the pane] material)

1=20.15m {total thickness of the multiple wall)

The integration over 8 was carried out from 0 10 80° because grazing angles close to 90°
cause numerical difficulties.

Table 4.1 shows the optimal dimensions for panel thicknesses and spacings for different

frequency ranges, loss factors 7 and flow resistance r. The optimal transmission loss achieved
was calculated from

@.D TL=101g -1
T

and is listed in the last column of table 4.1.
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frequency optimal values in mm of

range in Hz kgm sk hy ko kg dydy d, in dB
32.. 2000 103 10 28,19,19,28; 7, 39,7 29
100 ... 4000 107 10* 23,23, 23,23 6, 41, 6 33
400 ... 10000 103 4 11,7, 7, 11; 38, 38, 38

32... 2000 0.01 27, 20, 20, 27: 7. 39, 7
32... 2000 0.05 104 25,19, 19, 25; 8, 44, 8 29

32.. 2000 1073 4-10% 25, 19, 19, 25; 8, 44, 8 26
32.. 2000 1073 20-10* 23,17, 17, 23; 12,49,12 22

Table 4.1 Optimal geometry of a multiple wall for different frequency ranges, loss factors
and flow resistances

5. DISCUSSION .

In order to explain the results in the last section, it is necessary to know the frequencies at
which the transmission coefficient is particularly high for a plane harmonic wave., These are
the resonance frequencies of the multiple wall (seen as a mass-spring system) and the
coincidence frequencies of the individual panels.

The resonance frequencies of a multiple wall with the panel thicknesses listed in table 4.1 lie
between 50 Hz and 150 Hz There is not much scope to push this range down to lower
frequencies for a wall with a fixed total thickness. To illustrate the problem we consider a
double wall, where the resonance frequency (at perpendicular incidence) is given by

0?4 1
(4.2) e E‘/T (W—; + -@1—2) {Cremer 1975 p. 287);

h‘ and i:z are the panel thicknesses and 4 is the panel spacing. If d is increased, h1 and/or h2

would have to be decreased in order to keep the total thickness constant. As a consequence, |
the products h1d and hzd in (4.2} and thus the resonance frequency can only vary slightly

under this constraint.

The optimisation has been {aerformed for a low (32 10 2000 Hz), medium (100 1o 4000 Hz)
and high (400 to 10000 Hz) frequency range. The low and medium frequency range contain
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resonance frequencies, whereas the high frequency range does not. As a consequence, the
transmission loss for the low and medium range is well below that of the high range (see
table 4.1).

In the high frequency range, where resonances are absent, coincidence is the dominant
mechanism for sound transmission. A panel with thickness A , and an impedance given by

(2.1) has a transmission coefficient

4 g%cf

FhcC PP
(Qw——v;-“—’ n cossin®e + 29:&)2 + (owmhv - gw?—-h sfn49)2cas2 ]
I2c, o )

4.3) T, =

The first term in the denominator of {4.3) is due to the losses in the panel material, the
second term is the radiation damping, the third term represents the mass-controlled losses and
the fourth term is due to the bending siiffness of the panel. The sound transmission is
strongly dependent on the mass-controlled and stiffness-controlled contributions, which have
opposite signs and can cancel each other, yielding coincidence. When this happens, T, is

maximal. Two effects are competing when ane tries to minimise the averaged {over angle
and frequency) transmission coefficient. A decrease of panel thickness increases the critical

frequency of coincidence @, {see equ. (3.1)), and higher values of w,,,, have a smaller effect

on the averaged transmission coefficient than low ones. This suggesis that the critical
frequency of coincidence should be towards the top end of the considered frequency range or
above it. This is in conflict with the mass Jaw which suggests that a panel should be as thick
as possible for a maximal transmission loss. The fact that the optimal panel thickness for the
high frequency range is well below that found for the low and medium frequency range (see
table 4.1) indicates that coincidence has been important. The limiting frequency of
coincidence for a 0.008 m thick panel is about 1500 Hz.

The influence of loss factor n) and flow resistance r was also examined (see table 4.1). Three

different factors were considered, n = 10'3, 0.01 and 0.05. There is no significant effect on
the performance of the multiple wall for the low frequency range; the transmission loss
achieved is 29 dB for all three values of 7). The effect of the flow resistance was studied by

choasing r = ]04. 4-10% and 20-10* kg m'3s'1. giving rise to deteriorating transmission
losses of 29, 26 and 22 dB in the low frequency range. The optimal value of # is somewhere

between 0 and 10 kg m3s), Asris increased, the optimal gap width tends to increase.
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7. APPENDIX

The transmission coefficient t of a multiple wall with four panels (impedances Z;, Z5 Z5

and Z,} and three gaps (stiffnesses 5, 54 and s 4 is given by

Ky
T= I];
where
7. - 2553
¢
Qels 32
mz (ZI * coso u:u)
_ €056 iwcos8 3 cosB
fi= (goco Zy+ 1+ __23 24 .,c. 324.94 DoCs | 10 Poto
2 2
_(’z fi+z . 52 ! ) 3(.':056
o Tw “2 } OoCo ;2 DoCo

Zy v o ?E

_3_+'73 cos@
54 54 4 0cCo

{wcosH
4 2434 OoCo
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