THE TRANSMISSION OF SOUND THROUGH WALLS, WINDOWS,

AND PANELS:

A ONE DIMENSIONAL TEACHING MODEL

Centre

Montreal,

A One dimensional

The model
level

mathematical
sound transmission characteristics found

enables the ready formulation of panel
ratios for simple and multiple panel

By:
R.W. Guy
for Building Studies, Concordia University
Quebec, Canada H3G 1M8
ABSTRACT
teaching model which incorporates many of the

in real panels, has been developed.

velocities and sound pressure

systems. The analysis is ideally suited

for micro computer application.

Q-

Un modele mathématique
transmission sonore propres
pédagogiques.

a»

SOMMAIRE

une dimension, incorporant plusieurs caractéristiques de
des panneaux réels a été développé pour des applications

Le modele permet de calculer les vélocités et le niveau de pression sonore pour
des systemes de panneaux simples et multiples, L*analyse s"adapte parfaitement a des
applications sur micro-ordinateur.

LIST OF SYMBOLS
Constant of equations 5 and 6 Suffix
Constant of equations 5 and 6
Plate bending stiffness defined after equation (36) Designator employed after equation (20)
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C Panel damping i Incident
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e Exponential 0 Material or propogating medium property
F Forces p Panel
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_ R Right of
{ ) . r Panel mode in Z direction
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r Modal integer
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\% Velocity
X Imaginary or reactive component
X Spatial ordinate
Z Impedance
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Resistive component of complex propogation constant
Reactive component of complex propogation constant

Material internal

Angle of incidence
Successive products
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Velocity potential
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1. INTRODUCTION

The teaching of sound transmission through windows, walls, and panels is typ-
ically achieved by presenting a series of simple models each of which attempts to
describe a trend or phenomenon observed in practice.

Such models lead, for example to a qualitative understanding of the 'Stiffness
Controled Region', the 'Damping Controled Region', the 'Mass Controled Regionl, the
'Coincidence Region, as applied to single leaf systems, and the 'Mass Spring Mass
Resonance' encountered in double leaf systems

The models generally involve infinite panels and consider the influence of
incidence angle wupon various resonant frequencies, whilst in practice the most

prominent resonance - ‘'Mass Spring', 'Coincidence', and 'Mass Spring Mass', have
been found independent of angle; meanwhile the models do not readily consider the
influence of 'Room Effects', 'Multiple Panels’, 'Multiple Resonance', 'Absorbent

layers', since their inclusion is usually accompanied by complicated analysis and
interpretation, however each of these factors may drastically change the manifestat-
ion of a 'Region’', or 'Resonance Conditions'. In consequence a need exists to
expand the ‘'repertoire’ of model types whilst avoiding the complexities of model
formulation and analytical intractability.

In an attempt to satisfy these requirements an analytical structure and proced-
ure based upon the work of Nestrov [1] is developed which the student may employ to
generate formulations in a simple manner, for models ranging from the most rudiment-
ary to complicated multi-faceted systems; the analytical procedure developed is
capable of implementation on micro computer systems and applied in this way will
assist in relieving problems associated with analytical intractability.

The present analysis is generally confined to one dimensional considerations
particularly with respect to incident air born waves, thus complexity of analysis is

eased, however the concept and influence of two dimensional panel vibration is
introduced for illustrative purposes.

2. BASIC TERMS AND EXPRESSIONS
2,1 THE WAVE EQUATION

The one dimensional form of the acoustic wave equation may be written as, [2]:

1 (0724
@
dx7 c02 dF
where is the velocity potential

co is the velocity of sound in the medium
X a spatial coordinate

t time

Confining attention to the steady state harmonic form, that is
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where “ is the angular forcing frequency.
Equation (1) may now be rewritten as:-

dvdx2 + k2» =0 (2)
where k is the wave number (k = w/c0).

The wave equation is here expressed in terms of the velocity potential *'T1 to

facilitate the derivation of expressions for pressure and particle velocity via the
relationships:-

V = d1'/dx 3)
where V is the acoustic particle velocity
and P =- P dP/dt
which, for the steady state harmonic case yields:-
P=-1] p4 (4)

where P is the excess or acoustic pressure
p is the density of the propogating medium

Non trivial solutions of the wave equation may be expressed in several ways; one
common form of solution to equation (2) being:-

t, Aej(“t - kx)+ Bej(»t + kx) (5)

where A and B are the wave amplitudes of two distinct plane waves travelling in
opposite direction. the wave amplitudes are determined by having equation (5)
satisfy the prevalent boundary conditions.

An alternative form of solution to equation (2) may be written as:-

y = [A cos(kx) + jB sin(kx)]e * (6)

where A and B are also determined from the applied boundary conditions.

The common time dependence ejUt will subsequently be ommitted for brevity.

2.2 IMPEDANCE
Specific Acoustic Impedance Z

Z is defined as the ratio of excess pressure 'P1 at a point to the acoustic particle
velocity 'V' at that point,

thus Z(x) = P(xX)IV(x) (7)
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For example, in the case of a positive going plane wave as described by the
first term on the right hand side of equation (5) one can, by utilising the
relationships shown in equations (3) and (4), show that

Z(+) = Poo 8
where the index (+) indicates a positive travelling wave.

Similarly, for the negative travelling wave described by the second term on the
right hand side of equation (5),

Z() =- Pco (9)
where the index '(-) ' indicates a negative travelling wave
Normalised Impedance Z'

V is defined as the ratio of the specific impedance to that of a standard
impedance.

A common ‘standard impedance' is the ‘'characteristic impedance' of air 'Pc0'.
Mechanical Impedance Zm

Zm is defined here as the ratio of the vibratory force 'F' per unit area acting on a
surface to the vibratory velocity 'V of the surface caused by that force

thus. Zm = F/IV (10)

In the case of a panel caused to vibrate by acoustic pressures acting on either side
of it, one may write:-

Zp = (PL - PR)/VP (11)

where Zp is tha panel impedance
A_ is the pressure acting on the left side of the panel
Pr is the pressure acting on the right side of the panel
\b is the panel velocity

3. BASIC MODEL AND ANALYSIS

The basic model consists of the ifh and (i+1) vibrating panel separated from
each other by a distance dj and forming part of 'n' vibrating panels in series as

shown in Figure (1).
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Panel 1i) Panel (i11)
Z Pi Zp,*,
\g V..,
X =0 x=di
Figure 1 ~ Model describing parameters for the interspace

between vibrating panels

With respect to Figure (1) the indices 1il and 1li+11 denote ‘'with respect to given
panell, and for each panel

A_ is the acoustic pressure developed on the left

Pr is the acoustic pressure developed on the right

4 is the total impedance of the system to the right of
and including the given panel

Zr is the total impedance of the system to the right of

the given panel
Zp is the panel's mechanical impedance

VP is the panel's velocity
and Y is the velocity potential between panels

3.1 THE ANALYSIS

Consider in the first instance the forces acting on the i+l panel.
Recalling equation (11) and rewriting

Vpl+l = <PI1+l - PR1+1)/Zpl+l (12)

Recalling also equation (7) and considering the right hand surface of the i+l
panel :-

Pri+l = Vp,+1 . ZRI+1 (13)

Substituting equations (13) into equation (12) vyields

pLi+l = VPi+1 « (Zp.+1 + ZR.+1)
or, again noting equation (7)
ZIh | - ZBHI * Zrk't+£’ \(/14);
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Since no assumption has been made concerning the nature of Zr.+” one may generalize
the result shown in equation (14) by writing

Zi = zPj + zRj 1 =1,2,3 .. .n (15)

Consider now the velocity potential developed between the i~h and (i+1) panels.
Recalling equation (6), one may write the velocity potential as
= A-jCOs(kx) + jB-jSin(kx) for O~x~di (16)

Noting the relationship between velocity potential and particle velocity shown in
equation (3), one may form the boundary conditions:-

(d) = W and (4%*) =\p (17)
dx x=0 1 dx x=d, +1

Applying the boundary conditions of equations (17) to equation (16) yields

€ = Vp. acos (k[di-x]) _ Vp_ . cos(kx) (18)
i k si n(kdn) k si n(kd-j)

Applying the relationship of equation (4) to equation (18), one may form an express-
ion for the pressure at any point 'x*‘ between the panels as:-

cos(k[d-j-xI) cos(kx) .
pi(x) - - Vp, * joco = sin(kd-j )" VPi+1" JPC° 1 —Sm(;;rj,) (19)

or, setting x = dj in equation (19)

Pi (x=di) = PLi+1 = Wj « ZBj - Vpj+1l- ZA (20)
where ZA, = -j pcO cot(kdi) and Zg. = -j PcO cosec(kd-j)
Now, Vpi+l = PLi+1 /| ZLi+1 (21)

thus replacing Vp~+”~ in equation (20) by equation (21) one finds

PLi+1 = Vp, « ZBl « Z1+1 /(ZA + ZLj+1) (22)
or replacing PLi+” from equation (22) into equation (21)

Vpl+l = ZBl s vp, /[(ZA + ZLi+1) (23)
setting x = 0 in equation (19)

P, (x=0) = PR, = ZA, « Vp, - ZB, . Vpi+l (24)
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Replacing Wp. , from equation (23) in equation (24) yields
Pr, = VPi Llza, - z|f/(ZA + zLI+1)] (25)

and finally, forming the impedance Zr”, and rearranging, thus

ZRi = FRIIVP = ZA “ ZIil(ZAi+ ZLi+1) (26a)

where  Z/* and Zg. are defined after equation (20).

Equation (26a) expresses the impedance relationship in a form suitable for deriving

the recurring fraction one may develop to express the impedance of a multi layered
system, Nestrov [1].

By re arranging trigonometric terms and utilising normalised impedance one may
express equation (26a) as:-

zRi = (ZLi+1 *cos(k*di)+jsin(k*di))/(cos(k*di)+jZL.+1*sin(k’di)) (26Db)
where V represents the normalised impedance Z/pcO

Equation (26b) may be recognised as a generalised input impedance, similar to the
case of a pipe terminated by an impedance Z , Kinsler and Frey [2, Chapter 8.7];

also this mathematical form eliminates ‘'removable singularities' and thus is better
suited for computational purposes.

In sunmary, the input impedance to the left of any panel surface may be expressed
via equation (15) as the sum of the mechanical 'in vacuol impedance of the panel and
the prevailing impedance to the right of the panel surface; in addition, the imped-
ance to the right of the panel surface may be expressed via equations (26) in terms
of the input impedance to the next panel on the right and the characteristics defin-
ing their separation, namely the distance between panels and the characteristic
impedance of the separating medium.

Thus, by progressing panel index 1i ‘ and by successive cross substitution for zr.
or Z_j+" between equations (15) and (26), one may develop comprehensive formulations
for the impedance on either side of any panel within the vibrating system.

In may instances it will be found expedient to develop overall equations in reverse
order, that is set the panel index to i = n and determine ZRn from equation (26);
substitute ZRn into equation (15) and determine Z n; repeat the procedure success-
ively for i=n-l, n-2, etc. until the whole system has been analysed. Naturally this
procedure requires a knowledge of, or assumption concerning the termination imped-
ance 4_ to begin and successive panel impedance terms ZPl- to continue.
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3.2 CAVITY TERMINATION IMPEDANCE - ZLrH-l

The cavity's termination impedance 1 A will be found in practice to lie between

conditions given by surface n+l being non existant, and, being acoustically hard.
a) Surface n+l does not exist (completely transmitting)

Under this condition, zLn+] = PcO which upon substitution into equation (26a)

yields
Zr, * »cO t27)

b) Surface n+l, acoustically hard (completely reflecting)

Since Wn+i = 0, zLn+i = @ hence by substitution into equation (26a)

zRn = zAnh = “ J Pco cot (kdn) (28)

c) Surface n+l1, reflecting and absorbing or transmitting

In general, Antl - Rn+i + | Xn+i (29)

where Rn+i is a resistive component
and Xn+i is a reactive component

For example, consider the case of an absorbent material lining an acoustically hard
backing wall. The input impedance at the surface of the absorbent material may be
written in a manner similar to equation (28), except that the characteristic
impedance and wave number of the propogation medium will now be complex, Beranek [3,
Chapter 10.4.4], that is,

zLn+i = ~ Jzo *cot(kO*t") (30)
where

Z0 = RO +jX0 (A complex characteristic impedance) (31)

ko = ~ -Ja (A complex wave number)

and t1is the thickness of the absorbent material (meters)
Equation (30) may now be rewritten in hyperbolic form as:-

zLn+l = (R0 #Ix0) ' coth ([* W31) (32)

or by expanding the hyperbolic function with complex argiment into its real and
imaginary parts [4], that is

zLn+i = (Ro +Jx0) [sinh(2«t')-jsi n(23t"')]/[cosh(2“t"‘)-cos(23t')] (33)
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Equation (33) may now be expressed in its real and imaginary parts as:-
ALn+l = Rl +37n+1 (34)

where Rn+i

[RO*sinh(2<*t")+X0*si n(23t1)]/[cosh(2“t *)-cos(23t")]

and Xn+i

[X0*sinh(2»tl)-R0O*sin(23t' )]/[cosh(2“t"' )-cos(2&t" )]
Z(n+i may now be substituted directly into equation (26b) to determine Z"n.

Most cases of practical interest with respect to absorbents may be developed in a
similar fashion.

3.3 PANEL IMPEDANCE

The panel's mechanical impedance 'Zp' may be presented in a nunber of ways depending
upon the characteristic behaviour being demonstrated

i) Massive Wall

In the event that the wall mass control's the transmission of sound over the
frequency range of interest:-

Zp = j>M (35)
where M is the panel mass per unit area

The impedance term of equation (35) will lead to an appreciation of the transmission
loss characteristic refered to as the "Mass Law".

ii) Mass Control plus Coincidence Effect

The coincidence effect, first described by Cremer [5] and based upon a matching

of airborn and panel travelling waves, leads to an impedance expression which
may be written after Beranek [6, Chapter 13.7], as:-

2
Zp =j'-" M.cos(9) [1 - - 1sin (e)] (36)
c0 M

where: is the angle of incidence
B is the complex plate bending stiffness B(l+jn)
B is the plate bending stiffness (Eh /12)
is the internal damping factor of the panel material
as given from a complex Youngs modulus
E is Youngs Modulus of the panel material
and, h is the panel thickness

iii) Modified Coincidence Concept
It has been shown by Bhattacharya et al [7], that coincidence in a 'real' panel
in the presence of a backing room is caused by a complicated matching of panel

and room standing waves in the presence of strong coupling factor's, in con-
sequence it is not angle of incidence dependent and it can occur at normal
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incidence (e = 0) excitation: it does however occur at the fundamental frequency
predicted by equation (36), thus, for representative purposes only, one may re
write the mass impedance term of equation (36) as:

Z =j wn[l - (Wu)C)2 (1+jn)] (37)
where w = 002 "M/B and is the fundamental coincidence frequency

iv)  Sprung Wall

In an attempt to better represent the characteristics of a vibrating panel
Foxwell and Franklin [8] employed a mechanical mass, spring, and damper model,

for which:-
Zp =C+j (IDM- KW or Zp = C+j M[I-(tup/aj)2] (38)
where C is the panel damping constant
K is the panel's spring stiffness constant
and = vk/M, the panel's in vacuo mass spring resonance.
The impedance term of equation (38) will lead to an appreciation of transmission

loss characteristics refered to as 'Stiffness Controll, Damping Control', and 'Mass
Control'.

v) Multiple Panel Resonance

Multiple 'Mass-Spring' resonance will be encountered in ‘real' panels and their
frequency will depend upon the panel characteristics such as size and boundary
conditions. In general each resonance or ‘'eigen' frequency will have an associated
impedance term and the sum of such terms will be similar to the addition of resist-
ance in parallel; the impedance will also depend upon the spatial nature of the
forcing function and upon the location considered on the panel surface which is
generally evidenced by the panel velocity being coordinate dependent, thus for
illustrative purposes it is necessary to consider an average impedance based upon
surface averaged panel velocities and forces. The surface average impedance for the
case of a simply supported panel subjected to normal incidence excitation may be
written from reference [9, Appendix 1], as:-

Uzp - 4.(2/n)t T~ 1/(qr)2 zgr (39)
gq=l r=l

where Zqr = j [I-(Wqr/u>)2] and is the qrth 'modal’ impedance

“qr = n2 (3'/M)2 [(g/b)2 + (r/c)2] and is the qgr*h panel
‘eigen’ frequency
b is the panel length

c is the panel breadth

g is a modal integer, g = 1,3,5 etc.
r is a modal integer, r = 1,3,5 etc
n 3.142 ...
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It may be noted that panel damping is now incorporated within the expression for

'eigen' frequency, by way of the internal damping factor occuring within the bending
stiffness B'.

The series summation of equation (39) converges quite rapidly for terms involving
eigen frequencies “qr greater than the excitation frequency in addition one may

note that the series summation 4 x (2/n) £ 1/(qr) = 1.
These features may be employed to yield computational economies.

3.4 PRESSURE AND PANEL VELOCITY

The velocity of any panel may be written in terms of pressure and impedance via the
relationships shown in equations (7) and (11), that is:-

Vpj = PLi/ZLi = PR-j/ZRi = (PLi - PRi)/Zpi (40)
Also, from equation (23)

Vpi+l = Wi « Z6i/(ZAi+ ZLi+1) , i =1 to n-1 (41)

Thus, equations (40) and (41) will allow any pressure ratio or ratio of pressure to
panel velocity, to be determined.

Equation (19) may be employed to determine the pressure at any point between
vibrating panels or between the last panel and the systems terminating impedance.

3.5 SOUND PRESSURE RATIO

As a measure of a panel system's performance, a sound pressure ratio (SPR) may be
employed, that is :-

SPR = 20 Logl0 (|Pill/ 1PRn|) (42)

where |[Pill is the pressure amplitude of the incident pressure wave on
the left hand side of the first panel.
and |[Prpl is the pressure amplitude on the right hand side of
the n”h panel
The sound pressure ratio as defined in equation (42) is similar to the term 'Trans-

mission Loss' based upon a ratio of incident intensity to transmitted intensity;
this similarity becomes exact when the pressure wave on the transmitted side of the

m-h panel is freely propogated; however the ratio of pressures employed here
avoids complexities associated with the definition of intensity in the complicated
sound fields caused by the presence of backing walls or rooms, whilst still provid-

ing a strong indicator of performance as might subjectively be judged.

For the present analysis, it is necessary to deduce a relationship between the
incident pressure amplitude 'Pi' and the total pressure on the surface of incidence

PLi-
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Proceeding in a manner shown by Richards and Mead [10], the total pressure on the

incident surface may be written as:- = Pi' + Pr' + Prr
where Pi' = incident pressure wave
Pr' reflected pressure wave

Prr = re-radiated pressure wave caused by panel vibration
Via equation (9), one may write the re radiated wave as:-

Prr = - PcO* \lpl and, given that 0 Pr'~n Pi !

as a first approximation Prl = Pi' thus P[* = 2pj"' - PcO*Vp"

or replacing P[~ by the product of panel velocity and input impedance, one may

write:-
Pi' = WI * (ZLI + pc0)/2 (43)

4. APPLICATIONS

In order to illustrate the use of the forgoing analysis, three case studies will be
considered.

1. Single leaf panel backed by a cavity
2. Double leaf panel
3. Multiple leaf panel

4.1 VIBRATING PANEL BACKED BY A CAVITY

<r2
|
Panel 1 Surface 2
Impedance Z71 Input Impedance Zi_2
Velocity V2
x=0 x =d,

Figue 2 - Model describing parameters for a vibrating panel backed b/ a (‘avity.

The model of Figure (2) consists of a panel capable of vibration, backed by a cavity

of depth di. The backing cavity is terminated by a surface having an as yet
arbitary input impedance 1\_2-

Equations (15) and (26b) may be applied to determine the system's input impedance
Z1s that is

Z1i = ZPT + R1 (44)
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zl 2 cos(kdi) +j PcOsin(kdi)
where Zrx = (45)

PcOcos(kdi) + j Z 2 sin(kdi)

The sound pressure ratio may be written from equation (42) as:-
SPR = 20.1og 10 (|Pi'[/|PRi]) (46)

substituting for Prx = Vpl*zZ"1 from equation (40), and P from equation (43) into

equation (46), and expressing impedance terms in their 'normalised' form, the sound
pressure ratio may now be written as:

SPR = 20 logl0 [(Zpx + Zrx + 1)/2 Zrx]| (47)

Zrx will be derived from equation (45) upon consideration of the three choices for
the normalised termination impedance I\N2 deduced from equations (27), (28), and
(29). For example consider the normalised form of equation (29), I[2 =R +j X,

(partially reflecting and absorbing) which wupon subsituation into equation (45)
yields

Zn = R2*cos(kdi) + j [sin(kdi) + Xe,cos(kdi)]
[cos(kdi) - X2*sin(kdi)] + j R2*sin(kdi)

where di is the distance from the vibrating panel to the beqgining of the
absorbing and reflecting layer.

If the normalised termination impedance Z 2 is due to an absorbent material lining

an acoustically hard backing wall, R2 and X> above will be expressed by the normal-
ised form of R and X defined after equation (34).

4.2 DOUBLE LEAF PANEL

- R1 - R2

PL, Z,
V'R
Z1,
Ponel 1 Panel 2 Termination surface 3
Impedance Zpi Impedance Ze2
Velocity Vpi Velocity Ve2
X hOr X x =d.

Figure 3 - Model describing parameters for a double leaf panel system.
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The model of Figure (3) consists of two vibrating panels separated by an air gap of
width di. To the right and at a distance of d2 from the second panel, exists a
termination surface having an arbitary input impedance Z13:

The sound pressure ratio for the model of Figure (3) may be written from equation
(42) as:-

SPR = 20 log10 (|Pil]/ 1PR 1) (49)
where Pj is the incident pressure
and Pr2 is the pressure to the right of the second panel

The incident pressure P-j1 may be written directly from equation (43) that

is Pi' = WPl (ZLI + pc0)/2

whilst the pressure existing the right of the second panel may be written from equa-
tion (4U) as:-

Pr2 = Vp2 * Zr2 (50)
The second panel velocity Vp2 may be written in terms of the first panel velocity

Vpl via equation (23), and the impedance to the right of the second panel Zr2 may
be expressed in terms of the termination impedance Z_3, via equation (26a); thus:-

Pr2 = vPi [Zbil(Zai+Z12)][Za2-Zb2/(Za2 «L3)]
or, rearanging terms

Pr2 = vPl iZA2[ZBil(ZAi+7L2)]-ZB2[ZBI/(ZAI+ZL2)][ZB2/(Z2+ZL3)]} (51)

Equation (43) for Rj' and equation (51) for Pr2 may now be substituted into equation
(49) to vyield:-

SPR - 20 log10 | (ZLI + pc0)/2 Z2 | (52)
where
2 2
zLI = zPi + zAi “ zBil/(zAi+ ZP2+ ZA2 " zB2/tzA2+ ZL3]) (53)

z2 = zA2 [zBil(zAi+ zL2)}1 " ze2tzBi/(zAi+ zL2)Xzb2/(zA2 + Z.3)A

The panel impedance terms Zp, and Zp2 may be chosen from equations (35) to (38),
whilst the termination impedance Z 3 may be chosen from equations (27) to (29).
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In general the evaluation of equation (52) and (53) must be undertaken by
computational techniques, although it has been shown, Briel [11, Chapter 5] London
[12], that analytical interpretation is possible for certain simplified case
studies. It may be noted that the angle of incidence dependence of the Mass-Spring-
Mass Resonance as deduced by London [12] for the case of infinite panels, does not
apply for the case of finite panels, Guy [13]. For finite panels, resonance occurs
at about the fundamental predicted by London (e=0), but for all incident angles.

4.3 MULTIPLE PANELS

The sound pressure ratio for the general case of multiple panels may be written
directly from equation (42):-

SPR = 20 loglo (|Pi'|/|PR,|)

where P-j1 is the incident pressure

and PRn is the pressure to the right of the nth vibrating panel and its solut-
ion may be written in a manner similar to equation (562), that is:-

SPR = 20 log10 |(ZLlI + pcO)/2 Zn| G4)
where
2 2
zLr zPi + zAi - zBi /CzAi+ ZP2+ zA2 « zB2 /[zA2+
- W ~n -1 + zZPfi + ZA, - ZB, /[ZAn + zLn+1]] .......... 1 (55)
and Z, = Za, 11 [ZBil(ZA, + ZL,+1)] - ZB V [Z B /(ZA, + ZL,+,)] (56)
i=1 1=1
where n>1
and n infers successive products

Analysis of equations (4), (65) and (G6) may now proceed via computational tech-
niques.

5. DISCUSSION

The present discussion is based upon the results presented in Figures (@) to
(8), with the objective of illustrating typical general analysis applications; the
discussion is not exhaustive, nor do the figures display all possible trends,
phenomenum, or phenomena interaction.

Results arising from the analytical procedure outlined in section 4.1 with

respect to single leaf panels in the presence and absence of a backing room are
shown in Figures @), (G) and ().
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(DB)

RATIO

PRESSURE

SOUND

(DB)

RATIO

PRESSURE

SOUND

Figure 4 :

Figure 5

Sound Pressure Ratio for a single leaf panel of glass.
Thickness 9.525mm, Density 2300 kg/m3.
Perfect transmission to the right (Equation (27)1.
—————————— Modified Coincidence (Equation (37)).
Youngs Modulus 6.2X1010N/rr™ Internal Damping r*=0.002.
---------- Sprung Wall (Equation (38)).
Wall Stiffness Constant K=108,000 N/m.

Sound Pressure Ratio for a single leaf panel of glass.
Thickness 9 525mm, Density 2300 kg/m3

Perfect transmission to the right (Equation 27)

Multiple Resonance Panel (Equation 39).

Youngs Modulus 6.2 x tOAN/m2, Internal Damping 7] « 0.002.
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Figure 4 shows the sound pressure ratio predicted for a 9.525 mm glass panel
(typical of a shop window) based upon the modified coincidence equation (37), and

the sprung wall equation (38). Such models are generally employed to illustrate
classical control regions.

One may observe that the stiffness controled region occurs below the fundamen-
tal mass-spring resonance of 11 Hz and is therefore unlikely to be of significance
for most practical purposes; the stiffness constant was chosen to yield the same
fundamental resonance as predicted for a 2 x 2 metre panel (see Figure 5).

Figure (5) displays the transmission of sound when the glass panel exhibits the
multiple resonance predicted for a 2 x 2 metre panel section, equation (39). The
‘resonance regionl can be seen over the whole frequency range thus an increase of
panel damping would generally improve attenuation; it can also be seen that the
sound pressure ratio tends to the 'mass lawl prediction at higher frequencies
although it should be noted that ‘'coincidence' has been ommitted from this display.

Figura 6 : Sound Pressure Ratio tor a single leaf panel of glass
Thickness 9.525mm, Density 2300 kg/m?
Absorbent lined backing cavity (Equation 48 ), Distance 2900mm.
Flow resistivity of Absorbent 20000 mks rayls/m, thickness 100mm.
Multiple Resonance Panel (Equation 39).

Youngs Modulus 6.2 x 1010N/m2 , Internal Damping rl =0.002.

Figure (6) displays the result of applying a ‘'damped’ backing room to the
multiple resonance panel of Figure (5). The overall cavity depth is three metres
and the acoustically hard backing wall is lined with 100 mm of absorbent material
having a flow resistivity of 20000 mks rayls/m. The occasions of resonance are
significantly increased and the controling factors are the room depth and absorbent
material; a tendency to the results of Figure (5) would be observed for increasing
the room damping whilst marked increases in resonance excursions would be observed
for decreasing room absorption. Resonance can be seen at lower frequencies, at
which the sound pressure within the room is significantly higher than the incident
pressure causing them!!
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Figura 7 ; Sound Pressure Ratio for a double leaf panel system of Aluminum.
Each leaf thickness Imm, Density 2700kg/m'! Air Gap 25.4mm.
Perfect Transmission to the right (Equation 27).
Multiple Resonance Panel (Equation 39),

Youngs Modulus 6.2 x IOAN/m2 , Internal Damping T| « 0.0001.

Figure (7) displays the sound pressure ratio for a double leaf panel determined
in accordance with the procedure outline in section 4.2 and incorporating multiple
panel resonance detailed in equation (39). The double panel is of two thin aluminum
sheets, each 1 mm thick and separated by an air gap of 25.4 mm the sheets are
assumed to be square of 2x2 metres.

The mass-spring-mass resonance is clearly evident about 320 Hz, although a
strong secondary resonance caused by the proximity of a panel eigen frequency can be
seen about 310 Hz. The general trend is for the multiple panel resonance to be
superimposed upon the curve dictated by two mass law panels separated by an air gap.

Figure (8) displays the sound pressure ratio determined for a three panel
system (section 4.3) consisting of the double leaf aluminim system described for
Figure 7 in association with a similar aluminum panel located one metre away, this
being the typical air gap one might achieve by utilising the roof depth of an
aluminum space frame. The advantage of a large air gap is that its associated mass-
spring-mass resonance is located outside the frequency range of interest, such is
the present case which exhibits this resonance about 40 Hz; the large air space has,
however caused an air space resonance about 170 Hz thus potentially eliminating the
earlier advantage. Some modification to the excursions of the 320 Hz resonance
associated with the mass and smaller air gap may also be seen.
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Plgurt 6 Sound Pr*s*ur* Ratio for a tripls leaf pantl *y*t*n of Aluminum.
Each leaf thlcknfis 1mm, D*n*ity 2700 kg/m1, Air gap 25.4mm and 1000mm.
Perfect tranimisslon to the right (Equation 27).

Mass Law Panel* , (Equation 35).

The high transmission loss potential of this particular panel system may still
be realised by locating absorbent material within the larger air gap; optimum
absorbent material thickness, characteristic flow resistance, and location could be
estimated by employing the general analysis.

All results presented in Figures 4 to 8 have been computed from the general
analysis programmed in MICROSOFT BASIC on an Apple Il plus microcomputer system.
All computational times were 'reasonable’ and as discussed are capable of visual
gualative assessment.

6. CONCLUSION

A one dimensional analytical model capable of considering many features assoc-
iated with vibrating panel systems has been developed and its use demonstrated by
way of case studies.

It has been shown that formulations are readily generated and that they are
based upon a recurring cycle involving a fixed menu of panel and termination imped-
ance; this form of analysis is idealy suited for computation.

Graphical output from a programmed micro computer system has been shown capable
of analytical interpretation, and computational times have been found ‘'acceptable’.
Thus, the general analysis and procedure applied to a micro computer system will
prove of wuse for instructional purposes and may also be of use for preliminary
engineering design purposes.
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