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Abstract 

This thesis examines sound transmission through hamed and unframed single and double 

panel systems. The most common example of such a system is a plasterboard double 

walL Numerical modelling techniques were used to accurately simulate the motion of the 

system in response to airbome stimulus. 

The model was first applied to the simple case of a panel, freely suspended in an anechoic 

environment. The modelled results were compared to a series of vel)' detailed 

experimental results, in which many relevant system parameters had been measured. A 

very good level of agreement was found between the modelled and experimental results 

for all the system parameters. 

The model was then applied to the case of a traditional sound transmission loss test for a 

single panel. The diffuse incident sound field was approximated using a collection of 

plane wave sources, and the transmitted intensity was calculated directly. The model was 

seen to give sound transmission loss results which compared very well with experiment. 

Such a model proved vel)' useful in studying aspects of sound transmission loss which 

past workers have found difficult to investigate using other approaches. 

The level of sound transmitted through the panel was seen to be largely invariant with 

angle of incidence, illustrating that the 'mass law' is not valid for finite panels. The non

resonant transmission of a finite panel was also predicted accurately by modelling a panel 

which could vibrate in the fundamental stmctural mode only. The model was used to 

conduct several parametric studies, which illustrated the effect of changes in mass, 

stiffness and size on the sound transmission loss of a single panel. 

The model was also applied to fl'amed double panel systems. Several major 

simplifications were required to enable an expedient solution to be obtained for these 



systems, nevertheless the predicted results compared well with their experimental 

counterpal1s. Parametric studies showed that there were significant advantages in having 

cladding of unequal mass on each side of a double wall, due to an associated reduction in 

resonant transmission. It was also found that smaller walls had higher levels of sound 

insulation, but this effect was not the same as that associated with decreasing the stud 

spacing in a wall of constant size. 



Chapter - Introduction 

1.1- General Introduction 

This thesis is concemed with the transmission of sound through lightweight walls. Such 

walls are prevalent in the built environment in New Zealand. This study employed 

acoustic finite element techniques to model the transmission of sound through such 

structures. 

The lightweight wall constructions around which this research was based traditionally 

consist of two thin plasterboard panels, mounted on each side of a timber or steel frame. 

The use of steel framing is becoming increasing prevalent in New Zealand, since the 

moderate climate means that heat conduction issues are less impOliant than in colder 

environments. 

In an effort to construct systems with a higher sound insulation, the simple systems 

described above are often modified. The most common modification is the inclusion of 

'resilient rails' between the lJ:ame and cladding on one side of the wall. Whilst 

significantly improving the sound insulation of the system, especially when mounted on a 

wooden fi'ame, 'resilient rails' have many practical disadvantages. These disadvantages 

include difficulty in conect installation and added flexibility to the wall which users 

sometimes find unsettling. 

The traditional way to develop such sound control systems is through a senes of 

experimental tests. Such programs are not only time consuming and expensive, but the 

results are often inconclusive due to various expelimental difficulties. Furthelmore, the 

only information traditionally obtained from such tests is the sound transmission loss of 

the system, in third octave bands, over the majority of the audible frequency range. No 



information is available to give an indication as to what particular featmes of the system 

are significant in detennining the final result. 

A large number of analytical techniques are available for the prediction of the sound 

transmission loss of lightweight wall constmctions. These techniques are traditionally 

founded in basic vibration theOlY, and so build up a vibrational model of how the system 

reacts to an acoustic input. However, although such techniques work well under celiain 

conditions, no one technique has been shown to accurately predict the sound transmission 

loss over the entire audible frequency range. The Statistical Energy Analysis (SEA) 

method, for example, is not valid at low frequencies or for single frequency predictions. 

Other analytical techniques have been criticised for reasons such as the inclusion of 

arbitrary parameters, only addressing resonant or non-resonant transmission, assuming 

infinite system dimensions and the inclusion or exclusion of a cavity backing the system. 

The finite element techniques used in this project are theoretically valid over the entire 

audible frequency range and inherently take into account all types of transmission. The 

major disadvantage of a finite element method is that the extent of the solution is limited 

by the computational power available. However, if it can be shown that finite element 

techniques can be used to accurately simulate sound transmission problems whilst 

overcoming all the failings of classical or other theories, future increases in 

computational power will see this technique become the one of choice for all sound 

transmission loss prediction applications. 



1.2 - Aims of this Thesis 
_"_ ~_"_""'_" __ "_"""""O<~ 

The overall goal of this thesis was to develop a fundamental understanding of how sound 

is transmitted through single and double, framed and unframed, panel systems. Of 

particular interest was low frequency transmission (100 Hz to 500 Hz) and transmission 

around the critical frequency. 

At the inception of the project the alln was to achieve these goals primarily via an 

experimental investigation. However, as will be shown by the experimental investigation 

outlined in chapter 3, even a highly detailed experimental study adds little to the 

development of a fundamental understanding of the mechanisms involved. 

The revised approach, therefore, focused on the use of tinite element techniques to 

predict the acoustic behaviour of V3Iious sound transmission loss specimens. The 

ultimate aim of this study was to accurately model the sound transmission loss of a 

lightweight wall using finite element techniques. From the data generated during such an 

analysis, a fundamental understanding of how the sound was being transmitted was 

gained. 

The strategy used was to first construct a finite element model, in broad tenns, based on 

the traditional experimental sound transmission loss test. This model then had to be 

implemented using the resources available. The limitations of the model were thoroughly 

assessed, to establish its range of valid application. The model was then 'commissioned' 

by comparing a wide range of modelled results with their expeIimental countellJaJ1s. The 

primary aim of this investigation was to establish the robustness of the model. 

Finally, the model was used to simulate the sound transmission behaviour of various 

systems, starting with a simple single panel system. The aim of this study was to use the 

model to gain a through understanding of the sound transmission through the simple 

systems from which a lightweight wall is constructed. The study was then expanded to 

include double walls. The model was used to study the sound transmission mechanisms 



invo.lved in low n'equency and coincidence transmission in walls, thereby satisfying the 

initial goals of the project. 



1.3 - Outline of the Thesis 

Chapter 2 contains a review of previous work concerned with both single and double 

walls. The experimental and theoretical work of a wide range of authors is discussed. In 

all cases, the focus of the review is on the inadequacy of any of the methods to fully 

describe the sound transmission loss of a lightweight wall system. This chapter also 

contains a review of previous work which applied finite element techniques to sound 

transmission loss problems. 

Chapter 3 describes the experimental studies which were undeliaken at the outset of the 

project. The studies were concerned with the effect of angle of incidence on sound 

transmission loss and the reaction of a 'wall cell' in an anechoic environment to an 

incident acoustic field. The results and limitations of each study are discussed. 

Chapter 4 outlines, in broad ten11S, the finite element based technique used to predict 

sound transmission loss. The process used to make the major decisions regarding the 

model definition is discussed. These decisions included the definition of the incident 

acoustic field, the treatment of the transmitted acoustic field and the definition of the 

sound transmission loss specimen. A brief outline of finite element theory is included. 

Chapter 5 describes how the model was implemented, using the resources available over 

the life of the project. It also discusses the limitations to the application of the model and 

the strategies employed to overcome these limitations. 

Chapter 6 describes the 'model commissioning' phase of the project, where a wide range 

of predicted results were compared with their experimental counterparts. This section 

establishes the robustness of the model. 

Chapters 7, 8 and 9 describe the results obtained when the finite element model was used 

to simulate sound transmission through a single panel. Chapter 7 focuses on what the 

model reveals about the fundamental transmission mechanisms involved in such a panel 



at frequencies below the critical frequency. Chapter 8 describes the modelled results for a 

single panel at fi'equencies above the critical fi·equency. Chapter 9 contains many sets of 

modelled results for various single panels. The ciIect of varying many different panel 

parameters is studied. 

Chapters 10 and 11 describe the results obtained using the finite element model to 

simulate sound transmission through a double panel system. Chapter 10 describes how 

the model was implemented for the case of a double panel. Chapter 11 contains many sets 

of modelled results which demonstrate the effect of varying various parameters which 

control the sound transmission loss of a lightweight wall. 

Chapter 12 contains a summary of the conclusions of the previous chapters, It also 

contains recommendations for future work. 



Chapter 2 - Literature Review 

2.1 - Introduction 

This section covers the advances which have been made in the project area over the past 

decades. It seeks to explain the knowledge which is currently available, and to highlight 

the CUlTent shOlicomings in this knowledge. 

The first half of the review covers the general area of sound transmission through single 

panels. This is the area in which the most work has been done in the past. The most basic 

theories which first emerged described the vibration of a plate in response to an acoustic 

airbome source. To simplify the solution, the plate was assumed to be of insignificant 

thickness with respect to the wavelength of incident sound, and a whole generation of 

theories conceming the sound transmission loss of a 'thin' plate were conceived. 

Other workers studied the effect a backing cavity has on such a panel - since it is 

uncommon in real situations for a panel to occur without some sort of backing cavity. 

Other rather different approaches to the same general problem have emerged, including 

the energy-balance method known as Statistical Energy Analysis (SEA) and a number of 

empirical methods which fitted curves to experimental data. 

RecUlTing points of interest, discussed during the fOllliulation of many of these methods 

were the effect of angle of incidence on the sound transmission loss of a single panel and 

the coincidence phenomenon. Various studies have also focused on the effect of panel 

boundary conditions and panel size on the overall sound transmission loss. 

The second half of this review covers sound transmission through double leaf walls - the 

simplest example of which is the case of two thin panels separated by a fluid medium. As 

with the single panel, several different approaches to this problem have been taken in the 



literature, including fundamental wave-equation type analyses, ray-tracing approaches, 

statistical energy analysis and a series of empirical prediction schemes. Once again, of 

interest to some workers was the effect of a backing cavity on the sound transmission 

through such a structure. A large number of parameters have also been investigated, in an 

attempt to understand and optimize the sound insulation of these systems. These include 

studies of the effect of absorption in the cavity between the two panels, the effect of 

bridging between the panels, the propel1ies of the panels and the overall size of the 

panels. 

A brief mention is then made of the application of finite element methods to sound 

transmission loss problems. As will be discussed, this is an area of analysis still in its 

infancy, and so the infonnation available is very limited. 

The final section of the review includes an overvIew of experimental measurement 

techniques used in determining the sound insulation of building systems. It includes 

studies from several workers investigating the accuracy and range of valid application of 

these methods. 



2.2 - The Sound Transmission Loss of Single Panels 

This section covers theory regarding sound transmission through a single panel. Although 

this situation rarely occurs in modem building acoustics, it is still of considerable interest. 

If the sound transmission loss though a single panel can be accurately predicted, then the 

more complex problem of real, often double leaf, stlUctures can be addressed. 

2.2.1 - The Transmission Loss of a Thin Plate of Infinite Lateral Extent 

The simplest fOlillulations found in the literature concem sound transmission through a 

thin plate of infinite lateral extent. As will be discussed, these simplifications allow one 

to disregard resonance and size effects in the panel and assume only bending waves exist 

in the structure. 

2.2.1.1- The 'Mass Law' 

The type of structure under consideration in a 'thin panel analysis' is a single panel 

whose thickness is small compared with the associated airbome and structurebome 

wavelengths. This simplification was initially proposed by Cremer [1] in response to the 

more ligorous solution published by Reissner [2]. Such a panel is assumed to be of 

infinite lateral extent. It is further assumed that stiffness and damping are unimpOltant 

and that the panel consists of a series of small masses. The response of the panel is 

studied when it is immersed in a fluid whose acoustic impedance is small compared with 

the wave impedance of the panel material. 

A plane wave incident on such a panel is deemed to produce a flexural motion (bending 

wave) that propagates along the panel (see figure 2.2.1). 



Figure 2.2.1 - The thin plate model 
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For a single sound wave, incident at angle B, the transmission coefficient is given by 

Cremer [1] as 

[2.2.1] 

where Q) is the radial frequency of the forcing sound wave ({O = 2tif), 111 is the mass of 

the panel per unit area (kg/m2), p is the density of air (kg/m3) and c is the speed of sound 

in air (mls). The product of these two parameters is often given as Z (Z = pc), the 

characteristic acoustic impedance of air (kg/m2s). 

To detelmine the transmission coefficient for excitation in a reverberant field, it is 

assumed that all angles of sound incidence are equally probable. The average 

transmission coefficient r is found by integrating To, multiplied by an appropriate 

weighting factor, over all angles in the range 0 to 1l /2 . However, this method was found 



to consistently give transmission loss values approximately 3 dB lower than measured 

values. The agreement between calculated and measured values was improved by 

arbitratily limiting the integratjon range from 0 to OJ. (OL < rc/2) yielding the 

expresslOn 

°L 
JrocosOsinOdO 

T = --"0--,,-____ _ 
0, 

JeosB sinBdB 

[2.2.2] 

° 

BL is traditionally chosen to give the best agreement between measured and predicted 

values (commonly in the range 78° to 85°). The smaller the value of BL , the greater the 

predicted transmission loss. The higher the value of the product {Om (see equation 2.2.1), 

the greater the difference between the predicted curves for different values for 8L (see 

figure 2.2.2), The limiting angle is not important at low frequencies except for heavy 

panels. 

11 .. 



Predicted versus Experimental Sound Transmission Loss 
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Figure 2.2.2 - The effect of assumed integration limits on the sound transmission loss 

predicted by the "mass law" 

The most common explanation usually put forward to justify the empirical angle 

limitation is that the sound field in the source room is not totally diffuse, and therefore 

sound energy is not incident on the panel at grazing angles of incidence. Some authors 

have tried to justify this limitation experimentally [108], 

The transmission loss of the panel is given by 

[2.2,3] 



I 

for discrete angles of incidence, or 

TL = 10 10g(1I T) [2.2.4] 

for an integrated transmission coefficient. 



2.2.1.2 - Modifications to the 'Mass Law' 

Since Cremer's solution, in the form of an energy transmission coefficient, does not 

convey phase information, Leppington and Heron [3J derived a transmission coefficient 

based on Cremer's approach but using an incident sound wave with a velocity potential 

described by 

[2.2.5] 

where t denotes time and z must be less than or equal to zero. The transmission 

coefficient deduced by Leppington, which is in agreement with equations presented by 

Junger and Feit [4] is given by 

1 
[2.2.6] 

Both Cremer and Leppington sought to revise their formulations so as to add to their 

overall usefulness. Because the exact solution had already been obtained by Reissner for 

a plate of finite thickness and infinite lateral extent, their solutions were intended to be 

simple substitutes for Reissner's complex fOlmulation. For this reason, workers such as 

Cremer and Leppington were caught in a quandary between developing their thin-plate 

solutions enough to be useful, whilst still remaining simpler than the thick-plate exact 

solution. 

Cremer revised his model to take into account the stiffuess of the plate, restating the 

transmission coefficient of the infinite plate as 

i 1 



, \ j 

TO = ~~~~~~~~~~~~--::-

CuM cos (} [1- [~IL sin 0]4]]2 
2pc Co 

[2.2.7] 

1+ 

When this revised formu1a is solved, along with Leppington's derivation, for a common 

panel, the results are similar over a wide frequency range (see figure 2.2.3). 
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Figure 2.2.3 - Comparison of Leppington and Cremer's prediction models 
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In an effort to improve the thin plate model, Leppington and Heron [3J catTied out a 

treatment taking the simple compressional mode of the panel into account. It was felt 

that the potential usefulness of such an improvement was not so much with the case in 

question (an infinite, thin plate). where exact theory already exists, but in the fact that 



thin plate theory was more attractive than the exact approach 111 more complicated 

problems involving, for example, finite plates. 

If Cremer's solution is assumed for the flexural wave, Freedman [5] showed that the 

inclusion of Leppington's compressional wave fonnulation would give a transmission 

coefficient of the fOInl 

( -1 J 
TIJ=I- l 4 JJI+ l-iY 

1 + i £i. kId cosB [(~sinB: -1 . 
P2 2 k j 

[2.2.8] 

where 

[2.2.9] 

Figure 2.2.4 shows the effect of the inclusion of the compressional wave on the predicted 

sound transmission loss (STL) of a plasterboard panel. 



The effect of including compressional waves in Leppington's solution 
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Figure 2.2.4 - The effect of the inclusion of compressional waves on the predicted sound 

transmission loss of a plasterboard panel 

As can be seen in this and many other instances, the inclusion of the compressional wave 

has very little effect on the solution. 

In response to the disparity between results provided by the 'mass law' and experiment, 

several other workers proposed modifications to the 'mass law' formula. 

Sharp [6] proposed an empirical method, where a linear interpolation would be used 

between the 'mass law' STL curve at one-half the coincidence frequency, and the STL 

found with Cremer's expression at the coincidence frequency. This formulation has been 

refelTed to by some workers [7] as the '''mass law' -Sharp-Cremer model" and has been 

, 
( :' 



shown to work well in reducing the disagreement between some predicted and 

experimental results, as is shown in figure 2.2.5, a copy of figure 2 from reference 7. 
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Figure 2.2.5 - The "'mass law' -Sharp-Cremer model" as applied by Callister et al. [7] for 

a 4.9 l11m glass pane 

London [8] proposed an addition to the panel impedance lenn in Cremer's solution. This 

modificati on changed Z from i Is usual definition of pc to 2Rpc I cos e + i wm. The 

transmission coefficient at random incidence using this expression for impedance 

becomes 

[ 

\2 

_ II I com cos e 
T (! - + ,!J!'p~ + i2wn1 j 

cose 

[2.2.10] 

The resistance teml has the effect of increasing transmission loss at low frequencies. The 

value of R is chosen to give the best fit between theoretical and experimental results. 

London assumed that the value of R depended on panel parameters. This approach has 

since come under some criticism, since R cmmot be found to conespond to any physical 

parameter of the system. 

1'.: 
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2.2.1.3 -Independent Approaches 

The classical bending wave equation for an infinite plate has been refined by Mindlin [9J, 

similar to the example set by Timoshenko [10] for a bar, so as to take into aCCOl1nt the 

effects of transverse shear and rotary inertia. 

The transmission coefficient can then be derived for such a plate as 

[2.2.11] 

where 

and 

[2.2.13] 

where 
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The Timoshenko-Mindlin theory is sometimes referred to as thick plate theOlY however, 

it is only based on the assumption that only a simple bending motion occurs, and as such 

will only yield a pal1ial solution. 

Keltie and Peng [11J investigated the response of a thin, infinite plate driven by a 

harmonic point force of amplitude Fo and frequency OJ. His work was intended as an 

extension to Junger and Feit's [4] approximate expression for acoustic sound power 

radiated below coincidence. 

Keltie managed to obtain an exact solution for the acoustic power radiated from such a 

point-forced infinite plate, assuming air loading is negligible. The validity of this solution 

was established by numerically integrating the sound power formula which included the 

effects of air loading. It was found that the most dramatic effect of air loading on the 

sound power radiation occurs near the critical frequency for plates with low structural 

loss factors, or at very low frequencies when the acoustic medium factor is not small. 



2.2.2 - The Transmission Loss of a Thid: Plate ofIl1finite Lateral Extent 

The next group of workers considered the problem of a thick plate of infinite lateral 

extent. This work bears more relevance to heavy masonry wall cOllstmctions. In the built 

environment in New Zealand however, the leaves of internal walls will almost always be 

thin. 

1 - Reissller ami Thomson Treatment .. 

The thick-plate theories of workers such as Reissner [2] and Thomson [12] differ from 

any of those discussed previously primarily because they allow for the possibility of both 

longitudinal and shear waves within the plate. The modeJ, in this case, is of an isotropic 

elastic medium of finite width, lying between two volumes of semi-infinite, isotropic 

fluid, as shown in figure 2.2.6. 
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Figure 2.2.6- Thick plate model (Freedman [5]) 

As illustrated in figure 2.2.7, an incident sound wave gives rise to a retlected component 

in fluid mediLUTI 1, and a longitudinal and shear wave in the plate, at angles ()u and 

()2s respectively. At each successive encounter with a boundalY, a longitudinal or shear 



wave gives lise, in general, to a longitudinal and a shear wave within the solid, and an 

outgoing ray in the adjacent fluid. 

Dilatational Wave Shear Wave 
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The System of Waves The Resultant Waves 

Figure 2.2.7 Waves in a thick plate 

SneH's Law relates the propagation angles of the various waves: 

[2.2.15] 

where c1 ' c2d and c3 represent the speeds of the longitudinal waves in media 1, 2 and 3 

respectively, c2s represents the speed of shear waves in medium 2, and B) denotes the 

direction of the rays transmitted into medium 3. 

The transmission coefficient for such a plate was shown by ReissueI' [2] to be 

i2N 
[2.2.16] 



where 

M = ZZ'.2d COS
l 20Z5 cot{k2d d cos 0Zd ) + ZZ'2S COS

2 202, cot{k2 ,d cos 0",) [2.2.17] 
'1'1 

N = Z2d COS
Z 

20Z5 + Z2s COS
2 

202s 
ZI sin{k2d d cos Old ) ZI sin{kzsd eosel ".)' 

[2.2.18] 

[2.2.191 

[2.2.20] 

[2.2.21] 

and PI' Pz and P3 are the respective densities of media 1, 2 and 3. The above exact 

fOlmula has been used to calculated sound transmission loss and compared with the 

workings of Cremer and Leppington in figure 2.2.8. 
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Figure 2.2.8 - Comparison of exact solution with thin-plate approximations 

It can be seen that small elTors are introduced in this example, for a I 0 mm plasterboard 

sheet, at and above coincidence due to the thin-plate approximation. 
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Figure 2.2.9 The thick-plate and thin-plate approximations for a very thick panel 

Figure 2.2.9 compares the two results for a plasterboard panel which is 300 mm thick. 

The enor introduced by the thin-plate approximation can now be clearly seen. 

Various other workers have studied thick plates, including Freedman [5] and [13]. In 

these papers, Freedman studies elastic plates in which Lamb modes can exist. As 

illustrated in figure 2.2.] 0, when the natural frequency of a symmetrical mode So and its 

asymmetrical counterpart AOl are velY close, the far boundaIY of the plate experiences no 

motion, and therefore there is no sound transmission. Figure 2.2.10 is a reproduction of 

figure 10 from reference 13. 
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Figure 2.2.10 - The combination of symmetric and anti symmetric modes 

Such OCCUlTences however, are theoretically limited to plates thicker than 4 times the 

shear wavelength. Such studies are therefore of little relevance to the light wall 

constmctions of concern in this project. 



2.2.3 - The Transmission Loss of a Finite Plate 

As alluded to previously, a whole series of new complexities are introduced when a finite 

plate is considered. Often the 'mass law' is applied to all sound transmission Joss 

problems, since it is observed to give reasonable results. However, as the following 

sections show, this approach can only ever give an approximation of the real sound 

transmission loss. 

2.2.3.1- The Problems with the 'Mass Law' 

The problems with Cremer's 'mass law' and other similar fonnulations were summarized 

in a paper from Tohyama and !tow published in 1974 [14] - "It (the 'mass law') stands 

on velY simple assumptions, but the sound transmission loss of a finite plate does not 

seem to agree with it" [sic}. The paper goes on to explain how the 'mass law' can serve 

as an estimate of the transmission loss of a finite plate, but nothing more. The authors 

note that the free and forced vibrations of a finite plate have been studied, but the 

correspondence of the 'mass law' with the vibrations of the plate have not been studied 

theoretically. 

The 'mass law' is based on two assumptions - that the wall has infinite dimensions, and 

that the wall impedance is a reactance only, corresponding to the mass of the wall per unit 

area. In their workings Tohyama and Itow found that this second assumption is not 

acceptable when studied in regard to the velocity of a finite plate. It was relatively easily 

shown that the plate velocity based on the plate vibrations is described by 

~ . 111nx rex) = L.,.AII1 sm--
1I1~1 a 

O<x<a [2.2.22] 

where 



Am = __ --,----_2_B-".I"--" :--__ 

icOPh(l- m,~ J + 2£,'",,, 
({) 

[2.2.23J 

Whereas the plate velocity based on the assumption that the wall impedance IS a 

reactance only is described by 

+~) , • 111 JTX 

r(x) = IA" Slll-
,,,=1 a 

O<x<a [2.2.24] 

where 

[2.2.25J 

in both cases 

[2.2.26J 

A significant difference between the results is that the expression for the plate vibration 

(equation 2.2.23) has resonance frequencies (the Q),~, / Q)2 tenn) whereas the second result, 

which describes an infinite plate (equation 2.2.25) obviously does not. Consequently, 

Tohyama and Itow found that the reactance only assumption is not acceptable with regard 

to the velocity of a finite plate. 



2.2.3.2. - Resonant ami Non-Resonant Vibration 

One of the most significant consequences of making the transition from an infinite to a 

finite panel is the emergence of resonant transmission. Several different workers discuss 

the roles of resonant and non-resonant transmission in regard to the sound transmission 

loss of a single panel. 

Bies and Hansen [15] illustrate this concept by discussing the difference between the 

sound fields radiated by a panel excited by an incident acoustic wave and by one excited 

by a localized mechanical force. In the former case, below the critical frequency, modes 

will be excited at frequencies above their resonance frequencies. As these lower order 

modes are more efficient than high order modes, the radiated sound will be at higher 

levels than if the stmcture was infinite and could vibrate in any displacement shape. This 

is in contrast to a mechanically excited stmcture, which has a resonant stmctural response 

only. Therefore sound radiation from an acoustically excited stmcture will be greater than 

that radiated from a mechanically excited stmcture [16]. Since it is only the resonant 

stlUctural response which is effected by damping, damping will be more affective for 

mechanically excited stlUctures (at least, below the critical frequency). 

Moore [17] also discusses the roles of the two types of transmission. Moore explains that 

a panel, when stlUck will vibrate in a number of modal shapes at selected frequencies. 

When the incident sound field is at a frequency similar to one of these resonant 

frequencies, panel vibration is increased, along with sound transmission. At these 

frequencies sound insulation will be reduced below that predicted by the 'mass law' (non

resonant transmission). 

Another such explanation is given by Lawrence [18], who makes a distinction between 

the effect of an impinging sound wave on the individual paIiicles of a wall and the whole 

wall being set into motion at a resonant frequency. She goes on to state that at lower 

frequencies transmission depends mainly on panel resonance, meaning the size, elasticity 

and surface density of the panel are impOliant. At a frequency about twice the lowest 



resonant frequency of the system the pattition tends to behave as a "series of small mass" 

and is now mass controlled (non-resonant transmission). 

Novikov [19] took an interesting approach to the situation when studying the Jaw 

frequency sound insulation of thin, finite plates. Realizing that the 'mass law' was 110t 

suitable for application to such systems since it neglects effects due to panel size such as 

resonant vibration and frequency-dependent radiation efficiency, Novikov arrived at an 

expressIOn 

TI(dB) ='mass _law'+1010g(2SlI / Sp) [2.2.27] 

where the second term represented a finite correction to the 'mass law', where Sp and Sw 

represent the total areas of the panel and wall respectively. This equation is only valid at 

fi'equencies where 

1 Olog(abcosv / lit) = -logeS p cos v / Sir) [2.2.28] 

if the plate has dimensions 2a by 2b, a plane wave is incident on the wall at angle v and 

the panel is centrally located in a wall measuring 21 by 2h. 

Results using this fOlillulation are shown in figure 2.2.11, a reproduction of figure 4 from 

reference 19. 
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Figure 2.2.11 - The effect ofNovikov's finite cOl1'ection to the 'mass law' 

Marsh [20] observed in a senes of experimental measurements that the 6 dB increase 

with a doubling in mass is not achieved in practice, and attributed it to "resonance and 

coincidence" efIects. 

Utley [21] studied the sound transmission loss of single panels at Jow fi·equencies. This 

was because in a number of experimental cases the sound transmission loss curve below 

400 Hz was seen to lie above that predicted by the 'mass law'. He states that for the 

frequency range lying between the fundamental panel resonance and the coincidence 

frequency resonances arc not important. Utley's final conclusion was that the low 

frequency discrepancies had more to do with the measurement facility than any panel 

effects. 

Beranek [22J devotes some time to the discussion of sound radiation from resonant 

modes. He notes that there is a substantial difference in radiation efficiency depending on 

whether the wave number in an infinite plate is greater or smaller than the wave number 

in air. As is illustrated in figure 2.2.12, in an infinite panel the panel wave number 



increases as the square root of fi'equency whereas the wave number in air increase with 

the first power of frequency. The figure below is a reproduction of figure 11.9 from 

reference 22. 
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Figure 2.2.12 - The relationship between fi'equency and wave number in air and in an 

infinite panel 

However, in a finite plate, for a high-order mode, the wave numbers in both the x and y 

directions exceed those in air. This means the nodal lines in both directions on the plate 

are separated by much less than a wavelength in the sUlTounding air. This means, as 

illustrated in figure 2.2.13, the air displaced by one subsection moves to occupy the space 

left by adjacent subsections and very little power is radiated. 
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Figure 2.2.13 Displacement pattems and air motion 

At the edges, and especially the corners of the panel, this cancellation is not as affective 

and therefore more sound power is radiated from these areas. 

In the case where one of the panel wave numbers is less than the wave number in air, the 

edges of the panel radiate as monopoles. As the excitation approaches the critical 

frequency edge modes fmID an increasing percentage of the mode population. At and 

above the critical frequency the radiation breaks down completely and the entire panel 

radiates. 



Plice and Crocker [23] approached the problem by asserting that in any given frequency 

band there will be two types of modes - resonant modes (responsible for resonant 

transmission) and non-resonant modes (responsible for non-resonant transmission). The 

resonant modes have their natural frequencies within the band under consideration, and 

the non-resonant modes are excited, but their natural frequencies lie outside the fi'equency 

band under consideration. Therefore, the 'mass law' or non-resonant transmission loss 

can be seen as an upper limit for the perfom1ance of a specific system, and the presence 

of resonant modes will degrade this sound transmission loss performance. 

; ! 



2.2.3.3 - Alternative Approaches 

Sewell [24] derived an expression for the forced transmission of sound through a finite 

partition, which provides a better agreement witb experimental data at low frequencies 

than predictions made using the 'mass law'. Since the plate under consideration is now 

finite, resonant transmission should also be taken into account. Sewell stated in the 

introduction to the paper "depending on the value of the physical parameters involved, 

(below the critical frequency) either contribution (resonant or forced transmission) may 

be dominant". During the for1llulation however, an exact formulation was reached, which 

was too complicated to solve. Specifically a large matrix had to be inverted, and Sewe]] 

noticed that if resonant transmission was neglected this could be done simply. Needless 

to say the study from there on became one to evaluate the forced vibration only. 

Several years later, when Callister et al. [7J quote Sewel I' s final result they state that the 

fact that the expression only considers forced transmission will not affect the calculated 

transmission loss since "the resonant component is several dB lower than the forced 

component". It is interesting to note the discrepancy between this statement and the 

Sewell's original sentiments with regard to the importance of resonant transmission 

below the critical frequency. 

The final expreSSlon derived by Sewell, for forced transmission of sound through a 

partition is 

T/(dB) = -1 Ologlo 

In(kJA) + 0.16 - U(A) + 1 2 

4m1ko 
[2.2.29J 

where ko is the acoustic wave number, A is the plate area, A is the ratio of the lengths of 

the sides of the plate, and U(A) is a shape factor conection for non-square plates. 
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Callister quotes an empirical expression for U(A) which he adapted from the work of 

Sewell, namely 

U(A) = -0.000031 lAs + 0.000941A4 - 0.0107AJ + 0.0526A2 -0.0407A - 0.00534 [2.2.30] 

This formula undoubtedly leads to a better prediction that that offered by Cremer's 

infinite panel formula, as illustrated in figure 2.2.14, a reproduction of figure 1 from 

reference 24. 

Comparison or C<llt:ulatcd resuiis for t\ limp partition 213 111 ,; 1'67 J1l and II! = 17·6 kg/111 1 with 
IllCrtSurclIlt'n!s on a lead panel in the new Liverpool University facility [7]. ""'--, Formula (.54); ...... in[initc 
par! ilion formula, integrated to 9()" :"., "''', intlnite parli! ion I'ormula. integrated to 80°; ... ---, clI.perimenta 1. 

Figure 2.2.14 - The prediction offered by Sewell's finite panel fOlIDulation (FOlIDula 54) 

Sewell adds the restriction that the formula will only be generally valid for partitions 

which exceed 10 kg/m2• 

Quoting from an unpublished study note, Sewell illustrates the effect of resonant 

transmission below the critical frequency, as is shown in figure 2.2.15, a reproduction of 

figure 2 from reference 24. 
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2.2. I 5 The effect of resonant transmission for transmission below the critical 

frequency 

differences between the curves in figure 2.2.15 are due entirely to differences in 

resonant transmission. The curves have been averaged over each third octave band so the 

dips due to panel natural modes are not evident. The figure illustrates that if the edges of 

the panel were made free, resonant transmission is virtually eliminated. The resonant 

transmission was also found to be more important when the internal loss coefficient of 

the material is low. 

Callister et ai. [7] choose to take a more piece-function approach and use Sewell's 

formula for prediction at frequencies below half the critical frequency, Sharp's [6] 

interpolation between half the critical frequency and the critical frequency and Cremer's 

[1] expression above the critical frequency. He refers to this scheme as the "Sewell

Sharp-Cremer" or "sse" model. This model seems to give reasonable comparisons with 

experiment for a 3.3 mm glass pane, as is illustrated in figure 2.2.16, a reproduction of 

figure 4 from reference 7. 
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Figure 2.2.16 - The sse model used to predict the transmission loss of a 3.3 mm glass 

pane 

Takahashi [25] considered the sound transmission loss of a single panel of finite width 

and infinite length, mounted in a rigid baffle with simply suppo11ed edges. Figure 2.2.17 

shows the transmission loss of such a system, compared to that calculated using infinite 

panel theory. This figure is a reproduction of figure 2 from reference 25. 



(] ~~ 2(p. 

rl~rinit(, 'Th':'nry 

40 

"" dl 

" .... 
r. )0 

20 

10 L---I .. _.~~--'J..-~~~,,- ~ .• ~-.-,.- ••••.• -~.-,-.-- •..•• - .................... ~ .•••. --.•..• ~~-~ 

;Jk 4k 125 250 500 

FREQUEN(:Y [lIZ) 

Figure 2.2.17 - Transmission loss according to Takahashi's rigorous solution 

Takahashi became concemed with how to average the result shown in figure 2.2.17, 

which was calculated in 1124 octave bands, for most valid comparison with experimental 

results. He concluded that the bandwidth used in averaging had little effect on the overall 

transmission loss calculated, except in the smoothness of the curve and the extension of 

the coincidence dip. 

As will be discussed later, Takahashi considered the effect of panel size on both resonant 

and non-resonant transmission. He concluded that below the critical fl'equency the ratio 

of resonant and non-resonant transmission were in an unstable equilibrium, and the effect 

of panel size was very complex. He noted that, whereas for an infinite panel the effect of 

damping is only evident at and above coincidence, for a finite panel the effect of panel 

damping becomes significant with decreased panel size, even at frequencies below 



coincidence. Takahashi concluded that at frequencies below coincidence, when at least 

one resonance occurs in the band under consideration, the resonance transmission may 

affect the total transmission. The strength of this affect depends on the panel damping. 

Nakayama et al. [26] studied the sound insulation of a circular plate subject to a single 

sound pulse at normal incidence. A diagram of the analytical set-up is shown in figure 

2.2.18. 
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Figure 2.2.18 - The arrangement modelled by Nakayama et al. 

By using a standard wave equation approach, they derived an expression for the insertion 

loss of such a system in the region far from the plate as 

[2.231] 



where (0 is the angular frequency of concern 

p is the panel density 

h is the panel thickness 

PoC is the characteristic acoustic impedance of air 

all is the displacement of the //117 mode 

and 8
11 

denotes the rate of the component of the nih mode contained in the incident wave, 

given by 

s = 2J2 .11 (1ffJoII) 
/1 1ffJ0/1.10 (1ffJol1 ) 

[2.2.32J 

where fffJol1 (11 = 1,2,3, ... ) is the nih root of the frequency equation and 

[2.2.33] 

Jill and 1m are the Bessel and the modified Bessel function of the first kind of order 111. 

They noted that the first term in equation [2.2.31] represents the 'mass law' for the 

infinite plate (non-resonant) and the second terms represents the deviation from the 'mass 

law' caused by the flexural vibration of the plate (resonant). 

Subsequent experimental studies showed a very good conespondence with predictions 

for equation 2.2.31. This is illllstrated in figure 2.2.19, a reproduction of figure 2 from 

reference 26 where z is the 'measurement' distance from the panel. 
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Figure 2.2.19 Observed insertion loss compared with calculated using equation 2.2.31 

Both the theoretical and measured curves can be seen to fluctuate around the 'mass law' 

curve. The results also showed that in closer proximity to the plate, the component of the 

radiated wave due to the flexural vibration of the plate is predominant, lowering the 

overall inseliion loss curve below the 'mass law' curve. 



2.2.4 - The Transmission Loss of a Finite P]ate Backed by a Cavity 

Many workers moved on to study a single panel backed by a cavity. Such a step is only 

logical since it is rare in the field of building acoustics to find a wall which is not backed 

by a cavity of some sOli. 

Guy and Bhattacharya [27] were such workers. They studied the influence of a finite 

cavity backing a finite panel on the transmission of sound through the panel and on the 

vibration of the panel. Their model consisted of an acoustically hard-walled rectangular 

cavity which had as one face a flexible vibrating panel. The acoustic velocity potential 

inside the room was described using the wave equation. With consideration of 

appropriate boundary conditions, an expression was formulated for the transmission of 

sound through the finite cavity-backed plate: 

where 

/ p} )SI (J2 B llll1 Z"," (O)cavity 
\ = f K.K' ~ 1 __ -=---qr __ • _____ 1 

(~2 r ~~~;::~o qni Z"," (O)cavlty + Zqrpanel 

K = 0.5 for 111 = 0, K = 1 for 111 > 0 

K'=0.5forn=0, K'=lforn>O. 

111,11 = 0,1,2, ... 

q, r = 1,2,3, .... 

The coupling coefficient B
II
", is given by 

qr 

[2.2.34] 

4 q r 
Bmll = -2 2 2 2 2 [cos(qJr)cos(n1Jr) - J][cos(nr)cos(11Jr) -1] [2.2.35] 

qr Jr (111 - q ) (11 - r ) 

The impedance of an individual cavity mode is given by 

Z (0) . _. coth[aa(t)] 
11111 cavIty - JPow----=-----'--"-

a(t) 
[2.2.36] 



and the mechanical impedance of an individual panel mode is given by 

Finally, 

Zql'(O) panel == j ph ({t/ -ill:,.) 
ill 

[2.2.37] 

[2.2.38] 

From equation 2.2.34 it is evident that the transmission of sound into the cavity is 

governed by the coupling coefficient Bill,,' Zml1 (O)cavity, the impedance of an individual 
q,. 

cavity mode and Z q,. (0) panel, the mechanical impedance of an individual panel mode. 

Using this formula Guy discusses several phenomena associated with cavity backed 

panels. It is observed that if ZII'" (O)cavity = Zq,. (O)pane/ the panel will experience 

negative transmission loss, a finding supported by an accompanying experimental study. 

It can also be seen that at panel resonance (when (t) = illq,.) the transmission of sound 

becomes independent of cavity impedance and wholly dependent upon the coupling 

coefficient BII",. Guy proposes that this resonance will not be marked by a dip in the 
1]1' 

transmission loss curve. It can also be seen that when the standing wave argument is 

satisfied in the cavity, the cavity impedance tends to infinity. This resonance will be 

shown as a distinct dip in the sound transmission loss curve and will be unaffected by 

panel damping. These predictions were shown to compare well with experiment for a 

small panel (200 mm by 200 mm) backing a small cavity (200 mm by 200 nun by 10 mm 

to 250 mm). 

Guy further extends his theOlY to include the effect of varying angles of incidence of the 

extemal plane wave [28J. In reference to a plane wave at normal incidence, he shows that 

only panel modes with both q and l' odd will be excited. In the case of grazing incidence, 
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a larger group of modes will be excited in the panel, including those with q and,. odd and 

q even and r odd. As the incident angle of the plane wave is varied between nonnal and 

grazing incidence, more modes become active in the panel. 

Guy noted one of the most significant findings of this study is the fact that at grazing 

incidence considerable sound transmission is predicted, a finding in stark contrast to 

fundamental infinite panel concepts where no energy transmission at grazing incidence is 

predicted. This makes the artificial limiting of the angle of incidence in calculations 

appear erroneous. In a follow-up paper [29], Guy inc.ludes the effect of a silt and reveal 

configuration, when added to the same system. 

Pretlove [30] carried out an independent, but similar, analysis. As with the work of Guy, 

Pretlove was concerned with the acoustic velocity potential inside a closed box with one 

flexible wall. He proceeds by seeking to modify the equation of motion of the paneJ 

modes, to include the effect of the backing cavity. Pretlove, at the outset of the analysis 

states that since volume-displacing modes (both q and r odd) are the only ones seriously 

aflected by acoustic cavities, these will be the only mode considered in the analysis. 

Pretlove solved his equations for a system similar to those often encountered in building 

acoustics, where the walls of a room are significantly stiffer than the room cavity. In this 

situation it was shown that the panel vibrations were negligibly affected by the cavity. 

This situation is quite different fi"om one where the panel is very thin and the cavity is 

very nan"ow. In such a case the cavity is much stiffer than the panel, which behaves as 

though it were simply a mass attached to the spring-like cavity. 

It was concluded that, for systems where the panel stiffness is significantly greater than 

the cavity stiffness (calculated on a static basis) the panel vibration will be largely 

unaffected by the cavity. This conclusion applies to the calculation of panel stress and 

noise transmission. 
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Kihlman [31] followed a similar approach, seeking to obtain a relationship between wall 

vibration and sound pressure in a room. He states his work is aimed at answering 

questions relating to sound transmission in houses with heavy walls, and states that the 

results clearly "show the special coupling between room modes and wall modes". 

Kihlman acknowledges Pretlove in his use of a very similar model aild mathematical 

solution. 

Kihlman's results lead to concems about, for example, the placement of a sound source in 

a room during a sound transmission loss test. Different source placement positions are 

shown to lead to different room modes being excited, which will have dramatically 

diflerent coupling coefficients with respect to the wall vibration. However, as Kihlman 

notes, even though the measured sound insulation in the room will theoretically depend 

on the source position, it would be difficult to find positions for the source which would 

lead to systematically high or low measured sound insulation over any significant 

fi-equency range. 

One case where very low sound transmission loss could result is between identical rooms, 

since the modes excited in the source room would excite vibrations in the panel of a fOlm 

so as to excite a maximum response in the receiving room. Evidence of this problem was 

seen in experimental tests, as illustrated in figure 2.2.20. 
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Figure 22,20 - The sound transmission loss between two equal rooms 
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Figure 22.20 is a reproduction of figure 6 from reference 31, and shows an improvement 

can be made in the apparent sound transmission loss of a partition by making the identical 

rooms it is mounted between geometrically dissimilar, or by restricting the fOlmation of 

acoustic modes in the rooms. This finding is especially of note when conducting 

measurements in apartment complexes where the sizes of adjacent apm1ments may be 

similar enough to produce this affect. 

Kihlman concludes that only a small fi'action of the modes in a room couple to the wall 

vibration. This is the main reason that the measured sound insulation between two rooms 

depends on the loudspeaker position, even if the modal density of the room is high. 



2.2.5 - StatisticaJ Energy Analysis of a Single Pane] 

Statistical Energy Analysis (SEA) is traditionally used for more complex problems than 

sound transmission through a single panel. Maidanik [32] and Lyon [33] have 

investigated resonant sound transmission using SEA. The problem with SEA is that it 

only rigorously accounts for resonant transmission and, as has been discussed previously, 

below the critical frequency non-resonant transmission is dominant, or at least has a very 

significant contribution. The investigations of Maidanik and Lyon inspired the work of 

Sewell [24], since in his mind they revealed the basic problems with SEA - the inability 

to account for resonant transmission and the inclusion of arbitrary assumptions. 

!'.: 



Coincidence in a Single Pane] 

The coincidence eflect is of the utmost imp0l1ance in building acoustics. However, the 

explanation most widely circulated for this effect is based on infinite panel theory, and it 

cannot automatically be assumed that it applies in the case of finite panels. 

an Infinite Panel in Infinite Surrounds 

The phenomenon of coincidence in a single panel has been a subject of much interest 

since the til'st explanation of it was put forward by Cremer [1]. The most widely accepted 

explanation of coincidence, which has its roots in Cremer's original paper is that given by 

workers such as Bies and Hansen [15]. 

Bending waves in thin panels take the fonn of waves of flexure propagating parallel to 

the surface, resulting in a nOlIDal displacement of the surface. The speed of the bending 

wave propagation is given by 

[2.2.39J 

The panel's bending stiffness is given by 

[2.2.40J 

In these equations OJ is the angular frequency (rad/s), 17 is the panel thickness (m), 111 is 

the surface density (kg/m\ E is the Young's Modulus (N/m2), J1 is Poisson's ratio and I 

(=11 3112) is the cross sectional second moment of area per unit width (m\ computed for 

the panel cross-section about the panel neutral axis. 

As the equation shows, the speed of propagation of bending waves increases with the 

square root of the excitation fl·equency. Therefore, for every panel which sustains shear 

stress, a critical frequency exists where the speed of the bending wave propagation is 



equal to the speed of the acoustic wave propagation in the sunounding medium. The 

fi:equency at which this happens, called the critical frequency, is given by 

f~ = ~: f¥ (Hz) [2.2.41J 

where c is the speed of sound in air. 

At the critical frequency the panel bending wavelength conesponds to the trace 

wavelength of an acoustic wave at grazing incidence. In this situation the incident field 

will strongly drive a bending wave in the panel. The inverse is also tlUe - a panel excited 

in flexure at the critical frequency will strongly radiate an acoustic wave. 

This traditional explanation, which is valid only for an infinite panel, shows that as the 

angle of incidence between the direction of the acoustic wave and the nOlmal to the panel 

becomes smaller, the trace wavelength of the acoustic wave on the panel becomes longer. 

This means that for any angle of incidence smaller than grazing incidence, there exists a 

fi'equency, higher than the critical frequency, at which the bending wavelength in the 

panel will match the acoustic trace wavelength on the panel surface. 

This means that in a diffuse field, in the frequency range about and above the critical 

frequency, the panel will be driven strongly and radiate at high levels. Since the 

phenomenon is a resonant one, it depends strongly on the damping of the panel. 

Marsh [34] contains an almost identical explanation, referenced to the workings of 

Cremer. Lawrence [18] also contains the standard explanation, referenced to Beranek 

[22]. Lawrence notes that in real pmiitions the coincidence dip is usually observed 

between 1000 Hz and 4000 Hz. This frequency range includes imp0l1ant speech 

frequencies. Moore [17] contains a similar standard explanation of the phenomenon, as 

does Grehrut [35]. 



Schaudinischky [36J conducts a more thorough investigation of the subject, in a paper 

aptly entitled "Some Remarks on Professor L. Cremer's TheOlY of the Coincidence 

Effect". Although, in the summaty Schaudinischky states that "acousticians interested in 

a stringent theoretical treatment of this problem are advised to read the paper written by 

Ollendorff. .. " . 

Schaudinischky begins his study with the fundamental equation for the bending of a thin 

plate, ~ =:: ~Cy,t): 

[2.2,42J 

Where p is the density of the wall material (kg/m\ h is the height of the wall (m), dm is 

the thickness of the wall (m), E the Young's modulus (N/m\ J is the momentum of 

ineliia, PI is the pressure on the source side of the wall and P2 is the pressure on the 

receiving side. 

Using traditional expressions for the sound pressure in the room each side of the wall, he 

derives an expression of the sound reduction index of the wall 

[2.2,43] 

where k =:: ± 12~ , c is the phase velocity of the sound wave (Illis), Zs is the specific 
Ed-

m 

acoustic impedance given by floC where 110 is the density of the fluid medium (kg/m'). 

The ratio n =:: (OJ)2 defines the 'numerical phase rate', which is measured in the units of 
kc 

the 'critical phase rate' eVcr = (Icc y . 



a is the angle of incidence of the sound wave in degrees. 

Schaudinischky showed that when a is set to zero (normal incidence), equation 2.2.43 

reduces to 

R =:1 0 10g[1 + 11122 co: j 
2 Zs 

[2.2.44] 

This is equivalent to the 'mass law'. Schaudinischky includes several numerical examples 

which show his expression gives reasonable results when compared to experiment. 

Marsh [20] conducted extensive experimental testing on windows, and analyzed the data 

obtained to study the practical behaviour of the coincidence dip. She observed that the 

fi'equency of the coincidence effect does become lower as the panel thickness is 

increased, as most theories predict. For measurements made at various angles of 

incidence the critical frequency was found to agree well with those calculated. However, 

at nonnal incidence where coincidence cannot theoretically occur, Marsh quotes results 

fi'om both Eisenberg [37] and Oosting [38] which show coincidence dips at nonnal 

incidence. A copy ofOosting's results is shown in figure 2.2.21. 



30 

-di 

] 10 +--r~'------+--------
D 

£ 

" _S' 
5 
" .s 

Figure 2.2.21 - The sound insulation of a 4 mm glass pane at three different angles of 

incidence 

The figure is a reproduction of figure 13 from reference 20. Oosting attributed this result 

to the uncertainties in his experimental set-up, concluding that sound was probably 

impinging on the panel at angles of incidence other than zero. Eisenberg suggested that 

his result was due to edge fixing and the finite size of the panel. 
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2.2.6.2 - Coincidence ill a Finite Panel ill Finite Surrou11ds 

Bhattacharya and Guy brought a whole new argument to the problem of coincidence, in a 

series of papers published between 1971 and 1979. Using their model of a finite plate 

backed by a rectangular rigid cavity (which has been discussed earlier), they showed that 

coincidence in a finite plate is dependent on the plate modes and the cavity modes. 

Whereas Cremer's theories were concerned with the matching of freely propagating 

sound waves to freely propagating flexural waves in the panel, their theory involved a 

transformation of the progressive sound waves incident on a panel into standing waves 

inside the cavity, matching the standing flexural waves excited in the finite plate. They 

state that, as opposed to Cremer's theory which refers to the case of an infinite plate with 

a coincidence frequency which is a function of the angle of incidence of the sound waves, 

their concept refers to a finite plate and the coincidence frequency is not a function of the 

angle of incidence of the sound waves. 

At the outset of the paper "Coincidence Effect with Sound Waves in a Finite Plate" [39], 

Bhattacharya and Guy quote the experimental results of Eisenberg [37] and Oosting [38] 

which, as mentioned earlier, still show a coincidence dip at nOlmal incidence. It is 

implied that this is evidence enough that Cremer's theory is not applicable to finite 

situations. Further support for their findings are the studies of Morse [40] where the 

OCCUlTence of coincidence in a finite circular membrane was radically changed by the 

presence of resonances and anti-resonances. 

Using an expression derived for the velocity potential inside the cavity, Bhattachmya and 

Guy showed that for conditions of maximum acoustic pressure inside the cavity ( the 

conditions for the OCCUlTence of coincidence), the modal coupling coefficient between the 

plate and cavity modes, given by 

[2.2.45] 

.. 1 



must be at a maXImum, the panel modal frequency Wqr must equal the excitation 

frequency and the cavity modal frequency OJ,m" must also equal the excitation frequency, 

It was shown that these conditions reduce to equality of acoustic wave number k01l1ll with 

the flexural wave number kqr and the equality of the acoustic wave speed Co with the 

fJexural wave speed C B' These two conditions are independent of the angle of incidence 

of the sound waves. 

The satisfaction of these conditions signifies matching of the standing waves excited in 

the plate with waves excited in the cavity. This is illustrated in figure 2.2.22, a 

reproduction of figure 7 from reference 39. 
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Figure 2.2.22 - The matching of standing waves in the cavity and panel 

It follows that the trace wavelength of the incident sound does not influence this 

matching, although it may affect the amplitude of the vibration. 

Bhattacharya and Guy present a series of experimental results, where a rigid box of 

dimensions 375 mm by 285 mm by 450 mm with a 3.175 mm Aluminium sheet on one 

face was subjected to an incident sound field. It is observed that the angle of incidence 

has no affect on the critical fi'cqucncy, although no mcntion is made of how the types of 



concems Oosting had about the 'planeness' of the incident plane wave were addressed. 

Oosting's figure is referenced by Bhattacharya and Guy as futther proof that angle of 

incidence has no affect on coincidence frequency. 

This theory does not allow for coincidence in the case of a finite plate not backed by a 

cavity. 

In another paper [27] published eight years later, Guy and Bhattachatya present a revised 

analysis, which they consider to be 'more correct' than the previous analysis. This new 

work was inf1uenced by that ofPretlove [30] and essentialJy differs only in form from the 

formulations of Pretlove. This paper is concemed with which panel and cavity modes are 

excited by incident waves at different angles of incidence. No mention of coincidence is 

made. 

III another paper, published in 1985 [41], Guy et al. seem to have abandoned the 

theoretical approach and presents some experimental results and discusses the 

coincidence phenomenon m vety reserved, traditional telIDS. The depth of the 

coincidence dip is shown to be dependent on panel size and increases with increasing 

area. This is explained by the fact that small panels have a large edge to surface ratio and 

are able to absorb more kinematic energy, and therefore vibrate less. 



2.2.6.3 - Yalleske's Un~fying Approach 

Yaneske [42J in a paper published in 1972, sought to provide a theOlY which unified both 

Cremer's and Bhattach31ya's theories of coincidence. He began by pointing out the 

apparent disparity between the works of Cremer and Bhattachmya - where Cremer 

distinguishes between resonant and coincid ent effects, and Bhattachalya includes 

resonance effects in his definition of coincidence. 

Yaneske's approach centred about the distinction between temporal (time) effects and 

spatial (coupling) effects. An explanation of his approach, taken from [43] and based 

around the vibration of a finite string follows. 

The standing waveforms, which correspond to the norma I modes of a string assume the 

particular fOInl of 

U
17 
(x, t) = sin allx sin m,J [2.2.46] 

If a point load acts at the point Xo on the string then E;l'g' the average work density over 

the space time region il, 'II is given by the expression 

1 a ~ 

E;','g =-fS(x-xo)sin(al1x)dx fP(t)sin(ev"t)dt 
a,,, 0 0 

[2.2.47] 

If a load function P(t), which represents a load distribution over the length of the string, 

which has the time histOlY 

P(t) = ±sin(mllt) [2.2.48] 

is used, the absolute value of E;'"g is found to obey the equation 
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[2.2.49] 

Hence the optimum load position on the string corresponds to a coordinate Xo such that 

Jr 
allxo = (2p)-, 

2 

and the null load to a position such that 

p = 1,2, ..... ,n-2 

anxo = PJr, P = O,I,2, .... ,n 

[2.2.50] 

[2.2.51] 

The optimum load coordinates cOlTespond to points of maximum mobility on the string 

for the nth order mode. Provided the optimum load has time history as given above it 

follows that the optimum condition is kx = a" , so that if the load is incident to the string 

at an angle ¢x 

A. 2Jr 2a 
--"'-=-=-
sin¢x k, 11 

[2.2.52] 

This optimum load represents the most efficient of all optimum load forms at exciting the 

nth order mode. 

When these concepts are extended to a stationalY loading on a simply supported thin 

plate, it can once again be shown that the optimum load coordinates correspond to 

positions of maximum mobility for the mode in question and the null load coordinates to 

the positions of node lines. 

The case of travelling loading on the string is now considered. 

If a point load stalis ii'om position Xo on the string and proceeds along the string with 

steady velocity v.,", then 



11 ( 1 oJ 5;;'( ) . I sin ) Espoce t) = - u X - VJ - Xo SUHX" xc X = --'---"----'--
Go a 

[2.2.53J 

The optimum conditions are therefore thata"V,. = (1)/1 anda"xo = jJTC ,p = 0,1 ,2, ... ,n 

The condition where a"V" or the 'transport frequency' is equal to the modal frequency 

(OJ,,) shows that the optimum point load moves with a velocity equal to that of free 

travelling waves in the string. The second condition reveals that the optimum point load 

always starts off fi'om a nodal point of the nth mode. The equation which describes the 

position of the optimum point load is 

2a 
x(t) = Xo + -.t 

11 I'll 

[2.2.54J 

This means that over evelY time interval I'll' the load moves precisely two modal lengths 

along the string. This is illustrated in figure 2.2.23, a reproduction of figure 2 from 

reference 42. 
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Figure 2.2.23 - A string in modal vibration with a moving point load 

According to the optimum conditions, to obtain the maximum additive work density, a 

series of equal magnitude point loads should be located at each node point along the 

string. Altemative loads must have opposite sign, and the loads then all proceed in the 

same direction along the string at the optimum speed. 

This result bears a marked resemblance to Cremer's conditions for coincidence, but is 

distinct because it refers to the discrete modal shapes of a finite string. 

These concepts can easily be extended to the case of a finite plate and it may be shown, 

for a pressure wave incident to the plate measuring a (m) by b (m) at an angle ¢ and if 

the direction of the trace velocity makes an angle () to the x-axis, the optimum angle of 

the trace velocity relative to the x-axis for the nmth order mode is given by 

',j' 

() (aln) tan =1--
\blm 

[2.2.55] 
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And the optimum angle of incidence is given by 

[2,2.56J 

Yalleske examined the behaviour of the general solution of the plate displacement when 

driven by a pressure wave of arbitrmy orientation and frequency and found the modal 

displacement function for the l1111th order mode has its largest amplitude when the 

optimum conditions are tlUe and that lesser maxima occur when only 'wave-matching' 

conditions are flue, 

Yaneske concluded that the optimum loads of a system occuned at the both the right 

place and at the rigbt time, whereas null loads were either at the right place at the wrong 

time or at the wrong place at the light time, Tn his original iOffi1Ulation, since Cremer [lJ 

dealt with an unbounded system, resonance was automatic (being at the right time) and 

coincidence arose when the condition in space of the incident wave was such that the 

amplitude ofthe fj'ee wave induced in the system was maximized. 

Similarly Bhattacharya [39] used coincidence to describe the situation where both the 

space and time conditions were optimized. Their definition included both the cyclic time 

coincidence and the maximization of the spatial coupling between the systems. 

Bhattacharya simply considered the two systems to be the plate and the cavity, and does 

not consider the possibility of optimum coupling also between the incident sound field 

and the plate. 

In the case of 'Cremer' coincidence maximum spatial coupling is possible due to the 

unbounded plate. In the case of coincidence discussed by Bhattacharya, the wavefoffils 

were spatially similar, but not identical, therefore the spatial coupling is less than that 

described by Cremer. Yaneske proposes that the tenn 'Coincidence' retain its original 

meaning describing the special and unlikely case of spatial coupling between two 

waveionns. Any lesser case, a condition of 'optimum energy transfer' could be described 



as occuuing when the load has both a high degree of resonant and spatial similarity to the 

system \vavefonn. 



2.2.6.4 -Alternative Experimental Approach - The Impulse Method 

Davies and Gibbs [43] describe a series of experiments in which the sound transmission 

characteristics of a panel were measured using a single sound impulse. Fourier analysis of 

the impulse signal before and .after it passed through the pat1ition reveal the frequency 

dependent transmission characteristics of the panel. A coincidence dip was observed in 

the results, and it was noted that the effect at work must be different from that described 

by Bhattacharya since the signal was of such Sh011 duration that no modal effects could 

occur in the plate. 

It should be noted that for a linear system the impulse response should give the same 

result as steady state excitation. 

This effect was observed at n01mal incidence, as IS illustrated m figure 2.2.24, a 

reproduction of figure 11 from reference 43. 
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Figure 2.2.24 - Transmission loss via the impulse method at various angles of incidence. 

No real explanation is given for the presence of the coincidence dip at normal incidence. 



2.2.7 - The IUfed of Boundary Conditions and Panel Size on tbe Sound 

Transmission Loss of a Single Panel 

The effects of the boundary conditions of a single panel are of great importance. For the 

purposes of this project it is of interest because in the numerical modelling work, a 

decision must be made with regard to what boundary conditions to use. Some 

appreciation of the affect this decision may have on the final results is needed. The effect 

of panel boundary conditions is also of interest because the boundary conditions of panels 

in real life situations are known to vary widely. 

The effect of panel size is an issue which can be difficult to assess experimentally, and 

may have significant practical application, if there is indeed significant variation in sound 

transmission loss with panel size. 

2.2.7.1- Theoretical Approaches 

A number of authors have addressed the issue of boundary conditions for a finite thin 

panel. One such author is Nilsson [44] who analytically studied a thin panel mounted 

between two rectangular rooms. As discussed earlier, Nilsson solved the three goveming 

wave equations for the three systems as functions of the tenTIS describing the source. He 

found that the boundary conditions defined for the wall determine the mode pattems of 

the flexural waves on the panel and the wave field in the receiving room. 

Using this analytical prediction technique, it was found that the transmission loss for a 

simply supported panel was 3 dB higher than that for a clamped panel at sub-critical 

frequencies. For frequencies above the critical frequency it was found that the sound 

transmission loss was independent of the boundary conditions. This difference is 

illustrated in figure 2.2.25, a reproduction of figure 3 from reference 44. 
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Figure 2.2.25 - The difference in sound transmission loss caused by simply suppOited 

boundalY conditions (- - -), compal'ed to clamped boundary conditions (- ) 

This trend is evident irrespective of whether the source is a diffuse field or point. The 

difference, according to Nilsson, is caused by the fact that the boundaty conditions 

detelmine the possible mode shapes on the panel, which affects the coupling between the 

sound field in the receiving room and the panel. Presumably a clamped panel produces 

modes which can couple more completely with the receiving room sound field. 

It is interesting that this effect is only evident below the critical fi'equency, where it is 

widely accepted (see section 2.2.3.2) that non-resonant transmission dominates. 

Altemations to the modal response of the panel should therefore have little effect in this 

region. Nilsson sites the work of Sewell [24] to support his findings, since he found the 

same trend when consideling the sound transmission through a paltition in an infinite 

rigid baff1e. However, the explanation for the results given by Nilsson cannot also be 

applied in the case of a panel with no backing cavity. There can be no mode coupling 

effects in this case. 

/ !, 
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In figure 2 of reference 24 Sewell shows a plot of calculated sound transmission loss for a 

panel in an infinite rigid baffle, for a range of boundmy conditions. This graph is 

reproduced in figure 2.2.26. 
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Calculated traml1lission loss for partition consisting of single pane) 2:13 III 0< 1·52 111 with 
III = 23 kg(rnl, J~= 1250 Hz., T) ~= 0'002, (J'O 0·23. '--, Forced vibration tnlT1~missic'n only; .... 'j Wilh free 
edges; ....... , w'j 111 simply-supported edges: "'-'-, wil/! damped cdg(cs. A bow Ille criika I frequency, ~dge 
conditions do not afrec! the result. 

Figure 2.2.26 - The effect of boundary conditions on calculated sound transmission loss 

The analytical model used to make the calculations includes both resonant and non

resonant transmission. It shows that, at sub-critical frequencies resonant transmission 

does playa significant role in the detelmination of the sound transmission loss of a single 

panel. The figure shows that for a panel with free edges the sound transmission loss is 

velY high, since the contribution £i'om resonant vibration is minimal. As the degree of 

restraint around the panel edges is increased, the sub-critical sound transmission loss of 

the panel drops. The logical conclusion seems to be that the resonant transmission 

1l1creases as the panel modes change due to the increasing restraint of the panel 

boundaries. 

Above the critical frequency, the edge conditions are seen to have no effect on the result. 

These results agree with those of Nilsson. However, Guy et al. [41] point out that, above 



the critical frequency, analytical approaches, such as those of Nilsson and Sewell, only 

show no dependence on boundruy conditions since edge losses are assumed to be zero. 

This is not however the case in practice, especially in many of the experimental situations 

outlined below where some damping compound is added around the edges of the panel 

with the express purpose of improving the sound transmission loss. 

The effect of panel size on the sound transmission loss of a fmite plate is also of interest, 

and is an area which incorporates many of the issues already discussed. Obviously in the 

case of an infinite plate the sound transmission cOlTesponds to that predicted by the 'mass 

law' for sub-critical frequencies. At coincidence, 'resonant' transmission dominates. As 

Guy et al. [41] point out, in the case of finite panel, the classical approach is to usc the 

intinite panel formula but with a cOl1"ection factor to produce better agreement with 

experiment. 

There have been some analytical studies which have considered the effect of the size of a 

finite panel. Sewell [24] states that resonant transmission increases and forced 

transmission decreases as panel area is increases. Price and Crocker [23] also state that 

resonant transmission increases for larger panels, but assume forced transmission is 

independent of panel size. 

Guy et al. [4.1] state that for "low frequencies" the sound transmission loss decreases with 

increasing panel area, and increases at "higher fi·equencies up to the critical frequency". 

Above coincidence the transmission loss is independent of panel dimensions. 

,) 



2.2.7.2 - Experimental Approaches 

Several workers have also sought to experimentally investigate the effect of boundary 

conditions on the sound transmission loss of a single panel. This type of investigation has 

been limited however, and the results commonly inconclusive since the creation of exact 

boundary conditions (clamped, free, and simply supp011ed) in real life is somewhat 

difficult. Commonly, practical boundary conditions are defined as being 'somewhere 

between' two of the theoretically exact conditions (for example, somewhere between 

clamped and simply supp011ed). 

Marsh [20] attempted to experimentally investigate the effect of boundary conditions. 

She suggested that damping at the edges of a panel can reduce the reflection of waves at 

its boundaries and lead to an increase of sound insulation in a panel. In an attempt to 

verify this, the sound transmission loss of a steel plate was measured with and without a 

soft lUbber strip between its edges and a mounting frame. The resulting increase in sound 

insulation was negligible except for a 3 dB increase at the clitical frequency. This 

however was not strictly a study of a change in panel boundary conditions. 

Eisenberg [37] also investigated the effect of edge conditions on the sound insulation of 

glass, and ended up concluding edge fixing conditions were of secondary imp011ance. 

The different edge conditions he tested were putty, cement m011ar and lUbber. Similar 

studies have been carried out by various workers mostly concemed with sound 

transmission through glass and concluded that the effect of mounting conditions was 

minimal, but if it was to be evident, it was around the critical frequency. This is because 

these studies have focused more on increasing the edge losses of the panels, rather than 

changing the support conditions at their edges. 

Guy et al. [41] conducted a series of experiments seeking to study the effect of finite 

panel size on sound transmission loss. These studies were conducted using a specially 

constlUcted apparatus which allowed the insel1ion of panels of various sizes in an 
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opening between two reverberation rooms. They found that at low frequencies (below the 

Schroeder cut-off frequency [4 J] in the rooms being used) the sound transmission loss 

generally increased with increasing panel size. Between the Schroeder cut-off frequency 

and the critical frequency, the smallest panel gave the highest transmission loss results 

(O.54n/ panel) however the other two panels (2.32m2 panel and 3.93m2 panel) showed no 

definitive trend. 

Unexpectedly however, the critical frequency was found to depend on the size of the 

panel. For the glass panels tested, the smaller panel appeared to have a lower critical 

frequency, and for the plasterboard panels the critical frequency, predicted to be 2483 Hz 

moved to between the 2500 Hz and 3150 Hz third octave bands. The depth of the 

coincidence dip was also found to be dependent on panel size, and deepened with 

increasing panel area. As mentioned earlier, it was reasoned that this was due to the 

higher edge-to-panel ratio of the smaller panels. 

Considerable variation was also found above the critical frequency, contrary to all 

analytical predictions. There did not appear to be any pattem to this variation. 
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2.3 - The Sound Tralllsm.ission Loss of Double Panels ,,_ __M. . .............. . 

This section covers theory regarding sound transmission through double paneJ systems. 

This situation has many more practical applications than sound transmission through 

single panels, since it is the basis of most light building constlUctions. It is however much 

more complex. As the following sections will show, a large amount of research has been 

conducted in this area. Many of the workers mentioned in the previous sections find 

mention again in this section as they have extended their single panel theodes to account 

for sound transmission though double panels. 

2.3.1 - Traditional Analytical Double Panel Approaches 

In general temls, most of the original work considering sound transmission through 

double panels could be classified as 'diffuse field theory', involving the delivation of the 

transmission coefficient of a panel as a function of frequency and angle of incidence. The 

average transmission loss is then found by integrating this expression over all possible 

angles of incidence. Within this method there are (at least) three different theoretical 

approaches. The first of these is the impedance-transfer method, originally used by 

Beranek and Work [45]. The second, known as the progressive wave methods, was used 

in the widely quoted work of London [8] and the third method, known as the ray or 

multiple-reflection method was used by Mulholland et al. [46J. Each of these workers and 

the significant contributions and implications of their results will now be discussed. 

Beranek and Work [45] were some of the earliest workers in this field. Their research 

was initiated in response to experimental work conducted by Nichols et al. [47] 

investigating 'quietening noise in aircraft' during World War II. They found solutions for 

the wave equation for each of the various subsystems of a double panel system. Using the 

principle of acoustic impedance continuity at the interfaces of the various subsystems, 

they formulated an exact solution. Their solutions were only valid however, in the case of 

normally incident plane waves. Their expression lor the sound pressure ratio across a 

double panel is 



PI pC coth(jkd + ¢) cosh ¢ pc = .. [2.3.1J 
P/ilce (pccoth(jkd + ¢) + jOJM} cosh(jkd + ¢) (pc + jOJM) 

where 

¢ = arcoth(l + j{vM / pc) [2.3.2J 

This is valid for a double panel of surface mass M and air gap width d. In the expression 

Pt is the transmitted wave pressure and Place is the pressure on the receiving face of the 

panel. Using the face impedance of the panel to the incident sound waves, the 

transmission factor for the double panel, when subject to a plane wave at normal 

incidence may be expressed as 

r = 2pccoth(jkd + ¢) . cosh¢ . pc [2.3.3] [ ]

2 

(pccoth(jkd +¢)+ jOJM + pc) cosh(jkd +¢) (pc + jOJM) 

This formula produces a curve with two zero points. The lowest corresponds to the 

resonant frequency of the system when the panel-air-panel system behaves as a mass

spring-mass system. This frequency is given by the equation 

LLf =_1 ~2JP 
. 2J't' Md 

[2.3.4J 

and has come to be known as the "Lower London frequency". The second zero occurs at 

a frequency where the wavelength of sound in air is exactly equal to twice the panel 

separation. Beranek and Work did not develop their work to include the effects of diffuse 

field incident sound radiation. 

London [8J considered a theory which only predicted sound insulation at nOlmal 

incidence to be totally inadequate. This was because nonnal incidence sound 



transmission loss is always higher than diffuse field transmission loss, and a formulation 

which overestimates the sound transmission loss of a system is of little use. London 

treated the problem as one of continuity of wave potential. In defining the impedance of 

the individual panels he did however introduce a much maligned, arbitrary resistance 

tenn, in order to align his predicted values with measured va lues. London obtained an 

expression for the transmission coefficient 

r = 1 ;(1 + 2y + y2 [1 _ eHikriCOSII)]) r2.3.5] 

where 

y = z cos e / 2pc r2.3.6] 

and Z represents the panel's impedance, given by 

Z = 2R/ cos () + jmM(l- f2 sin 4 (); feZ) [2.3.7J 

When this result is plotted with the angle of incidence set to zero, the result is the same as 

for the expression of Beranek and Work. However this expression, unlike that of 

Beranek and Work, can be integrated over all possible angles of incidence. 

London's formulation shows that at low frequencies a double panel behaves as a single 

panel with the combined mass of both panels. Over this hequency range the air in the 

cavity acts as though it has infinite stiffness, and provides rigid coupling between the two 

leaves of the walL At the mass-spring-mass (or Lower London) frequency, the cavity 

begins to behave like a spring with stiffness equal to that of air. Above this frequency the 

sound transmission loss of the system rises rapidly, as the presence of the cavity begins to 

advantageously affect the sound reduction of the system. 

London discovered, when comparing the predictions of his theory with experimental data, 

that for stmctures with nan'ow cavities at high frequencies it underestimated the wall's 

perfOlmance. The presence of the arbitrary resistance tenn in the fOlTImlation was always 



an issue, since it was only by selecting an appropriate value for this resistance term that 

the experimental and theoretical results showed such a good comparison. 

Marsh [34] noted that the theoretical 'zero' at the mass-spting-mass resonance frequency 

does not occur in practice, but the reduction is nonnally considerable enough to design a 

double panel especially so that this fi'equency is near the lower limit of the audible 

fi:equency range. 

In response to the perceived sh0l1comings of these theories, Mulholland, Parbrook and 

Cummings [46] calculated the sound transmission loss of an infinite double pat1ition 

using ray, or multiple reflection theOlY. The solution revolved around an obliquely 

incident wave entering the cavity of a double wall and undergoing multiple reflections, 

with sound being transmitted on each occasion. Upon each reflection the wave was 

attenuated due to absorption introduced in the cavity. The final expression did not predict 

h'ansmission loss any better than those of Beranek and Work and London. However, as 

opposed to London's arbitrary resistance term, the a tenn used by Mulholland et al. 

"more nearly corresponds to a physical process occurting in the air gap". The theory did 

therefore have some practical implications. These are studied in relation to the three 

imp0l1ant frequencies associated with sound transmission through a double panel - the 

lower London fi'equency given by equation 2.3.4, the Upper London fi'equency given by 

VLr = 1 J2fX2 
. 2trcosB Md 

[2.3.8] 

and the first frequency at which standing waves can occur between the panels, given by 

fR =c/2d [2.3.9] 

The formulation of Mulholland et al. showed that between the upper and lower London 

fi'equencies the sound h'ansmission loss is sensitive to absorption placed between the 

panels. Above the first standing wave frequency only a small amount of absorption 

; ! 



material will increase the transmission loss of the system considerably. In other regions 

sound absorption between the panels was seen to have little cflect. 

This theory was later modified by Cummings and Mulholland [48], introducing 

absorption at the edges of the cavity which created finite wall behaviour. When this new 

expression was integrated over a limited range of incidence good agreement was found 

with experimental data without the need to randomly select absorption values, as with the 

previous formulation. Mulholland, Price and Parbrook [49] also extended the 'Beranek -

Work' method to include angles of incidence other than nonnal incidence. No 

comparisons were made in this paper of the modified Beranek-Work theory with any 

other theories, but the theory is also still restricted to non-resonant transmission. 

Sewell [50J however, noted that their ray approximation result does not allow for 

resonance transmission below the critical frequency, but states that this should not be a 

serious limitation when considering light panels only. Sewell also did not agree with the 

use of wave theory where the wall cavity depths were much smaller than the wavelength 

of sound involved. 

In response, Sewell produced a two dimensional solution for sound transmission through 

a finite double wall. This solution was based on wave theOlY, and was intended to deal 

with all types of sound transmission. The solution was based around two tinite panels 

mounted in infinite rigid bames, a finite distance apatt. It was assumed that the cavity 

was laterally infinite, so when sound passed between the baffles it never retumed. 

Sewell's solution showed that the types of transmission involved with double p31titions 

were similar to those involved with single p3ltitions. That is, forced vibration and 

resonance transmission below the critical frequency and coincidence transmission above 

the critical ti·equency. The solution did not treat the region of the frequency spectrum 

around the critical frequency. Figure 2.3.1 shows some results calculated using SeweJl's 

fonTIulation, for double walls with different internal loss coeflicients. The figure is a 

reproduction of figure 2 from reference 50. 
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Figure 2.3.1 - Transmission loss of a double p311ition calculated usmg Sewell's 

fOlIDulation 

This pa11icular result shows the effect of gradually eliminating sub-critical resonant 

transmission by increasing the intemal loss factor (1]). Fmther analysis showed that 

where the intemal loss factor was velY small, an increase in the separation between the 

leaves had little effect. However, when the intemal loss factor is set to more probable 

values the usefulness of increasing the panel separation becomes apparent. It was seen 

that higher values of intemal damping were needed to eliminate resonance transmission 

in a double partition (compared to a single partition), since the resonances in the two 

leaves permit high transmission in the same nanow frequency bands. It is also shown that 

below the critical fi"equency resonance transmission decreases with increasing area, and 

forced vibration transmission changes in the opposite sense. Above the critical frequency 

the panel area has little effect. It is also concluded that the effects of cavity resonances 

will have little serious afIect on the sound transmission loss of the system. 



Sewell's results showed good agreement with those of other authors, although some 

workers have pointed out that he omitted to document the value of intel11alloss factor he 

used in these calculations. Good agreement was also found between experimental results 

and those predicted using Sewell's fOlmulation, when the intel11al loss factor was chosen 

to get a best fit. 

Sharp [6], sighting the fact that "previous attempts have been largely unsuccessful in 

obtaining good agreement with measured results", proceeded to produce three 

approximate expression to predict the sound transmission through a double wall. The 

application limits of these various fOlmulations were given by mass-spring-mass and first 

cross cavity resonance. In the first region, below the mass-spring-mass resonance, the 

transmission loss was deemed to be govel11ed by the 'mass law', taking the combined 

mass of both leaves. The second expression, to be used between the mass-spring-mass 

frequency and the critical frequency produces a constant gradient transmission loss with 

frequency, which increases at 18 dB per octave. The third expression, used at higher 

frequencies involved the summation of the 'mass law' results from each individual panel. 

If the issue of absorption in the cavity is ignored, the results given by this scheme 

compare well with experimental results. 

Basten et al. [51] constructed an analytical solution for a system identical to that 

modelled by Sewell. However Basten's solution included ineliia, compressibility and the 

effects of viscosity and thelmal conductivity. The solution uses the low reduced 

frequency model derived by Beltman et al. [52] from the Navier-Stokes equation, the 

continuity equation, the equation of state for an ideal gas and the energy equation. It was 

assumed that the thickness of the air layer is much smaller than the acoustic wavelength. 

If the frequency and plate separation limits used by the author in his worked examples are 

taken as an indication of the range of application of this theory, it would only be 

applicable to residential light wall constructions for frequencies up to 50 Hz. It therefore 

has little application in traditional building acoustics. 



2.3.2 - Traditional Analytical Finite and Physically Coupled Pane] Approaches 

The theories presented in the prevIOus section, although assisting in our overall 

understanding of sound transmission phenomena through double leaf walls, are still 

rather far removed from the practical double leaf wall. The major factors which cripple 

these theories are either the assumption of infinite lateral extent of the wall, the absence 

of any physical coupling between the faces or the presence of calculation parameters 

which have no or only a vague physical counterpart. 

The majority of the work conducted studying completely finite double panel systems has 

used the Statistical Energy Analysis method which will be discussed in the next section. 

This section contains a brief discussion of alternative approaches used. 

Vinokur [53] investigated the influence of linear sound bridges linking panel's edges, 

from both an experimental and theoretical standpoint. He noted early on in the paper that 

the "linear sound bridges" which he considers are known to have much more of an affect 

on the sound transmission loss of a system than the point connections which are prevalent 

in the normal built situation where plasterboard is screwed (or nailed) to both sides of a 

supp011ing frame. Both Vinokur's theoretical and expelimental analyses showed that at 

fi'equencies below the critical fi'equency, the transmission through the sound blidges 

decreases with increasing frequency, increased panel loss factor and when the bridges are 

rigidly connected to the panels (as opposed to a hinge, or simply-supp011ed connection). 

At very high frequencies increase of the link mass was shown to decrease edge 

transmission. 

The sound insulation of double walls joined at the edges was also investigated by 

Zaborov [54], using an approximate analytical analysis. Zaborov quotes expelimental 

results of other Russian workers which show that below the clitical frequency, the sound 

insulation provided by a double wall is only slightly affected by the edges conditions, and 

at frequencies above the critical frequency, sound transmission at the edges sharply 

reduces the sound transmission loss of a double wall. His workings are therefore 



restricted to frequencies above the critical frequency. The results of the investigation 

showed that if the panels had a much higher flexural stiffness than that of the ribbing, 

flexural waves would playa principal role in sound transmission though the ribbing. If 

conversely, the ribbing was velY stiff, allowance must be made for the presence of 

longitudinal modes in the panel before the sound insulation of the wall can be calculated. 

Sharp [6] produces an expression for the effect of a point or line connection on the sound 

transmission loss of a double wall. His expressions are however limited to the case of 

nonnal sound incidence, and as noted by Smith [55] do not pelmit the stlUctural coupling 

to be examined in detail and are only valid for wave motion nOlmally incident on the 

joint. Hongisto [56] however, successfully uses the theories of Sharp to model the sound 

transmission loss of doors with strong inter-panel connections. Hongisto also states that 

to the limit of his knowledge there exists (in 1999) no simple model which considers all 

possible panel interconnection mechanisms. 

Lin and Garrelick [57] conducted an analysis of sound transmission through wooden stud 

walls. They found that the sound transmission loss curve of such a system would exhibit 

a low fiequency dip corresponding to the primmy stlUctural resonance of the whole 

system, fOlmed by the stud and rigidly connected cladding. They also showed that if the 

cladding on one side of the wall was resiliently connected the dip due to this primmy 

stmctural resonance is no longer visible, since the system is broken up and the two panels 

can act with a higher degree of independence. The two panels are still however coupled 

by the stiffness of the air cavity and a mass-spring-mass resonance will occur, although at 

a considerably lower fi'equency than the primmy stlUctural resonance. Bradley and Brita 

[58] showed that the fioequency of this resonance is modified by the addition of the 

stiffness of the resilient supp0l1s. 

Beranek [22] states that, in general, stlUcturebome flanking paths can be approximated as 

a point or line source on the second panel. This distinction between point and line 

connections seems rather imp0l1ant. Analysis of a large number of experimental results 

by Green and ShellY [59] showed that gluing plasterboard to wooden studs, in a 



continuous line rather than using crews, significantly reduced the sound transmission loss 

of the system, especially at high frequencies. It was proposed that the continuous fixation 

resul ted in increased stud stiffness, thereby leading to an increase in transmitted sound 

energy. Utley and Fletcher [60] using acceleration measurements, showed that the edge 

transmission of double glazed windows was reduced by the inclusion of a neoprene 

gasket around the perimeter of one of the panes. 

BhattachaIya, Mulholland and Crocker [61] studied sound transmission through double 

panels where the two leaves were connected by a tie plate. A modal wave approach was 

used to find solutions for the flexural and longitudinal waves produced in the tie plate due 

to a bending wave normally incident on the junction, on the £i·ont plate. It was found that 

the longitudinal wave in the tie plate was primarily responsible for the generation of 

bending waves in the back plate. The bending waves in the tie plate were found to 

produce a longitudinal wave in the back plate of velY low amplitude. The solution was 

expanded to account for waves incident on the junction at random incidence and the 

complete inclusion of longitudinal and shear waves, but a detailed analysis was only 

carried out in the case of n01111a1 incidence. This analysis has been criticized by Smith 

[55] since it presupposes that the tie plate is deep enough to supp011 modal behaviour and 

the research lacked an in-depth analysis of how parameter changes might affect the 

overall sound transmission loss of the double wall. 



2.3.3 - Statistical Energy Analysis (SEA) in a Double Panel 

The original ideas behind Statistical Energy Analysis have been around since the 1940's, 

but gained heightened popularity in the 1960's in the drive to develop space vehicles and 

aircraft. In a SEA, a system or stmcture is broken down into smaller subsystems. Each 

system is assumed to contain energy, stored in the vibration of resonant modes. Energy 

flows through the sub-systems, by way of predefined coupling functions, from the 

subsystems of high modal energy to those of low modal energy. The major perceived 

advantage of SEA is thaI it is a path-based analysis so, in the case of a double wall 

construction for example, the contributions from the various transmission paths can be 

examined individually. SEA also allows one to change parameters within the definition of 

an individual subsystem and observe how these changes affect the overall response of the 

system. 

SEA however draws heavily on other more classical approaches, SInce it reqUIres 

definitions of the propel1ies of the subsystems and the coupling between them. No 

additional understanding of the behaviour of a single subsystem can therefore be gained 

from a SEA - only knowledge of how the subsystems interact, assuming they have the 

propel1ies attributed to them and assuming the coupling between them is defined 

cOlTectiy. As pointed out by Smith [55J "its aim is to understand the behaviour of a wide 

variety of stlUctures and to provide a mean response not a detenninistic solution as might 

be found using Finite Element Analysis". 

The classical workings conceming radiation hom stlUctures, most of which have been 

discussed in the proceeding sections, of authors such as Leppington and Heron [3J, 

Maidanik [32J and Sewell [50J are used in an SEA as definitions of the coupling between 

radiating elements and rooms. The results of other classical workers who considered 

wave models of structural joints are used to describe the structural coupling between the 

various subsystems. Since the basis of a SEA involves energy now between resonant 

subsystems, non-resonant transmission cannot be taken into account. In many SEAs, the 

(infinite) 'mass law', as defined by Cremer [1J is used to describe the non-resonant 



transmission between the source and receIvmg rooms. The validity of this will be 

discussed later. 

The first analysis of double walls using SEA, by White and Powell [62] failed to consider 

non-resonant transmission at all. Price and Crocker [23] developed the concept fmiher 

and applied it to the case of two rooms separated by a wall. The study included both 

resonant and llOll-resonant transmission, the later by using the 'mass law'. Their 

calculated results were shown to compare well with experimental results at high 

frequencies, but not so well at low frequencies. However, as they point out, a SEA is not 

valid at low frequencies since it assumes high modal densities. The cavities in the 

analysis were lined around their edges in an attempt to eliminate lateral cavity modes, 

although this is not how any real walls are constmcted. This work was rather widely 

criticized, mainly because the final fommlations showed no dependence of sound 

transmission loss on cavity depth. 

Brekke [63] also studied the sound transmission loss of double p31iitions using SEA with 

models based on the work of Price and Cocker [23]. The double walls studied by Brekke 

contained no mechanical connection. He did however introduce empirical tenns into the 

formulation to try to account for the stiffness coupling provided by the air cavity. 

However, when his method was used the mass-air-mass frequency of the wall was not 

accounted for, and it was not valid when stmctural coupling was present. 

Guy [64] chose not to use SEA in his analyses due to the fact that it requires high modal 

densities to be valid, which excludes discrete frequency, low frequency and small model 

considerations. Trochidis and Kalaroutis [65] also avoided using SEA since, although the 

method gives simple expressions, it is concemed with reverberant fields and uses 

"coupling loss factors in a rather empirical basis". Similarly Gagliardni et al. [66J were 

dete11'ed fi'om using SEA due to its restricted low frequency application, and because it is 

restricted to modelling resonant phenomena, with non-resonant transmission only being 

taken into account "31iificially". 



In contrast, Narang [67] embraced the use of SEA when studying the sound bridging 

caused by wall ties in the cavity of brick walls. In this application SEA is valid since the 

critical frequency of such a heavy construction is velY low, meaning non-resonant 

transmission plays a vety minor role. The predictions were shown to yield satisfactOlY 

results when compared to experiment. The differences between the predicted and 

experimental results were accounted for by citing the uncertainty around the structural 

damping loss factors, practical edge conditions and cavity absorption coefficients. 

To establish some measure of the reliability of the SEA method, Elmallawany [68J 

carried out a comparison between results predicted using elassical theory and those 

predicted using SEA. It was found that the SEA model coped "adequately well" 

compared to equivalent experimental results and results obtained using classical theOlY. 

Elmallawany also showed that the effect of the thickness modes in the cavity on the 

overall sound transmission loss of the system was not appreciable. This finding allayed 

fears that the failure of Price and Crocker's original model [23J to take these modes into 

account would have rendered any prediction made using this model worthless. 

Craik and Wilson [69J conducted a study of sound transmission through parallel plates 

coupled along a line. The aim of the study was to establish the structural transmission 

loss of four semi-inf1nite plates connected by a rigid beam, and to use these values in a 

standard SEA. Experimental sound transmission loss results involving a concrete block 

cavity wall showed a good comparison with the predictions of Craik and Wilson. Results 

for a light plasterboard construction on wooden studs showed that it may not be 

appropriate to model the joints as rigid and for such constructions it may be more 

appropriate to consider forced (non-resonant) transmission only. 

In another paper, Wilson and Craik [70J studied the sound transmission through a double 

wall with one heavy (masonry) leaf and one light (plasterboard) leaf. In this model it was 

assumed that the radiation from the first leaf into the cavity and non-resonant 

transmission through the first leaf into the cavity were the same as for radiation or 
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transmission into a large room. The systems modelled, where the cavities were 100 nun 

wide, showed a good similarity with expeliment. 

Craik and Nightingale [71] published a study of the effect of edge flanking caused by fire 

stops on the transmission loss of a double wall. This study followed the nonnal process, 

establishing the transmission coefficient of the connection and then inserting this into the 

SEA framework. The results, which demonstrated a good comparison with experiment, 

showed that a fire stop fomled by leaving a continuous plywood sheet lUnning under a 

double wall leads to considerable flanking transmission. In contrast, a thin metal strip, 

used to perfOlID the same function, minimizes flanking transmission. 

Craik and Smith [72] and [73] have conducted perhaps the most comprehensive study of 

sound transmission loss through lightweight patiitions using SEA. Their general [mdings 

showed that the "best" SEA model depends on the frequency range under consideration 

and the method of constlUction used. At low frequencies it is pelmissible to model the 

wall as a single system, where as at high frequencies it must be modelled as a number of 

sub-systems. The way in which the connection between the panels is modelled depends 

on the spacing of the screws connecting the panels to the frame. The connection can be 

modelled as either a se11es of point connections or a single line connection. The 

transition between these conditions was found to occur where half a bending wavelength 

in the panel material was equal to the nail or screw spacing. This choice was made to 

simply fit with the observed data. It was found that when the coupling was behaving as 

point connections, an increase in the number of screws lead to a decrease in the sound 

transmission loss of the whole system. 

Calculations and comparisons with experimental data were also made with the frame 

modelled as both a beam and a plate. It was found that the plate model gave better 

comparisons with experimental data. The frame was assumed acoustical1y thin 

tluoughout the analysis even though in some cases the frequencies involved were above 

the arbitrary limit where the wavelength of sound must be more than six times the frame 

thickness. 
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It was also found that, as Wilson and Craik [70] had proposed, it is not acceptable to 

apply the theOlY for sound transmission into and out of large rooms to transmission into 

and out of typica lly-sized wall cavities. When an individua I path analysis was conducted 

it was found that it was the paths which involved the wall cavity which were not well 

predicted. 

Tn a final paper Craik [74J demonstrated the real power of the SEA technique when 

conducting an investigation of the contribution of long t1anking paths to sound 

transmission in buildings. Such an analysis would not be possible using any other method 

(with CUl1'ent computational power restrictions). It was found that in many cases the 

longer transmission paths in a building were, when added together, more impOliant than 

the first order transmission paths. It was also found that the first order flanking paths 

were otten also more important than the direct transmission paths. The results from the 

paper were however completely theoretical and no experimental evidence was produced 

to support the findings. 



2.3.4 - The Effect of Cavity Ahsorption and Stnd Size, Properties, and Spacing on 

the Sound Transmission Loss of a Double Panel 

This section contains a summary of the workings of various authors, specifically their 

findings with regard to how the variation of a number of different double wall parameters 

affects the overall sound transmission loss of a double wall system. These results have 

been obtained by a wide range of methods, both experimental and theoretical. 

2.3.4.1 - Effect of Cavity Abs011Jtioll 

Ford and Lord [75] conducted an experimental study on the effect of absorption in the 

cavity of a double leaf wall system. They found that in all systems studied the sound 

transmission loss benefited from the addition of the sound absorbing material. If the wall 

cladding material had a very low coincidence frequency, then the decoupling between the 

leaves caused by the addition of absorption was very marked. They also found that if only 

half of the cavity volume was filled with absorbent material, the difference compared to 

the complctcly full cavity was not significant. It appeared to make no difference whether 

this partial absorption was placed around the reveals, in other "strategic" positions or at 

random. The only exception was at low frequencies whcre some improvement was seen 

when the absorption was placed at thc calculated 3qOr mode velocity antinodes, as 

compared to when it was placed around the reveals. 

Loney [76] also conducted an experimental study of the cffect of absorption on the sound 

transmission loss of double walls. The walls which Loney was concemed with had a steel 

frame and were clad in a single layer of 12.5 mm plasterboard each side. Loney's results 

agreed with those of Ford et af. in showing that any absorption would increase the sound 

transmission loss of the system. He also found that the increase in transmission loss was 

not linear with increase in absorption thickness, with the first inch of thickness having the 

greatest affect. If the absorption occupied less than the full volume of the cavity, the 

sound transmission loss was found to depend on the volume of absorption material in the 

cavity. Loney also compared the perfonnance of low-density fibreglass absorption with 



that of high density mineral wool. It was found that the performance of the two materials 

was equal, except over the mid-frequency region where the transmission loss for the 

fibreglass averaged 1 dB less. 

Trochidis and Kalaroutis [65] developed an analytical model using classical thin plate 

theory, which included the effect of abSOll'tion in the cavity. However their study did not 

include an investigation of the effect of varying the properties of the absorption. 

Sharp [6] states that the antinodes of lateral modes in the cavity can have the same affect 

as mechanical couplings between the leaves. The addition of absorption in the cavity 

should therefore have a considerable effect on the sound transmission loss of the system. 

Sharp develops a method for predicting the transmission loss of a double wall with sound 

absorption in the cavity, based on London's theory with a "few simple approximations". 

His experimental results showed that the addition of fibreglass insulation board in the 

cavity increased the sound transmission loss at frequencies above 125 Hz up to 20 dB. 

Bravo and Sinisterra [77] used Sharp's model to predict the sound transmission loss of 

several wall constructions and showed good comparison with experimental results. 



2.3.4.2 - Effect of Stud Size, Material Properties and Spacing 

Loney [76] conducted an experimental study of the effect of stud width on transmission 

loss. He found that for pat1itions with no absorption in the cavity, there was an increase 

in sound transmission loss over most of the frequency range with an increase in stud 

width. For walls with fibreglass absorption in the cavity, there was only an increase at 

frequencies below 125 Hz. Green and Sheny [59] conducted a similar study and their 

results agreed with those of Loney. They found that, in general the largest increase in 

sound transmission loss was seen when going from 40.6 mm studs to 62.5 mm studs (the 

other stud size tested was 90.6 mm). The results showed that the difference between the 

various stud sizes was accentuated if one increased the surface density of the wall 

cladding. 

Green and Sherry [78J in a different study showed that a steel stud wall usually has an 

STC of 2 to 10 points higher than an equivalent wooden stud wall. They concluded that 

this was because of the inherent fIexibility of steel studs, which therefore transmit less 

energy through the partition. 

Price and Crocker [23] showed that their SEA fomlulation predicted that an increase in 

cavity width would only have an effect above the cIitical frequency for walls with no 

mechanical connections between the leaves. They cited the experimental work of Utley 

[79] as support for this finding. 

QUilt [80] conducted a study of double glazed windows with mechanical connection only 

around the edges. He found an approximate trend of an increase of 3 STC points per 

doubling of separation distance between the panes. He points out that this differs from 

London's fOlmulation which predicts a 6 dB increase per doubling ofinterleaf spacing. 

Bradley and Brita [58], also in an experimental study, found that an increase in stud 

width from 89 mm to 140 mm lead to an increase in STC of 1 dB. They found however, 

that increasing the stud spacing from 406 mm to 610 mm results in a 3 point 
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improvement for 89 mm studs and a 6 point improvement for 140 mm studs. These 

changes were attributed to changes in the primary structural resonance, as described by 

Lin and GalTelink [57]. 



2.4 - Finite ElementJ\iethods iQI the Prediction-.9f Sound Trans!nission Loss 

The use of finite element based methods in predicting the transmission loss of building 

elements is a velY new discipline. An illustration of this is that a search of literature from 

1884 to 2001 (when this work commenced) for the tenns "finite element analysis" and 

"sound transmission loss" only yields 30 results, only four of which are relevant to 

building acoustics. The publication of papers detailing the use of finite element 

techniques to study sound transmission loss phenomenon has increased dramatically 

throughout the three-year life of the project. This review includes these recent papers, 

although it is w0l1h noting that many of these papers were published while the work was 

being undel1aken. 

Bolduc et al. presented a conference paper in 2000 which discussed the "numerical and 

experimental characterisation of the transmission loss of complex composite panels" 

[109]. The paper saw a numerical model applied to the study of the sound transmission 

loss of simple single and double panels. A diffuse incident field was created by placing 

two sources in reverberant environment, mimicking the ISO 140 [85] experimental test. 

The transmitted sound power was however calculated directly in a semi-anechoic 

environment. A limited number of predicted results were presented over a low fi'equency 

range. 

Sgard et al. [110] published a paper in 2000 in the Jouma1 of the Acoustical Society of 

America describing a numerical model for the low frequency diffuse field sound 

transmission loss of double-wall sound baniers. In this work, the incident diffuse field 

was approximated using a collection of uncolTelated freely propagating plane waves. The 

numerical method devised was used to study the aflects of various material parameters of 

finite plates, however no comparisons with experiment were made. 

One of the other early papers published in this field, available only in Chinese was 

authored by Li et 01. [8l] in 2001 and concems a coupled finite element method / 

boundmy element method approach to the analysis of sound transmission through 
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stiilened plates. The plates in question are subject to excitation by a single obliquely 

incident plane wave and are mounted in an infinite rigid baffle. The results, 

unsurprisingly, show the dependence of the sound transmission loss on the fundamental 

natura I frequency of the stlUcture. It was also observed that the other natural :liequencies 

of the plates changed wben the plate stlUctural properties were changed. 

Also in 2001, Sakuma [11 J] published an analysis of the sound insulation performance of 

wall members based on a numerical model. Sakuma created the field incident on sound 

transmission loss systems using a large collection of plnne wave sources. Sound 

transmission loss was calculated simply using the average incident intensity and average 

transmitted intensity to calculate the sound power difference. No in-depth analysis of the 

effect of angle of incidence was included. 

A pair of papers have been presented by Papadopoulos f82] and f83] in 2002 and 2003, 

which seek to develop a numerical model for predicting the sound transmission loss of 

systems using an ISO ] 40 compliant method. The first paper is concerned with the 

geometry of the "virtual laboratory", which is designed just like a physical laboratory to 

provide a diffuse field. The "facility" designed is found to meet the requirements of the 

standards in the frequency range 100 Hz to 704 Hz. In the second paper, the model is then 

used to calculate the low frequency perfOlmance of several single layer panels. The 

results are compared to equivalent experimental results. The results only show good 

comparison to experimental results when they are presented in octave bands. The method 

is extended to multi-layered structures and the comparison with experiment is seen to 

worsen. 

Sanda et at. [112] studied the effect of panel SIze on sound transmission usmg a 

numerical model, described in a paper published in 2003. 'Ihis work was motivated by 

the fact that the effect of panel size had not been clearly established previously, using 

experimental or analytical techniques. The work modelled a series of small, simply 

supported panels mounted in an infinite rigid baffle. Their calculated resu Its showed good 

comparison with experiment. 



Also in 2003, Von Estorff and Wandel [1l3] presented a paper at a conference, 

concemed with the numerical modelling of the sound transmission loss of interior aircraft 

lining elements. The systems studied were somewhat removed from those found in 

common building acoustics applications, being made up of honeycomb sandwich plates. 

The numerical arrangement employed by Von Estoff and Wandel included a infinite ligid 

baffle within which the sound transmission loss system was mounted, and a collection of 

plane wave sources which was used to approximate a diffuse field incident on the sound 

transmission loss system. The work then consisted of an experimental validation of the 

structural modal analysis, and a simple sound transmission loss calculation. The 

calculated sound transmission loss results were seen to compare well with experiment. At 

the same conference Brunskog and Davidson [114] presented a similar body of work, 

which initially considered the simulation of the traditional sound transmission loss test in 

the numerical environment. However, Brunskog and Davidson felt that the simulation of 

a full ISO 140 [85] type test was computationally too intensive. It was therefore proposed 

that the reverberant source and receiving rooms be replaced with waveguides. Some 

consideration of how to construct a diffuse incident field was then required. The system 

was used to calculate sound transmission loss, through the difference between the 

calculated incident and transmitted sound powers. Brunskog and Davidson had largely 

the same body of work published in a joumal in 2004 [115], with the addition of 

comparisons between the numerical predictions and experimental results. 

Langer [84] in a paper published in 2003 in Acta AClistica studied the sound transmission 

through windows using a coupled finite element and boundalY element method. The 

method was then applied to study the influence of pane configuration, thickness and the 

inter-pane spacing on the sound transmission loss. 

Gibbs and Maluski, often in association with other authors, have published a large 

number of conference and joumal papers between 2001 and 2004 concemed with the low 

frequency response of small rooms, and the sound transmission between such rooms [116 

- 122]. These studies have used finite element techniques to investigate various aspects of 
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such systems, often concemed with the modal response of the rooms and how this is 

influenced by room geometry, conshuction and contents. For the studies involving 

transmission between small rooms, besides being concemed with low frequencies only, 

the emphasis of the work has been on how the room modes affect the apparent sound 

transmission loss of the separating wall. The papers, particularly [122], have included 

some interesting and relevant studies, such as an investigation of which sound 

transmission loss system boundary conditions best simulate the practical situation. The 

results also include modelled and experimental comparisons, presented in third octave 

bands. 



2.5 --::~ound Tt::l:l!lsmission Los§ExperimentaJ Mel;lsurement Techniqt!~l' 

The previous sections of this chapter have dwelt primarily on theoretical methods used to 

predict the sound transmission loss of various single and double leaf constructions. 

During these sections, reference was occasionally made to experimental results which 

were compared with the various theoretical fonnulations. In these comparisons there was 

an implicit assumption that the experimental results were absolutely conect. This section 

will discuss the vmious studies which have been made regarding the reliability of 

experimental sound transmission loss measurements, both in the laboratOlY and field. 

2.5.1 - Measurements using ISO 140(1997) [85] 

Bhattachmya and Guy [86] conducted a study of the int1uence of measuring facility on 

the measured sound insulation of a panel. They present both experimental and theoretical 

results which show that the measured sound transmission loss of a system is a function of 

the sound transmission loss facility. Their experimental results showed that when the 

direction of transmission was changed between two rooms of unequal dimensions, a 

difference of 5 to 6 db can occur in the measured sound transmission loss of the system. 

The highest transmission losses were repOlied when the sound source was in the smaller 

room. The authors suggest that some SOli of correction factor should be formulated which 

is applied to reverberant transmission loss facilities, so that measurements made in 

different facilities are cOITectly compared. 

Guy et al. [4 J] also conducted a study of the effect of some physical parameters on 

laboratolY measurements of sound transmission loss of a single panel. They found that 

the panel size had a noticeable affect on the measured sound transmission loss. In 

general, the smallest panel had the highest transmission loss. Their results for 

transmission direction contradicted those of Bhattacharya and Guy [86], showing the 

lowest transmission loss when the source was in the smallest room. 



Utley and Smith [87] conducted an experimental study of the repeatability of sound 

h'ansmission loss measurements caITied out in the same facility, They showed that if 

octave bands (as opposed to third octave bands) are used at low frequencies, the 

variability in the results could be reduced. 

Smith et aI, [88] conducted an extensive investigation into the reproducibility of values of 

sound transmission loss measurements of a light wall, between different laboratories. 

Between the 21 participating laboratories, reproducibility values of up to 12 dB were 

found. The wall used consisted of plasterboard cladding mounted on steel framing, and as 

such did not include the variability of wooden studs. Using a SEA, Smith sought to 

explain the differences between the results. He concluded that at low frequencies (below 

250 Hz) the geometry of the panels and test rooms may have contributed to the 

differences between the results. In the mid f1:equency region (up to the critical frequency) 

factors relating to the panel edges radiation such as aspect ratio, sill and reveals and size 

of cavity were estimated to contribute to variation of up to 6 dB. A more dominant factor 

however, was deemed to be the material around the perimeter of the test aperlure. 

Signitlcant differences were seen between the measured results from laboratories with 

steel lined apertures and those with wooden lined apertures. 

The reproducibility results were significantly improved for measurements on a single 

panel. This was deemed to be due to the absence of the second panel and therefore the 

absence of flanking via the surrounding frame, the absence of absorption, the absence of 

a cavity and the absence of a more complex construction. 

A companion study was carried out on heavy (masomy) walls by Schmitz et al. [89] and 

Meier et al. [90]. In this case, the reproducibility results were again not good. The tests 

showed that the choice of wall, type of construction and the use of the same construction 

team could reduce the number of variables and therefore the variation between the 

laboratories. 



A study by Scholes [91 J was undertaken after his observation that two teams, when 

conducting sound transmission loss measurements in the field using ISO 140, could 

obtain significantly different results. The prime causes of these inaccuracies, Scholes 

concluded, was difficulty is setting up diffllse sound fields in the rooms used for the 

measurements. If the sound 1ield is not di fthse, the result obtained is influenced by the 

placement of tbe sound sources and measurement transducers. During their experimental 

studies the workers found that temperature differences between the source and receiving 

room could also significantly affect the results. 



r, , 1,-' 

2.5.2 - Measurements using Intensity Methods 

Several authors have investigated the use of the sound intensity technique as a substitute 

to the method prescribed by ISO 140 [85]. Crocker [92] was among the first to repOli the 

use of sound intensity measurements under laboratOlY conditions, in the literature. He 

was followed by many other workers who studied the effect of various parameters on the 

accuracy of the method. On the whole there was shown to be a good agreement between 

results obtained using the intensity method and the conventional method. It was noted 

however that the sound intensity method usually yielded lower transmission loss values at 

lower frequencies and higher at high frequencies than those obtained by the conventional 

method. 

As outlined by Lai and Burgess [93] the sound intensity technique has advantages over 

the traditional method in the field where it can not only be used to detelmine transmission 

loss, but the contributions of various transmitting faces. The main problem encountered 

by Lai and Burgess, when conducting sound intensity measurements in the field, was 

keeping the measurements within the dynamic capability of the sound intensity system 

(indicated by the pressure-intensity index). 



2.6 - Conc1usions 

This chapter reviewed the past work which investigated sound transmission througb 

single and double panels. 

It became obvious that considerable work has been done in the area of single panels, and 

the original infinite plate concepts have been developed to take the finiteness of real 

panels into account. The one common factor between most of the theories is that they 

showed a "good" comparison with experimental results. However, in no case was the 

comparison exceptionaL 

The section covering double walls discussed the development of double wall theories 

from the original workers who considered laterally infinite walls with no mechanical 

connection to modern day SEA concepts which include the effect of a finite sized wall 

and mechanical coupling between the leaves. Again, comparisons with experimental 

results were shown to be reasonable. 

lbe use of finite element based analyses for sound transmission loss prediction was 

discussed. It was observed that this is a very new field of study, and much related work 

was being done by other authors throughout the duration of this project. 

The final section of the chapter discussed experimental measurements of sound 

transmission loss. It was seen that both the repeatability of measured sound transmission 

loss using the ISO 140 [85] method at a single laboratory, and the comparison of 

measured results between laboratories, is not good. It was shown that while some of this 

variability could be eliminated by using the same personnel to construct the walls and 

make the measurements, the majority of the variability was due to differences in the 

measurement facilities. 

The overall message of this review seems to be that although a lot is understood 

regarding the transmission of sound through both single panels and double panel 



constmctions, a way of accurately predicting the sound transmission losses of these 

constmctions does not exist. Many of the methods discussed can be used to get a good 

estimate of the sound transmission loss or to conduct parameters studies, but matching 

absolute experimental data with absolute predicted data over the entire audible frequency 

range is rarely possible. 

It was concluded that there is clearly a lack of a predictive method which is capable of 

producing results which compare very well with experiment over a wide frequency range. 

Finite element approaches, although they are in their infancy, seem to show the most 

promise in this regard. Many workers have reported very good comparisons with 

experiment. Such studies have been limited to low frequencies to date by computational 

power issues, and have been rather selective in their approach. There seems to be a need 

for a much more thorough approach to sound transmission prediction using finite element 

based techniques, which considers the prediction process in great detail, and seeks to 

align results with previous analytical work. 

There also seems to be a lack of experimental work to support some of the most basic 

analytical findings. The work on the effect of angle of incidence is the most pertinent 

example of this. Another example involves double leaf walls. With the advances in 

transducer and measurement technology, it seems like an opportune time to conduct a 

series of detailed experimental measurements on double walls, in an eff0l1 to find support 

for many of the analytical theories. 





3.1 - Introduction 

One revelation of the literature reVIew, conducted in the prevIOUS chapter, was the 

uncertainty surrounding traditional experimental techniques used to detelmine the sound 

transmission loss of single and double panel constructions. Such techniques, typified by 

ISO 140 [85], seek to obtain the sound transmission loss for a particular wall construction 

over most of the audible frequency range. No further infOImation is available from these 

measurements, to use to explain why a specific result was obtained or what transmission 

mechanisms are at work. The aim to this chapter was to establish the practicality of using 

experimental techniques to investigate in great detail the phenomenon of sound 

transmission through walls. 

The first section of this study involved an investigation of the effect of angle of incidence 

on the measurable sound insulation of a single paneL This area of investigation was 

deemed to be of importance since the literature review had shown that conflicting views 

appear to exist over the significance of the angle of incidence on the occurrence of 

coincidence. The only formally reported experimental studies of this phenomenon were 

conducted by Eisenberg [37] and Oosting [38], as discussed in section 2.2.6.1 of chapter 

2. This avenue of investigation was also of interest since it had been observed that in 

general there was very little understanding of the coincidence effect, especially when the 

effect was based in finite surrounds. 

Much of the confusion around the coincidence effect stems from the difference between 

the workings of Cremer [1] and Bhattacharya and Guy [39]. As discussed in detail in 

section 2.2.6.2 of chapter 2 Cremer, when working with an infinite panel, predicted a 

relation between the angle of incident sound and the frequency of coincidence. 

Bhattacharya and Guy however, when working with a finite panel backed by a cavity, 
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predicted no relation between angle of incidence and coincidence frequency (although 

they predict some dependence of the magnitude of the effect on angle of incidence). The 

explanation of Bhattacharya and Guy precludes the occurrence of coincidence in a panel 

not backed by a cavity. 

There is also a discrepancy between the two formulations at grazing incidence, when the 

infmite panel explanation predicts the transmission loss will simulatiously tend to zero 

and infinity. The finite panel explanation predicts a finite transmission loss at grazing 

incidence, similar in magnitude to the level of transmission loss at any other angle of 

incidence. 

The second phase of the experimental study sought to investigate the response of a 

double panel to an airborne, acoustic source. This study rose out of the observation, 

made during the literature review, that very little of what was actually occurring with the 

sound energy as it was transmitted through a double wall system was well documented. 

SEA is perhaps the most useful analytical method for investigating the roles of the 

various transmission paths in a double wall. However, as is discussed in section 2.3.3 of 

chapter 2, a SEA relies on the fOlmulations of classical workers for the definitions of the 

various sub-systems and the coupling between them. This means that a SEA reveals no 

more about the fundamental transmission mechanisms than a traditional plate bending or 

wave equation type analysis. 

The plan for the experimental study was to break down a framed double panel system 

into its various sub-systems. Each of these sub-systems would be thoroughly investigated 

on their own. The sub-systems would then be re-connected. The changes in the response 

of the system as the wall was reassembled would be studied, and by the time the wall was 

fully reassembled, a complete understanding of each of the sub-systems and their 

interactions with surround elements would be obtained. The analysis therefore 

commenced with an experimental investigation of a single panel. 

I f 1" ,[ 



3.2 - Experimental Angle of Incidence Investigation, Anechoic to Reverberant 

Room Transmission 

The first step in the investigation of the effect of angle of incidence on sound 

transmission loss was to mount a sound source of controllable angle of incidence in an 

anechoic environment. A test panel was located on one wall on the anechoic room, 

backed by a reverberation room. 

3.2.1 - Apparatus and Facilities 

This section describes the experimental apparatus used during each of the angle of 

incidence experimental investigations. It also describes the anechoic and reverberant 

facilities used in this phase of the investigation. 

3.2.1.1 - Laboratory Facilities 

The laboratory where the testing was undertaken is shown in figure 3.2.1. The semi

anechoic room (distinct from a hemi-anechoic room) had an internal volume of 9.6 m3
, 

and was lined on five surfaces with 50 mm acoustic foam covered in fabric. The floor of 

the room had thick wool carpet and underlay over a concrete base. 



Reverberat i on 
room 

Figure 3.2.1 - The laboratory, including the semi-anechoic room 

Instrumentation 
room 

Semi-Anechoic 
room 

The semi-anechoic room is routinely used as the receiving room for sound transmission 

loss measurements using the 'intensity technique'. A measure of the room's anechoic 

properties is its reverberation time, which is shown in figure 3.2.2, compared to the 

reverberation time of an anechoic chamber which satisfies ISO 3745 - 1977 (E) [94]. 

The semi-anechoic room was separated by a doorway from a reverberation room, shown 

in figure 3.2.3, which had an internal volume of 217 m3
. 
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T20 Reverberation Times of Semi-Anechoic Room compared with Anechoic Chamber 
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Figure 3_2.2 - The reverberation time of the semi-anechoic room, compared to that of an 

anechoic chamber which satisfies ISO 3745 [94] 

Figure 3.2.3 - The reverberation room which was connected to the semi-anechoic room 
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As mentioned earlier, this facility is conunonly used to measure sound transmission of a 

panel by the intensity method, with the panel mounted in the doorway and a noise source 

in the reverberation room. An average sound pressure reading is taken in the 

reverberation room, and the transmitted sound intensity measured directly in the semi

anechoic room. 

In this study, a small panel was used, mounted in a specially constructed frame between 

the reverberation and semi-anechoic rooms. The frame, shown in figure 3.2.4, was 

constructed from 18 mm Medium Density Fibreboard (MDF) and sealed tightly into the 

opening between the two rooms. 

20mm 
peripheral lip 

Reverberation 
room 

Mounting frame 

Semi-Anechoic 
room 

Figure 3,2.4 - The frame used for mounting small panels between the two rooms 
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As is illustrated in the figure, the opening in the frame accommodated a panel measuring 

0.95 m by 1.55 m. The panel was mounted in the frame and clamped between the 20 mm 

peripheral lip and a steel bar surround, using a series of clamps. This mounting system is 

illustrated in figure 3.2.5. 

I.SSm 

O.96m 

Figure 3.2.5 - A panel mounted in the frame 

Series of clamps 

Steel bar 
surround 

Panel 

In order to control the angle of incidence of the sound source on the panel, it was not 

desirable to put a sound source in the reverberation room. Since the room was designed to 

produce a diffuse field from any steady sound source, the sound energy impacting the 

panel would do so at many angles of incidence. Instead the sound source was mounted in 
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the semi-anechoic room. If the panel really responded differently to excitation from 

sound impacting upon it at different angles of incidence, then the sound levels transmitted 

through the panel and measured in the reverberation room should have changed in level 

and frequency content. 
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3.2.1.2 - Sound Source Design 

The sound source used in the experiments was carefully designed. A source was needed 

whose propagation pattern resembled a plane wave, and whose propagation direction was 

easily controllable. After some consideration, the sound source shown in figure 3.2.6 was 

constructed. 

( 
1 metre 

) 
Speaker 

Mounting bracket 

-
PVC Tubing 
50 mm diameter 

Adjustable tripod 

Figure 3.2.6 - The sound source used in angle of incidence experimentation 

As the figure shows, the device consisted of a speaker mounted at the end of a one metre 

length of 50 mm PVC tubing. 

There were two major concerns about the perfonnance of this device - the first was how 

the tubing would affect the spectral content of the sound emitted. This is not a major 

concern, since the fundamental parameter under consideration was sound transmission 

loss, therefore the absolute spectral content of the incident sound should not have 



mattered. It was expected that the pipe would contain internal resonances, the most 

predominant being that where the quarter wavelength of sound in air was equal to the 

pipe length. Since the pipe was one metre long this resonance would be expected to 

occur at 86 Hz. The second, and most significant, concern regarding the performance of 

the sound source apparatus was the nature of the radiation pattern emitted from the end of 

the tube. It was hoped that, in the field close to the pipe exit the tube would emit 'plane' 

waveforms, with propagation vectors parallel to the tube centreline. This concept is 

illustrated in figure 3.2.7. 

1 I f 

Ideal Radiation 
Pattern 

1m PVC Tube 
50 mm Diameter 

Speaker 

Undesirable 
Radiation Pattern 

Figure 3.2.7 - Best and worse case scenario for wave guide tube apparatus operation 

The worse case scenario is also illustrated in the figure - it shows the tube acting as a 

point source, emitting hemi-spherical waveforms, even in the field close to the tube exit. 

In this case, no matter what angle the tube was orientated at relative to the panel, sound 

energy would impact the panel at multiple angles of incidence. 
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3.2.1.3 - Sound Source Commissioning 

To establish exactly how the wave guide apparatus was perfonning a series of rigorous 

tests were carried out. These were aimed at allaying the concems raised in the previous 

section. 

The first of these tests sought to address the concem regard ing the affect the tube would 

have on the frequency content of the transmitted sound. The experimental procedure 

used to do this is illustTated in figure 3.2.8. 

~I 
60mm 

, 
Sound pressure 

level 
measurement 

position 
----'---"f -

I 

60mm 
, 

I 
Experiment #1 

1m PVC Tube 
50 mm Diameter 

Speaker 

Experiment #2 

Figure 3.2.8 - The experimental procedure for establishing the influence of the tube on 

the spectral makeup of the transmitted sound 

The sound source apparatus was set up in an anechoic environment, with the speaker 

playing pink noise from a Neutric Signal Generator, through a Bruel & Kjaer Type 2716 

power amplifier. All measurements were conducted using a BlUel & Kjaer Type 2260 
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sound analyzer, running Type BZ 7204 Building Acoustics software. The sound analyzer 

was fitted with a Y2 inch Bruel & Kjaer free field microphone Type 4189, calibrated with 

a Bruel & Kjaer acoustic calibrator, Type 4231. This equipment is shown in figure 3.2.9. 

Figure 3.2.9 - Equipment used for sound pressure measurements 

As is illustrated in figure 3.2.8, in the first experiment sound pressure measurements were 

made 60 mm from the speaker cone, on the central axis of the speaker. A series of 10 

second time averages were made and an average result established. Measurements were 

made in third octave bands from 50 Hz to 10,000 Hz. 

In the second experiment the PVC tube was mounted on the speaker, as is also illustrated 

in figure 3.2.8, and a series of measurements taken 60 nun from the tube exit. After 

average results had been calculated for both cases, the spectral data was plotted and 

compared, as is shown in figure 3.2.10. 
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Sound Pressure Levels with and without the PVC Tube 
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Figure 3.2.10 - The sound pressure levels 60 mm from the speaker cone and 60 mm from 

the tube exit 

The results shown in the figure confirm that the presence of the tube does affect the 

spectral content of the emitted sound. The result from experiment I, without the PVC 

tube, j[[ustrates the frequency response of the speaker. Since the speaker is being 

supplied with pink noise the sound pressure for all of the third octave bands sound be the 

same. However the figure shows that the speakers responce has a peak in the 1,250 Hz 

third octave band, with steady low frequency drop off, and uneven high frequency 

response. 

A comparison between the results from the first and second experiments shows that there 

are some constant losses at frequencies over 500 Hz when the PVC tube is in place. This 

result is consistent with the measurement being taken a greater distance from the sound 

source (see figure 3.2.8). However, when the PVC tube is present the sound levels are 

also boosted at lower frequencies since, as suspected, standing waves are forming in the 

tube length. A major hump in the low frequency end of the response curve occurs in the 

II 



80 Hz third octave band. This finding is consistent with the calculated value of the first 

longitudinal tube resonance at 86 Hz. There is another boost to the response frequency 

spectrum in the 250 Hz third octave band, which is consistent with a }4 wavelength effect 

and again in the 400 Hz band, for the 5/4 wavelength effect. 

In an effort to satisty the second point of concern, another series of tests was conducted. 

Again the source apparatus was set up in an anechoic environment. This time a series of 

sound pressure measurements were taken over a plane parallel to the chamber floor, as 

illustrated in figure 3.2.11. 

Speaker 

Notional plane parallel 
with chamber floor and 

'O,:::::: .... .. .. .... . '. ;;< central axis t; 
intersected by tube 

_--------'-l1li "'" , --.----~--.--.-.-.-

~ ... ------
PVC Tube ., ... , .... , .. 

................................... .......... ",,:::, .. 

Chamber Floor 

Figure 3.2.11 - Experimental layout for establishj ng spatial characteJistics of wave guide 

The notional plane was divided up into a grid of 200 mm by 200 mm squares. Using the 

same equipment as in the previous study, a microphone was mounted at each point of the 

grid. A sound pressure measurement, for the 50 Hz third octave band to the 10,000 Hz 

third octave band, was taken using 10 second averages. Each measurement was repeated 
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several times enabling an average reading to be found for each glid point. This procedure 

was carried out both with and without the PVC tube in place. 

A set of results could then be plotted for the sound field over the notional plane, for each 

third octave band. Since the apparatus was located in an anechoic environment the results 

were the same as those which would be obtained if the source had been propagating into 

free space. The first of these results is shown in figure 3.2.12. 

Speaker and Wave-Guide Tube Sound Survey 

Wltnout W.v.-Gulcle Tube 

WItn W.Y.-Gulcle TuIN f. no .1'0 1.0 .~.c •• 
~ "',""rl Ie., II 

Figure 3.2.12 - Sound field emi tted from the source at 50 Hz 

Wlm W.v.-Guldt TUIN 

The figure shows plots of the sound pressure field in the room over the 50 Hz third octave 

band, for the source speaker with and without the PVC tube. Each set of data is presented 

using a contour plot and a three dimensional surface plot. 

! I 
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The result for the speaker without the PVC tube shows that, as was expected, there is an 

almost hemispherical propagation pattern from the speaker. The addition of the tube 

produces almost plan' w, v ... ound pressure contours, travelling in a direction parallel to 

the tube axis, in the area around 100 mm from the tube exit. 

Speaker and Wave-Guide Tube Sound Survey 

WIthout Wov.-Gulde TUM 

With Wav.-Gulde TUM With Wave-Gulde TuM 

Figure 3.2.13 - Sound field emitted from the source at 63 Hz 

As can be seen in figure 3.2.13, the same trends are visible in the 63 Hz third octave 

band, with even more clearly defined plane wave pressure contours emitted from the 

tube. 
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Speaker and Wave-Guide Tube Sound Survey 

Without Wave-GUlde TUIM 

Without W.v.-Gulde TUIM 

With Wave-GUide TUIM Wllh W.ve-Gulde TUIM 

Figure 3.2.14 - Sound field emitted from the source at 80 Hz 

The result for the 80 Hz band is of interest since it is in this band that the y,; wavelength 

effect takes place (see figure 3.2.10). These results support those shown in figure 3.2.10, 

with the sound pressure level emitted from the tube clearly higher than that from the 

speaker alone. The waveforms emitted from the tube for this third octave band are 

almost semi-circular in form. This means the results obtained using the wave guide 

apparatus to create specific angles of incidence will not be valid for the 80 Hz third 

octave band. 

11 
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Speaker and Wave-Guide Tube Sound Survey 

Wltttout Wav..-Gulde TUM 

WIttt Wav..-Gulde TuM u no /0 ""n~ •• ...... -. I~~ll 

Figure 3.2.15 - Sound field emitted from the source at 100 Hz 

The 100 Hz result sees a return to the flat pressure contours radiated from the tube exit. 

Through the mid frequency range, the results continue to display consistent plane wave 

pressure contours around the tube exit, as is illustrated in figures 3.2.16 to 3.2.18. 

II ' 
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Speaker and Wave-Guide Tube Sound Survey 

WIthout Wlv.-Gulde Tube 

WItI1 Wlv.-Gulde Tube 

Figure 3.2.16 - Sound field emitted from the source at 200 Hz 
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Speaker and Wave-Guide Tube Sound Survey 
Sound Pressure Contour Plot at . 500 Hz 

_OUlW~uldeTuIle 

WItt! W .. ...-Gulde Tulle 

Figure 3.2.17 - Sound field emitted from the source at 500 Hz 
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Speaker and Wave-Guide Tube Sound Survey 

WIthOut W.ve-GUldo Tube 

WIthout Wove-Gul<H Tube 

With Wove-Guld. Tube 

Figure 3.2.18 - Sound field emitted from the source at 1250 Hz 

However, the results quickly degrade at the point where the half wavelength of sound in 

air becomes significant compared to the intemal diameter of the tube. This occurs in the 

3150 Hz third octave band, and the effect on the radiated sound pattern is immediate and 

dramatic, as illustrated in figure 3.2.19. 
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Speaker and Wave-Guide Tube Sound Survey 

WIltlOU! W.~ul. Tu~ 
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Figure 3.2.19 - Sound field emitted from the source at 3150 Hz 

The exit of the tube is now acting as a point source - and at this frequency appears to be 

much more effective at creating a hem i-spherical sound field than the speaker cone. 

From this point on the ability of the tube to produce a radiation pattern typified by plane 

waves decreases rapid ly. The final third octave band result, for 10,000 Hz third octave 

band, is shown in figure 2.2.20. 
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Speaker and Wave-Guide Tube Sound Survey 

Without Wove-Guide Tube 

Wrth Wove-Gulde Tube Wrth Wove-Gulde Tube 

Figure 3.2.20 - Sound field emitted from the source at 10,000 Hz 

The study therefore showed that the wave guide apparatus could be used to create a 

controlled directional sound field, within celtain limits: 

In the vicinity of the fundamental longitudinal resonance of the air volume inside 

the tube (in the 80 Hz third octave band) the results using this apparatus would be 

invalid. This effect seemed to be sufficiently diminished by the second 

longitudinal tube resonance. 

At frequencies over that of the first lateral mode in the air volume in the tube (in 

the 3150 Hz third octave band) the results would also be invalid. 
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3.2.2 - Experimental Procedure 

A 9 mm medium density fibreboard (MDF) panel was used in all experiments, mounted 

in the frame between the semi-anechoic room and the reverberation room, as described in 

the preceding sections. The wave guide apparatus was then mounted on a tripod, 

pointing towards the centre of the panel. The angle of incidence of the sound source was 

then varied, in a plane parallel to the chamber floor, as illustrated in figure 3.2.21. 

IOOmm 

I r-

Angle of Incidence 

Speaker Tube [In a plane parallel 
to the chamber floor] 

-. 

Figure 3.2.21 - Variation of angle of incidence in the semi-anechoic room 

As in the figure above, the centre of the tube exit was kept at a distance of 100 mm from 

the centroid of the panel at all times. This was because the analysis of the previous 

section had shown that this was the distance at which the tube emitted the most consistent 

flat sound pressure contours, for the frequency range of interest. 

To establish the incident sound pressure, a single sound pressure measurement was taken 

100 mm from the tube exit, on the tube centrel ine. This measurement was conducted 

I. 
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with the apparatus mounted in an anechoic room. To measure the transmitted sound 

level, a series of sound pressure measurements were made in the reverberation room and 

an average result obtained. 



3.2.3 - Results 

Measurements were made at angles of incidence of zero degrees, mne degrees, 25 

degrees and 43 degrees, relative to the panel surface normal, in a plane parallel to the 

floor. 

Figure 3.2.22 shows the panel transmission loss, as predicted by the 'mass law', for such 

changes in the angle of incidence. It also demonstrates the change in coincidence 

frequency expected to accompany such changes. The sound transmission loss of the panel 

,measured using the traditional ISO 140 [85] method, is also shown in the figure. 
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Figure 3.2.22 - 'Mass law' predictions with change in angle of incidence 

As the figure shows, the only angle of incidence for which the theoretical coincidence dip 

of an infinite panel is below 10,000 Hz is 43 degrees. At the three other angles of 

I I 



I I II 

incidence studied In the experiment, the theoretical critical frequency IS well above the 

audible range. 

Figure 3.2.23 shows the results from the experimental measurements. As noted on the 

figure, the result is not a true transmission loss, but rather a pressure difference. It is the 

difference between the sound pressure level 100 mm from the wave guide tube exit and 

the sound pressure level generated in the reverberation room. 

Effect of Incident Sound Angle on STL Measurements 
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Figure 3.2.23 - Sound pressure difference between tube exit and reverberation room at 

various angles of incidence 
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The figure shows that although the results exhibit a much sharper coincidence dip than 

the diffuse field results, the difference between the results for individual angles of 

incidence is minimal. Assuming there is some relation between angle of incidence and 

coincidence as Cremer's theory suggests, then it must be concluded that the wave guide is 

not acting correctly - resulting in sound being on the panel at multiple angles of 

incidence. This could happen since although relatively 'plane' wavefonns exist close to 

the tube exit, only a small area of the panel's surface will actually be exposed to these 

ideal wavefonns, as illustrated in figure 3.2.24. 

.. 

.. 

Assumed 
Radiation Pattern 

MDF Panel 

1m PVC Tube 
50 mm Diameter 

Speaker 

Possible Real 
Radiation Pattern 

Figure 3.2.24 - Possible explanation for the lack of variation observed with different 

angles of incidence when using the wave guide apparatus. 

The modes of the reverberation room could also be affecting the results since finite panel 

coincidence theories often dwell on the importance of the cavity backing the panel. 

I I 
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3.3 - Experimental Angle of Incidence Investigation, Anechoic to Anechoic Room 

Transmission 

The large amount of absorption in an anechoic room prevents the formation of acoustic 

modes by rapidly taking the acoustic energy out of the room. Therefore, a panel backed 

by an anechoic room will respond in the same way as one with no backing cavity. So, to 

eliminate the possible effect of the reverberant receiving room on the results of the 

previous section, it was decided to construct a second semi-anechoic room so the test 

could be repeated for sound transmission between two semi-anechoic rooms. 

3.3.1 - Construction of New Experimental Facilities 

The new facility plan is shown in figure 3.2.25, along with that of the original laboratory. 
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8300 

, 

(3) CD ~ 
REVERBERATION ROOM New Origional 0 

~ Anechoic Room Anechoic Room 
"' 

~G::J 0 

'" .... .... 

1 

I. 
DOOR LOCATION _l 

10390 

Figure 3.2.25 - The modification of the laboratory to create a double anechoic room 

facility 

I _ I 



As the plan shows, the new anechoic room was constructed inside the original 

reverberation room, so the original doorway could still be used to mount the test 

specimens. The room walls and ceiling were constructed from double 10 mm 

plasterboard lined wooden framed walls, filled with fibreglass sound insulation. AU 

internal surfaces were lined with 50 mm fibreglass absorption. The new facility is shown 

in figure 3.2.26. 

Figure 3.2.26 - New double semi-anechoic test facility 

Old semi
anechoic room 

Frame for 
mounting sound 
transm ission 
loss specimen 

New semi
anechoic room 

Reverberation measurements made in the new semi-anechoic room, along with onsite 

observation, identified back-echo from the reverberation room as a major problem. This 

is illustrated in figure 3.2.27, where high reverberation times below 630 Hz can be seen 

in the new semi-anechoic room. This is because the new facility walls have relatively 
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poor sound transmission loss properties at low frequencies and the sound absorption with 

which the room is lined is most effective a' high frequencies. 

Reverberation Times of Semi-Anechoic Facilities 

6· 

5 --------------------------~---------------------------------------------------------------------------
~ 
E 4 ----------------------~~~~~~------------------------------------------------------
i= 
c:: 
.Q 3 -.... 
~ 
Q) 

~ 2 . ----~~------------------------------------------------,----------------------------------------------------------------------, Q) 

> 
Q) 

0:: 

o '~~~~~~~--~------------------L~ 6-3 so 100 125 H!O 200 250 315 400 ~"'O 530 SCO ,II. 125k 1.6k 2k 2.6k :) 1~ 4k 5k 8.3k 8k 'Ok 

1/3 Octave Band Centre Frequency (Hz) 

~-New Semi-Anechoic Room without Absorption in the backing Reverberation Room I 
- New Semi-Anechoic Room with Absorption in the backing Reverberation Room I 
- Old Semi-Anechoic Room 

Figure 3.2.27 - Reverberation times of semi-anechoic rooms 

To counter this problem approximately 50 m2 of 50 mm sound absorption material was 

added to the reverberation room. The performance of the facility then improved 

markedly, as is also illustrated in figure 3.2.27. The facility now had a performance 

comparable to an ISO 3745 compliant anechoic room at frequencies above 160 Hz. 
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3.3.2 - Anechoic to Anechoic Experimental Procedure 

As shown in figure 3.2.28, the wave guide was mounted in the new semi-anechoic room. 

It's angle, relative to the panel surface nonnal, was varied in a plane parallel to the 

chamber floor in a manner identical to that used in the previous experiment (see figure 

3.2.21). 

Figure 3.2.28 - Wave guide apparatus mounted in the new semi-anechoic room 

As in the previous section, a measurement of the sound pressure 100 mm from the tube 

exit was taken and used as the incident sound pressure level. However, since the 

receiving room was now anechoic, a single sound pressure measurement could no longer 

be used to gauge the transmitted sound level. Instead, an average pressure reading was 

taken, over the entire transmitting surface. This was achieved by setting up a grid of 100 

mm squares over the panel surface, and taking a sound pressure measurement in the 

centre of each square. The use of this procedure meant that the spatial variation in the 

transmitted sound over the panel surface could also be studied. 



3.3.3 - Anechoic to Anechoic Experimental Results 

Results were obtained for angles of incidence, in the plane parallel to the chamber floor, 

of zero, 29 and 42 degrees. Figure 3.2.29 shows the pressure level difference results 

obtained, compared to the sound transmission loss of the panel measured using the 

traditional method. 

Sound Pressure Difference at Various Angles of Incidence with Double Semi·Anechoic 
Room Facility 
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Figure 3.2.29 - Sound pressure differences with double semi-anechoic room facility, at 

various angles of incidence 

The results show high levels of deviation from the constant gradient curve normally 

expected through the 'mass region'. This variation was not evident in the anechoic to 

reverberation room pressure level difference results (see figure 3.2.23). The results are 
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similar to the reverberation to anechoic room results in that there is no obvious 

relationsh.ip between sound transmission loss and angle of incidence. The coincidence dip 

appears to be wider and flatter than that evident in the anechoic to reverberation room 

results. 

The problem with controlling the angle of incidence, as discussed in the previous section 

and illustrated in figure 3.2.24, is still applicable to these results. It is therefore 

impossible to draw any firm, definitive conclusions from these results. 

As mentioned in the previously, sound pressure measurements were made in a grid over 

the transmitting surface of the panel. A study of the transmitted sound pressure field at 

various frequencies for each angle of incidence was undertaken. The aim of this study 

was to establish whether there were any obvious differences in the spatial distribution of 

the transmitted sound energy at different angles of incidence. 

o deg 29 deg 42 deg 

25Hz 

Figure 3.2.30 - Sound pressure levels over the MDF panel transmitting surface at various 

angles of incidence, for the 25 Hz third octave band 
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The first of these results is shown in figure 3.2.30. The wave guide tube was pointed at 

the centre of the panel as illustrated in figure 3.2.21. The angles of incidence which each 

contour plot represents are shown at the top of the figure, and the sound pressure level 

scale (dB) is at the left hand side of the figure. 

Very little can be concluded from the set of results shown in figure 3.2.30, for the 25 Hz 

third octave band. All three sound pressure level profiles appear to be remarkably 

similar. There is no area of heightened excitation in the centre of the panel, where the 

sound source was focused. 

o deg 29 deg 42 deg 

100Hz 

Figure 3.2.31 - Sound pressure levels over the MDF panel transmitting surface at various 

angles of incidence, for the 100 Hz third octave band 

Figure 3.2.31 shows the result at 100 Hz, typical of the results in this frequency range. 

The results at angles of incidence of 29 and 42 degrees appear to be very similar, with a 

slightly different response for the normal incidence result. An area of high sound energy 

is visible in the centre of the panel. 



o deg 29 deg 42 deg 

315Hz 

Figure 3.2.32 - Sound pressure levels over the MDF panel transmitting surface at various 

angles of incidence, for the 315 Hz third octave band 

o deg 29deg 42 deg 

1000Hz 

Figure 3.2.33 - Sound pressure levels over the MDF panel transmitting surface at various 

angles of incidence, for the 1000 Hz third octave band 
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In contrast, figure 3.2.32 shows the result at 315 Hz has an area of low sound energy in 

the centre of the panel, in all three cases. Again, the 29 and 42 degree results have a 

closer level of similarity than the result at nonnal incidence. 

The result at for the 1000 Hz third octave band, shown in figure 3.2.33, is typical of the 

higher frequency results. As the sound pressure difference curve of figure 3.2.29 

suggests, the results are remarkably similar for all angles of incidence. These results 

support the suggestion that the wave tube apparatus is not controlling the angle of 

incidence of the sound source very well over the entire surface of the panel. 

o deg 29deg 42 deg 

3150Hz 

Figure 3.2.34 - Sound pressure levels over the MDF panel transmitting surface at various 

angles of incidence, for the 3150 Hz third octave band 

The result at 3150 Hz was initially of sone interest since the critical frequency of the 

panel lies within this third octave band. However, there is nothing visible in the sound 

pressure contour results which would suggest that any different sound transmission 

mechanism is at work. It should be noted however, that at this frequency the wavelength 

of sound in MDF and the wavelength of sound in air is small compared to the 

measurement grid resolution. 
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3.4 - Conclusions from Experimental Angle of Incidence Investigation 

Despite some thought and time being put into the experimental angle of incidence 

investigation, very few useful results were obtained. A persistent similarity between 

sound pressure level differences through the panel, at various nominal angles of 

incidence, was found. Changing the experimental facilities from an anechoic/reverberant 

facility to a double anechoic facility did not improve the results. No conclusions with 

regard to the dependence of sound transmission loss and coincidence on angle of 

incidence could be reached due to unceliainty over the sound source's ability to control 

the angle of incidence. 

Contour plots of the sound field emitted from the rear side of the panel also yielded little 

of interest. Like the sound pressure difference results, the sound intensity contours plots 

showed a remarkable similarity for each nominal angle of incidence, over the entire 

frequency range. Any change in transmission mechanism at and above the coincidence 

region was not evident in the results. 
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3.5 - Wall Cell Investigation 

I n 
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As outlined in the introduction, the aim of the second half of the experimental eff011 was 

to conduct a detailed experimental study of sound transmission though a simplified 

double leaf wall. To provide the simplest possible acoustic environment, the wall section 

was freely suspended in an anechoic chamber. The acoustic field inside the anechoic 

chamber containing only the double wall section was very simple - consisting of the 

primary acoustic signal travelling from the sound source and any sound reflected, 

transmitted or diffracted as a result of it's interaction with the wall section. By freely 

suspending the double wall section, any residual stresses within the wall section were 

minimized and the boundary conditions were very close to those of a free-free system. 

It was anticipated that this study would yield information as to how the double wall 

section reacted to incident airborne acoustic excitation, including the vibration induced in 

the panel and the acoustic field radiated from the transmitting side of the system. 

3.5.1 - Facilities, Apparatus and Experimental Method 

This section describes the facilities and apparatus used to study the double wall section 

and the experimental methods used to obtain the results presented in the final sections of 

this chapter. 

3.5.1.1 - Anechoic Chamber 

The anechoic chamber used in all the experiments is shown in figure 3.5.1. The chamber 

is 3.4 metres wide, 5.2 metres long and 3.6 metres high, with an internal volume of 63.7 

m3
• All intemal surfaces of the chamber are covered in 600 mm encapsulated fibreglass 

wedges. 

I () 



Figure 3.5.1 - Anechoic chamber used in the experimental investigation 

According to ISO 3745, Annex A [94] the chamber can be used for conducting sound 

power measurements down to 143 Hz. All measurement surfaces must be located at least 

1.72 m from the chamber walls and the chamber is valid for measurement of the sound 

power of sources up to 0.32 m 3 in volume. 

The background sound pressure levels within the chamber were measured dUling times of 

peak noise in the surrounding environment. The results are shown in figure 3.5.2. 

I I 



Background noist;j levels in the Anechoic Chamber(05/03/03) 
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Figure 3.5.2 - The background sound pressme levels in the anechoic chamber 

Figure 3.5.2 illustrates that the only third octave frequency band for which the 

background noise level was of any real significance is the 50 Hz band. This was due to 

the electrical equipment positioned all around the room (which is located within the 

laboratories of the ElectIical and Electronic Engineering Department at the University of 

Canterbury). However, even at 50 dB in the 50 Hz third octave band, the background 

noise was significantly below the sound levels which were generated in the chamber 

during experimental testing (around 100 dB in third octave bands across the entire 

audible frequency range). 

The anechoic chamber used was not equipped with a trampoline floor (for walking above 

the absorption on the bottom surface of the room), but rather with a fi'mnework of angle

iron with a 40 mm flange. This fi'amework, visible in figure 3.5.1, was alTanged in 400 

mm squares, with wire mesh suspended between each square. At the outset of the study 

there was some concern about the effect of this framework on the anechoic properties of 

the chamber, as it was noted that the framework introduced a large surface area of steel 
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into the chamber. In an effort to allay these concerns, a thorough investigation of the 

sound field created in the chamber by a single steady sound source was undertaken. 

As is illustrated in figure 3.5.3 a single sound source was set up at one end of the 

chamber. This sound sOQrce emitted pink noise at high levels. Three notional planes, 

shown in blue in figure 3.5.3, were established over which sound pressure levels were 

measured. The central notional plane was parallel to the chamber floor and located 

vertically so as to intersect the central axis of the speaker. The other two notional planes 

were also parallel to the chamber floor, and located 550 mm above and bellow the central 

notional plane. Over each notional plane a series of 40 sound pressW"e level 

measW"ements were conducted, using the equipment and methodology described in 

section 3.2.1.3. 

These measurements were processed and a contour plot representing the sound pressure 

field over each notional plane, for each third octave band, was produced. The data was 

processed and plotted in Matlab® using a specially written program (see appendix Al). 

I,!·) 
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Figure 3.5.3 - The three notional planes over which sound pressure measurements were 

taken 

Figures 3.5.4 to 3.5.12 display a selection of the results, for a number of different third 

octave bands, spanning the audible frequency range. It was hoped that these results 

would assist in two areas: 

That they would reveal whether any inconsistency in the sound field in the room 

was evident below the 143 Hz cut-off frequency suggested by ISO 3745 [94]. 

This would provide infonnation as to the validity of results obtained below this 

frequency in the chamber. 

Over the entire frequency range there existed the possibil ity of reflections from 

the suspended floor disrupting the sound field withjn the chamber. A comparison 

of the sound pressure fields over the three notional planes would reveal whether 

this was, in reality, an issue. 
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Sound Pressure 
Levels at 50 Hz 

Figure 3.5.4 - Sound pressure over the three notional planes in the anechoic chamber for 

the 50 Hz third octave band 

Sound Pressure 
Levels at 80 Hz 

Figure 3.5.5 - Sound pressure over the three notional planes in the anechoic chamber for 

the 80 Hz third octave band 
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Sound Pressure 
Levels at 160 Hz 

Figure 3.5.6 - Sound pressure over the three notional planes in the anechoic chamber for 

the 160 Hz third octave band 

Sound Pressure 
Levels at 315 Hz 

Figure 3.5.7 - Sound pressure over the three notional planes in the anechoic chamber for 

the 315 Hz third octave band 
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Sound Pressure 
Levels at 630 Hz 

Figure 3.5.8 - Sound pressure over the three notional planes in the anechoic chamber for 

the 630 Hz third octave band 

Sound Pressure 
Levels at 1250 Hz 

Figure 3.5.9 - Sound pressure over the three notional planes in the anechoic chamber for 

the 1250 Hz third octave band 



Sound Pressure 
Levels at 2500 Hz 

Figure 3.5.10 - Sound pressure over the three notional planes in the anechoic chamber for 

the 2500 Hz third octave band 

Sound Pressure 
Levels at 5000 Hz 

Figure 3.5.11 - Sound pressure over the thJ'ee notional planes in the anechoic chamber for 

the 5000 Hz third octave band 
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Sound Pressure 
Levels at 10,000 
Hz 

Figure 3.5.12 - Sound pressure over the three notional planes in the anechoic chamber for 

the 10,000 Hz third octave band 

Overall, the figures show that the sound field generated by the source appears to the 

propagating away into free space meaning that the results for the top and bottom notional 

planes are very similar. The exception is at high frequencies where the discrepancy is 

attributed to the increasing directivity of the sound source. Therefore, there is little 

evidence to suggest that the steel floor has a measurable affect on the sound field in the 

chamber. There is also no real difference observable in the results at frequencies below 

the cut-off frequency of the chamber as detelmined from ISO 3745. This suggests that 

results obtained in the chamber at frequencies below 143 Hz may still be valid. 

This series of experiments allowed the work to proceed with confidence, with a thorough 

knowledge of the acoustic working environment. Also, since no major degradation in the 

sound field was obvious at frequencies below 143 Hz, it was decided that the chamber 

would be used, with discretion, to conduct experimental measurements at frequencies 

down to the 80 Hz third octave band. 
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3.5.1.2 - Experimental Apparatus and Methodology 

3.5.1.2.1 - General 

For all experimental measurements, the sound field in the anechoic chamber was 

produced by a powered JBL EON IS" speaker/amplifier system. This speaker system, 

shown in figure 3.5.13, features a IS inch main driver, high frequency tweeter and 

dispersion hom and bass reflex ports. 

Figure 3.5.13 - JBL EON speaker system used as the sound source in all experiments 

The speaker system also features an on-board amplification system. It was therefore 

connected directly to the Neutric Signal Generator (see section 3.2.1.3). The whole sound 

source system was mounted on a tripod, 1.2 metres from the chamber floor. 

The test specimens were suspended from two overhead wires which ran the length of the 

anechoic chamber. As is illustrated in figure 3.5.1, the specimen was located 1.65 metres 

from the speaker cone, with the centre point of the specimen surface coinciding with the 

central axis of the speaker. 



The fully assembled test specimen is illustrated in figure 3.5.14. As IS shown In the 

figure, the specimen measures 0.64 m by 1.20 m and is 110 mm thick. 

10mm 
Plasterboard 
Cladding 

A II measurements in mm 

90 X 45 mm kiln 
dried Laser 

Frame® timber 
framing 

Figure 3.5.14 - Full test specimen used in experimental investigation 

As shown above, the specimen was based around a peripheral frame constructed of 90 

mm by 45 mm kiln dried Laser Frame® - a common timber framing material used by the 

residential building industry in New Zealand. The frame was clad on both sides with J 0 

mm Standard Gib® plasterboard. The plasterboard had surface mass of 6.6 kg/m2
, a 

Young's modulus of2.4 x 109 N/m2
, and a Poisson's ratio of 0.22. 

The plasterboard cladding was attached to the frame with screws at approximately 300 

mm centres, using the screwing configuration illustrated in figure 3.5.15. 



Figure 3.5.15 - The screw configuration used to attached the plasterboard to the frame 

A specimen of this size and nature was used because it was thought to be representative 

of a 'cell' from a typical residential double leaf wall system. Such a wall typically 

consists of studs at 600 mm centres, a top and bottom plate and a centrally located 

horizontal dwang. This concept is illustrated in figure 3.5.16. 
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Typical WaJl- 90 x 45 
mm framing, studs at 
600 centres, single 
centrally-located 
horizontal dwang 

Figure 3.5.16 - The wall cell concept 

Wall Cell - Peripheral 
90 x 45 mm framing, 
645 mm by 1200 mm 

The wall cell described thus far is the 'fully assembled wall specimen'. As outlined in the 

introduction to this chapter, during the course of the investigation various components of 

the system were be examined alone, before the entire system was assembled and tested. 

I . 
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System a - Single panel System b - Single Framed Panel System c - Double Panel System d - Double Framed Panel 

Figure 3.5.17 - Various component test configurations 

These component tests include tests on a single hanging plasterboard panel, measuring 

0.64 metres by 1.20 metres (system a), a single panel attached to a peripheral frame 

(system b), two hanging plasterboard panels separated by a 90 mm air gap (system c) and 

finally the entire assembled system (system d). These test component combinations are 

shown in figure 3.5.17. 

For each component system a number of identical tests were conducted. For each of 

these tests, a specific set of transducers and recording equipment and experimental 

method were used. The following sections describe each test, classified by what aspect of 

the problem it seeks to study. 



3.5.1.2.2 -Interruption to the soundfleld in the anechoic chamber 

This series of measurements attempted to visualise the interruption to the sound pressure 

field in the anechoic chamber caused by each system. Oi fferences in the results between 

each of the systems yielded information as to the relative importance of diffraction 

around and transmission through each of the systems. Since the wall cell would normally 

form part of a complete wall system, these results have not direct relevance to traditional 

building acoustics problems (since there would not normally be significant sound 

transmission around the edges of the wall cells). However, these results would find some 

appl ication in the design of acoustic barriers such as highway noise barriers. 

The procedure for making these measurements commenced with the construction of a 

notional grid on a plane parallel to the chamber floor, and intersecting the axis of the 

source speaker. This notional gird and the locations of the sound source and hanging 

panel are illustrated in figure 3.5.18. 

To Scale 

Figure 3.5.18 - Notional grid for sound pressure field interruption measurements 



The grid consisted of 28 rectangles, each measuring 350 mm by 400 rnrn, and intersected 

the panel 1.65 metres [rom the speaker. 

sound pressure measurement was taken at each node of the grid, yielding a total of 40 

measurements. The measurements were made using a Bruel & Kjaer free field Type 4189 

microphone, along with a Bruel & Kjaer Type 2260 sound analyser, loaded with Type 

building acoustics software. This equipment is the same as that used in the first 

half of this chapter and is illustrated in figure 3.2.9. The microphone was mounted on a 

tripod to allow accurate and consistent positioning and two 10 second averages taken at 

each point. Measurements were made in third octave bands from the 50 Hz band up to 

10,000 Hz band. 

After the completion of the measurements, the data was downloaded from the sound 

analyser, and assembled and plotted using a specially written Matlab® program (see 

appendix AI). This analysis produced a contour plot for each third octave tl'equency 

band, showing the sound pressure field over the notional measurement plane. An 

example is shown in figure 3.5.19. 
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Figure 3.5.19 - Example of the sound pressure field interruption result for a single third 

octave band 

One of the most important factors to consider when vlewmg these results is the 

coarseness of the measurement grid on which the results are based. Although the 

Matlab® program uses an advanced splining technique to create a detailed looking 

contour plot, the actual data the plot is based on is relatively sparse (40 measurement 

points 350 mm to 400 nun apart). Therefore reading any significance into the fine detail 

shown on these plots should be avoided. Also it should be noted that the plotting 

algorithm does not correctly handle the discontinuity in the sound pressure field caused 

by the wall cell. For this reason, trends visible on the contour plots in close proximity to 

the specimen must be treated with caution. 
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3.5.1.2.3 -Panel surface acceleration 

The aim of this series of experiments was to directly measure how each of the systems 

was reacting to the same incident sound field. To do so, the panel was divided into a grid 

of 100 mm squares, as illustrated in figure 3.5.20. 
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Figure 3.5.20 - Panel grid for acceleration measurements 

---

As the figure illustrates, an acceleration measurement was taken in the centre of each grid 

square, yielding a total of 72 measurements. Bruel & Kjaer Type 4344 2.1 gram 

accelerometers were used, connected directly to the Bruel & Kjaer 2260 sound analyzer. 

The signal from the accelerometers was strong enough to make the use of a charge 



amplifier unnecessary. The accelerometers were attached to the panel using double-sided 

tape. 

In a process akin to that described previously for the sound pressure field measurements, 

two measurements each lasting 10 seconds were taken at each point on the grid. The 

results were once again recorded in third octave bands from the 50 Hz band up to the 

10,000 Hz band. Since no equipment was available to calibrate the accelerometers all the 

acceleration measurements must only be considered relative to each other. 

Once the measurements were complete the data was downloaded from the sound 

analyzer, and a Matlab® routine (see appendix A2) used to produce a contour plot of the 

acceleration over the panel surface, for each of the third octave bands. Since the 

measurement resolution was higher than that used for the sound pressure measurements, 

the acceleration results were of higher quality and valid for higher frequencies then the 

pressure field results. Figure 3.5.21 is an example of both a sound pressure contour plot 

and a panel surface acceleration plot. 



Figure 3.5.21 - Combined sound pressure field and panel acceleration plot, for a single 

third octave band 

Acceleration measurements were made for some systems on both the front and back face 

of the panels. For systems containing more than one panel, acceleration measurements 

were made over the front face of the front panel and the back face of the back panel. 
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3.5.1. 2. 4 - Transmitted sound intensity 

Sound intensity measurements were made immediately behind each of the systems, to 

analyse the sound transmitted through each system. These measurements were made over 

the same grid as that used for the acceleration measurements; only over a notional plane 

offset a distance of70 mm from the back of the panel, as illustrated in figure 3.5.22. 

Measurement 
Plane Offset 70 
mm 

Intensity 
measurement 
at the centre of 
each square 

"', J 

I 
-:- - I , -

1 , ,.. . 
. - _ I • "'1 . 

: .... I 

. I ' . I 
I', , ""I - 1 

I 
! f'" 

~ 1 • - - I "r 
I:, 

,J 
1 -. 

r 
'-" I ., 

I' 

r 
1 I "1 

~ ' I 1 

! I............... I · "' 

~ " I' 

<t:1 

t . 

Figure 3.5.22 - Grid over which the sound intensity measurements were made 

The measurements were made using the Bruel & Kjaer sound intensity probe, comprised 

of a phase-matched pair of microphones Type 4197, a 12 mm spacer Type VC 5269 and 

preamp Type 2683. The sound intensity probe was used in conjunction with the Bruel & 

Kjaer Type 2260 sound analyser and sound intensity software, Type BZ 7205. The probe 

was positioned by hand at the centre of each square, and two five second measurements 

I I 
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taken. The measurements were recorded in third octave bands from the 50 Hz band up to 

the 10,000 Hz band. 

As with the acceleration results, the measurements were then downloaded and processed 

in Matlab® using another especiaJly written algorithm (see appendix A3). The result was 

a series of contour plots showing the spatial distribution of the sound intensity field 

behind each system, for each third octave band. A typical plot is shown in figure 3.5.23, 

along with a sound pressure field result. 

Figure 3.5.23 - Sound intensity field behind the panel 

These results were intended to be useful in studying the connection between the incident 

sound pressure field, the panel vibration and the radiated sound field. 
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3.5.1.2.5 -The apparent sound transmission loss of the system 

The apparent sound transmission loss of each system was measured. This was done using 

the fundamental definition of sound transmission loss - the difference between the input 

and output sound power of a system. 

To establish the sound power incident on the system, the panel was removed from the 

room, and the sound intensity measured over the notional surface, previously occupied by 

the panel, as illustrated in figure 3.5.24(a). 
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(a) Remove panel, measure 
sound intensity over area 
previously occupied by panel 

(b) Replace panel, measure 
sound intensity transmitted 
through panel 

Figure 3.5.24 - Procedure for establishing the apparent sound transmission loss of a 

freely suspended panel system 

The specJmen was then retumed to its original position, and the sound intensity 

transmitted through it was measured as illustrated in figure 3.5.24(b). Since sound power, 

by definition, is the product of sound intensity and area, the apparent sound transmission 

loss can simply be found by taking the difference between the incident and transmitted 

sound intensity. 
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As in the previous section, the measurements were made using the Bruel & Kjaer sound 

intensity probe, comprised of a phase-matched pair of microphones Type 4197, a 12 mm 

spacer Type VC 5269 and preamp Type 2683. The sound intensity probe was used in 

conjunction with the Bruel & Kjaer Type 2260 sound analyser and sound intensity 

software, Type BZ 7205. The scalming technique was used to obtain an average sound 

intensity measurement over the area of interest. 

It should be noted that the parameter being calculated is being referred to at the apparent 

sound transmission loss since the measurement of the transmitted sound intensity is 

dominated by sound diffracted around the panel edges. This is an extreme example of 

flanking transmission affecting a transmission loss result. The transmission loss values 

measured are not representative of the sound insulation of the systems, in the practical 

situations where they would normally be found. 



3.5.1.2.6- Cavity sound pressure field 

This measurement was only undertaken on systems (c) and (d) (see figure 3.5.17), since 

these were the only two systems containing two panels. In an attempt to experimentally 

observe what was happening in the cavity between the two panels of a double leaf 

system, a survey of the sound field in the cavity was conducted. 

For this, a Bruel & Kjaer probe microphone Type 4182 with 118 inch tube extension was 

used. As is illustrated in figure 3.5.25, a series of 118 inch holes were drilled in the rear 

panel of the two panel system. In tum, all but one of the holes was blocked with 

Plastercine, and the probe microphone inserted through the unblocked hole into the 

cavity. 

Receiving 
Panel 

Sound 
transmission 
direction 

Cavity Transmitting 
Panel 

118 inch hole 

~ 
t 

Inactive hole 
plugged with 
P lastercine 

microphone 

Figure 3.5.25 - Probe microphone being used to measure the internal sound field 

As figure 3.5.26 illustrates, the measurements were taken within the cavity at three 

different distances from the inside surface of the back panel. 



Sound 
transmission 
direction 

... 

I ... . 75 mm 

I ... . 45 mm 

90 mm 

Figure 3.5.26 - Three measurement surfaces inside the wall cavity 

The combination of the results meant three separate plots could be constructed at each 

measurement frequency, one plot for each of the measurement planes inside the wall. 

The planes were located 15 mm, 45 mm and 75 mm from the inside surface of the back 

panel. 

Each measurement was a 10 second sound pressure average, recorded using the Bruel & 

Kjaer 2260 sound analyser, with the building acoustics software Type BZ 7204. The 

measurements were made in third octave bands, from the 50 Hz band up to the 10,000 Hz 

band. The results were then downloaded and plotted using a Matlab® algorithm. Figure 

3.5.27 is an example of how the results are presented. The three measurement planes are 

displayed side by side, in an order corresponding to their relevant positions in the wall. 
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Figure 3.5.27 - Example of cavity sound field results 

The results are displayed along with the front and back panel acceleration for the same 

third octave band, since it is this panel motion which creates and is affected by the cavity 

sound field. 
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3.5.1.2.7- Frame acceleration measurements 

For the systems which contained the peripheral frame (systems (b) and (d), see figure 

3.5.17), a series of acceleration measur:.:ments were made around the frame. The 

accelerometer positions for these measurements are shown in figure 3.5.28. 

Figure 3.5.28 - Positions for frame acceleration measurements 

Accelerometer 
location 

Acc el erom eter 
location 
coincident with 
screw location 

As the figure illustrates, some of the measurements were coincident with the heads of the 

screws securing the plasterboard to the frame, whilst others were located at points in 

between two screws. The measurements were taken on both the front and back of the 

) ( 
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frame. For the system with cladding only on one side, one set of measurements was made 

directly on the frame. 

The measurements were made using the same equipment and procedures as described in 

previous sections on acceleration measurements. The results were displayed and 

compared for each of the different systems. 
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Cell Investigation Results 

In this section, the results obtained during the wall cell investigation are presented. 

Unless otherwise noted, the experimental facilities, procedures and equipment used to 

obtain the results presented are those described in the preceding sections. 

nre'rrtllJeiWn to Sound Field 

This section presents and discusses the results obtained from the measurements of the 

interruption to the sound pressure field in the anechoic chamber provided by the each of 

the wall cell systems (see figure 3.5.17). Each set of these results was not only compared 

to the case of the empty room, but also with the results for each of the other systems. It 

was expected that the differences in the sound pressure field visible between the different 

systems would be due to changes in the level of sound diffraction around the systems, 

and that the results would be affected to a lesser extent by the transmission through each 

system. 

3. 1.1 Interruption to the sound field by a single panel 

This section compares the sound pressure field in the anechoic chamber with and without 

the single hanging plasterboard panel. As can be seen in figure 3.5.29, for a given third 

octave band, each figure presents the sound pressure field in the room both with and 

without the paneL The two plots have the same scale, and the change in sound pressure 

level between successive contours on all of the plots is one decibel. The positions of the 

speaker and hanging panel are shown, to aid intuitive interpretation of the results. 
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Figure 3.5.29 - The sound pressure field in the anechoic room with (foreground) and 

without (background) a single 10 mm hanging plasterboard panel, for the 50 Hz third 

octave band 

Figure 3.5.30 - The sound pressure field in the anechoic room with (foreground) and 

without (background) a single 10 mm hanging plasterboard panel, for the 80 Hz third 

octave band 

I I 



Figure 3.5.29 shows the sound pressure field for the 50 Hz third octave band. From the 

similarity between the results with and without the panel, it is evident that at these very 

low frequencies, the presence of the panei in the room has very little effect. It is likely 

that the dominating factors governing the sound field in the room are the high sound floor 

in the room (see section 3.5.1.1) and reflections due to the low sound absorption of the 

chamber at low frequencies. 

As figure 3.5.30 shows, at 80 Hz the panel still has very little effect. Since the sound 

field in the room is now further above the sound floor, the results are more consistent 

than those for the 50 Hz third octave band. This means the similarity in sound fields with 

and without the single hanging panel is even more visible. A slight build-up of sound 

pressure due to reflection off the panel's surface is visible in front of the panel. 

Figure 3.5.31 - The sound pressure field in the anechoic room with (foreground) and 

without (background) a single 10 mm hanging plasterboard panel, for the 125 Hz third 

octave band 

Figure 3.5.31, representative of the 125 Hz third octave band, clearly illustrates the 

usefulness of this analysis. By studying the sound field in the room with and without the 

panel, the features of the sound field due to the presence of the panel can be established 
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and separated from experimental errors. For example, the sound field in the room 

without the panel shows some inconsistency down the right hand side. With the panel in 

place, there is a distinct build-up of sound pressure in front of the panel, which clearly 

was not present in the empty room but there are still some inconsistencies down the right 

hand side. These can then be neglected because they are clearly not due to the presence 

of the panel. The inconsistencies in this case are most likely due to the proximity at which 

these measurements are made to the chamber wall. 

Figure 3.5.32 - The sound pressure field in the anechoic room with (foreground) and 

without (background) a single 10 mm hanging plasterboard panel, for the 200 Hz third 

octave band 

The result for the 200 Hz third octave band, shown in figure 3.5.32, shows that there is 

now a 'standing wave' in front of the panel, formed by the interaction of the direct and 

reflected portions of the incident wave. There is also an area of heightened sound 

pressure behind the panel, due to the interaction of the waves diffracted sound the panel. 

It is interesting to note that, in this case, the presence of the panel has actually increased 

the sound pressure in areas behind it, compared to the empty room. 



Figure 3.5.33 - The sound pressure field in the anechoic room with (foreground) and 

without (background) a single 10 mm hanging plasterboard panel, for the 1000 Hz third 

octave band 

Figure 3.5.34 - The sound pressure field in the anechoic room with (foreground) and 

without (background) a single 10 mm hanging plasterboard panel, for the 5000 Hz third 

octave band 
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As shown in figure 3.5.33, at the increased frequency of 1000 Hz, diffraction around the 

panel is no longer as significant. An area of low sound pressure has therefore been able 

to form immediately behind the panel. The traditional 3 dB increase in sound pressure 

adjacent to a reflective surface is evident in front of the panel. 

The fmal sample result for this section, shown in figure 3.5.34, is typical of the results 

obtained for frequencies above 1000 Hz. There is a significant area of low sound 

pressure behind the panel, and the more directional high frequency sound hardly diffracts 

around the edges of the panel. This means that, compared to the empty room, there is a 

significant increase in the sound pressure field in front of the panel, but also significant 

sound insulation directly behind the paneL 

Overall the results, when compared with those for the empty room, appear to support 

known acoustic principles. They illustrate that there are high levels of diffraction present 

at low fi·equencies. As frequency increases, an area of low pressure is able to fonn 

behind the panel. This may also be assisted by the increased sound transmission loss of 

the panel at higher frequencies. 
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3.5.2.1.2 - Comparison of the interntption to the soundjield by the single. double. single 

framed and double framed panel systems 

As stated earlier, the major factor limiting the sound insulation of a small system freely 

suspended in an acoustic field is sound diffraction around the edges of the system. This 

section is therefore little more than a study of the different levels of diffraction around 

each of the wall cell systems. Figure 3.5.35 shows the combined results for each of the 

four systems considered along with those for the empty room, for the 50 Hz third octave 

band. 
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Figure 3.5.35 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as well as the sound field when the chamber was empty, over the 50 

Hz third octave band 

As the figure shows, each of the plots has the same scale, with the change in sound 

pressure between successi ve contours being 1 dB in all cases. The sound pressure levels 
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across the room for the five measurements behind the panel are also shown on a plot in 

the bottom left corner of the figure. The thin grey lines on each of the contour plots 

represent the grid over which the measurements were made. They serve as a reminder of 

the coarseness of the measurement grid. 

15 80Hz 0 
ii: 
E : 
~ m 
.; ~ 

~ w 
> 

iI 

II 

! II> 

il 
....I 

! e 
:::s ... IJ> 

Ii 

, ~ 

~ 

.., 
IJ> I: II> " 0 tf. .. ~ 

:I 
u 
c: 
:::s 1I 
0 
I/) 

... 

II 

.. 

.. 

.. 

E 
0 
0 
0:: 

~ 
Co 
E 
w 

Cl 
I::: 

in 

w 
c: 
III 
fl. 
u 
II> 
E 
~ 
U. 

II> 
:c 
:::s 
o 
Cl 

Figure 3.5.36 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as welJ as the sound field when the chamber was empty, over the 80 

Hz third octave band 

The figure shows that over the 50 Hz third octave band, the type of system present in the 

room makes very little difference to the sound field - indeed whether or not there is a 

system in the room at all makes very little difference. The only exception is the resu It for 

the single hanging panel which seems to be consistently higher than the other four sets of 

results. This result however, probably has little to do with the presence of the panel, and 
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is more likely to be due to some malfunction of the sound source or heightened electrical 

interference for the duration of the measurement. 

Figure 3.5.36 shows the same five comparisons for the 80 Hz third octave band and 

again, there is vel}' little difference between the five sets of results. The single panel 

result no longer shows an abnormally high response, leading to the conclusion that, as 

suspected, the 50 Hz single panel result was anomalous. As the plot of pressure over the 

section in the field behind the panel shows, the presence of the systems leadings to a 

consistent 2 dB increase in the sound pressure level behind the panel. This increase 

appears to be fairly consistent across the width of the room. The build up of sound in 

front of the panel is slightly more pronounced in the two cases where the system contains 

the frame. 

Figure 3.5.37 shows that for the 125 Hz third octave band a dramatic build up of sound 

pressure in front of the panel is evident for all four systems. However, the overall result 

for each system is reasonably similar. There is a high sound pressure area behind eaeh 

system, and two low pressure interference areas, formed by diffraction around the panel. 

However since the wavelength of sound in air is still large at these frequencies, the 

diffraction interference occurs a reasonable distance behind the panel, leaving the sound 

field immediately behind the panel largely unaffected, as illustrated by the sound pressure 

section plot. 
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Figure 3.5.37 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as well as the sound field when the chamber was empty, over the 125 

Hz third octave band 

Figure 3.5.38, which shows the comparison at 200 Hz, is another clear illustration of the 

detrimental effect of diffraction on the apparent sound transmission loss of a panel. The 

nature of the diffraction over this frequency band seems unaffected by the different 

systems. A quasi-standing wave effect is evident in front of the panel. As discussed 

previously, this effect is formed by the addition of the transmitted and reflected portions 

of the wave from the speaker. It is not a conventional standing wave since it is not formed 

between two reflective surfaces. The wavelength of sound in air ranges from 1.9 m at the 

lower limit of this band to 1.5 m at the upper limit. The distance from the speaker cone to 

the panel is 1.65 m, so conditions are ideal for the formation of such a wave pattern 

effect. 
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The plot of the pressure cross section shows that the di ffraction has J ead to an increase in 

the sound pressure immediately behind the panel. This increase seems slightly less in the 

case of the double framed panel. 
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Figure 3.5.38 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as weJJ as the sound field when the chamber was empty, over the 200 

Hz third octave band 
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Figure 3.5.39 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as well as the sound field when the chamber was empty, over the 1000 

Hz third octave band 

For frequencies above the 315 Hz band the results begin to diverge for each of the 

individual systems. The 1000 Hz third octave band result, shown in figure 3.5.39, is a 

typical example. It shows that the single hanging panel provides significantly worse 

sound insulation than the other three systems. This is because the single panel system is 

only 10 mm thick at the edge, in the direction of sound propagation, whereas the other 

systems are 90 mm, 100 mm and 110 mm thick. The single panel system is therefore 

more susceptible to high levels of diffraction. 

The same trend is evident for the 5000 Hz third octave band, shown in figure 3.5.40, 

where all the systems outperform the single panel. All systems now offer a considerable 

improvement in sound insulation compared to the empty room. 
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Figure 3.5.40 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as well as the sound field when the chamber was empty, over the 5000 

Hz third octave band 

At frequencies above the 2000 Hz third octave band, the double and single framed panels 

performed similarly, and the double hanging panel was the best performing system. This 

is illustrated in figure 3.5.41, which shows the result for the 10,000 Hz third octave band. 

This result suggests that at these higher frequencies it is not just the depth of the edges of 

the system that controls how effective it will be, as was the case at the lower frequencies. 

The sound insulation provided by the barrier now seems to also be dependent on the 

material properties of the barrier itself. Systems which would have a higher sound 

transmission loss when measured in the traditional fashion also have a higher 

transmission loss in this setting. 
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Figure 3.5.41 - The interruption to the sound field in the anechoic chamber for each of 

the systems tested, as well as the sound field when the chamber was empty, over the 

10,000 Hz third octave band 

This study has shown that the sound insulation provided by a system freely suspended in 

an anechoic enviromnent and subjected to airborne acoustic excitation is dependent on 

frequency, the system geometry and the system properties. 

At low frequencies diffraction dominates and the range of system geometries used in this 

study made no difference to the sound field in the room. At mid frequencies, systems 

with thinner edges experienced higher levels of diffraction, while systems with thicker 

edges provided higher levels of sound insulation immediately behind the panel. At 

frequencies above 2000 Hz however, other properties of the systems were increasingly 
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significant. These appeared to be the parameters which would traditionally affect sound 

transmission loss such as mass and mechanical connection between the panels. 
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3.5.2.2 - Panel Surface Acceleration 

This section studies and discusses the results obtained from measuring the surface 

acceleration of each of the systems. It is restricted to looking at changes in acceleration of 

the front face of the front paneL The acceleration of the back face of the front panel, and 

the acceleration of the back panel will be covered in subsequent sections. 

The acceleration results for each third octave band were also compared to the sound 

pressure field in the anechoic chamber for the same third octave band, as described in 

section 3.5.1.2.3. In the previous section, which discussed the interruption to the sound 

pressure field in the anechoic room by each of the systems, it was found that at all but 

very high frequencies diffraction around the systems was very significant. If this is true, 

the vibration levels of the various systems should have no observable correlation with the 

sound pressure field behind the panel, except perhaps at very high frequencies. 

It was thought to be useful however to compare the acceleration levels of the various 

systems and observe how the panel vibration was affected by the addition of the frame, or 

a backing paneL 
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3.5.2.2. J - A cceleration of the front face of a single panel compared with interruption to 

the sound pressure field 

This section focuses on the acceleration o f the front face of a single hanging panel. As 

figure 3.5.42 shows, the results are displayed for each third octave band, along with the 

relevant sound pressure field results from the previous section. 

Figure 3.5.42 - Acceleration of the front face of a single hanging panel, compared with 

sound pressure field in the anechoic chamber for the 80 Hz third octave band 

The 80 Hz third octave band was the lowest third octave band for which useful 

acceleration results could be obtained. The presence of electrical noise in the 

measurement system at 50 Hz compromised the 50 Hz and 63 Hz third octave band data. 
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Figure 3.5.42 shows that the 80 Hz band acceleration result is clearly dominated by a 

strong modal response in the panel. Since the modal density of the panel is low at these 

low frequencies, this result is not surprising. 

Figure 3.5.43 - Acceleration of the front face of a single hanging panel, compared with 

sound pressure field in the anechoic chamber for the 160 Hz third octave band 

The result for the 160 Hz third octave band, shown in figure 3.5.43, once again shows a 

highly modal response in the panel. As the sound pressure field result shows, it is at these 

frequencies that diffraction interference patterns begin to appear around the panel. It is 

therefore unlikely that the nature of the sound field behind the panel is related to the 

vibration responce of the panel. 
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Figure 3.5.44 shows the result for the 250 Hz third octave band. Again, highly patterned 

behaviour can be seen in the panel's vibration response and the sound pressure field 

result is clearly dominated by diffraction around the panel and is not influenced by the 

panel vibration. 

Figure 3.5.44 - Acceleration of the front face of a single hanging panel, compared with 

sound pressure field in the anechoic chamber for the 250 Hz third octave band 

As the frequency under consideration increases, the third octave bandwidth and the modal 

density of the panel both increase. Therefore, the patterns visible in the third octave 

measurements begin to correspond to an integrated measure of the panel's response, 

rather than be dominated by one clearly identifiable mode (as was the case at lower 

frequencies). 
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The result for the 1000 Hz band, shown in figure 3.5.45 is a good example of this. 

Although some patterning is visible there is no clearly defined traditional modal shape 

present as there had been in the previous results. The results also show an increased 

sensitivity to the slight asymmetry of the system. As noted in section 3.5.1, the sound 

source was positioned slightly off centre relative to the panel, and therefore slightly 

asymmetrical acceleration patterns were produced in the panel, especially at high 

frequencies. 

Figure 3.5.45 - Acceleration of the front face of a single hanging panel, compared with 

sound pressure field in the anechoic chamber for the 1000 Hz third octave band 

L ' 
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Figure 3.5.46 - Acceleration of the front face of a single hanging panel, compared with 

sound pressure field in the anechoic chamber for the 5000 Hz third octave band 

As the result in figure 3.5.46 for the 5000 Hz third octave band illustrates, at high 

frequencies the contour plots yield no useful infonnation. Not only does the 5000 Hz 

band stretch from 4480 Hz to 5600 Hz and contain many modes, but the bending 

wavelength of sound in the plasterboard panel has dropped to around 73 mm - which is 

smaller than the measurement resolution of 100 mm. This means that this measurement 

resolution is incapable of correctly representing the mode shapes present at frequencies 

this high. 

This study has shown that, as expected, the vibration response of a single panel appears to 

have little effect on the sound field in the!oom. The vibration results have shown that at 

low frequencies a few modes dominate each frequency band, and can be clearly detected 
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using the 100 mm measurement resolution. Through the mid-frequency region, patterns 

were still visible, representing the summation of all the modes in the bands. The 

asymmetry of the system also became more evident in the asymmetric vibration response 

of the panel. At higher frequencies it was shown that the 100 mm measurement resolution 

was not sufficient to detect the modes shapes which exist, since the bending wavelength 

of sound in the panel is less that the distance between successive measurement points. 

190 



3.5.2.2.2 - The effect on panel acceleration of a frame. second hanging panel and a 

framed backing panel 

The acceleration patterns of the front panel of each of the systems were compared in an 

investigation which was hoped would yield more useful results than the One described in 

the previous section (see figure 3.5.17). It was thought that these results would show the 

effect of the changing neighbouring conditions on the response of the panel to airborne 

acoustic excitation. 

Acceleration measurements over the front face of the front panel 
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Figure 3.5.47 - Acceleration levels of the front face of all four systems for the 80 Hz 

third octave band 

Figure 3.5.47 shows that in all cases, modifications to the system lead to changes in the 

distinctive modal response visible in the single panel result. This result may have been 

expected for the systems where a frame was added to the single panel since such an 

addition would modify the boundary conditions of the panel, taking it from quasi-free to 

quasi-clamped. The framed panels show low levels of acceleration around the edges, 

presumably due to the restriction of motion due to their screwed attachment to the frame. 
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Acceleration measurements over the front face of the front panel 

160Hz 113 Octave Band 

Single Hanging Panel Single Frame(! Panel DO\1ble Hanging Panel Do\1ble Framed Panel 

Figure 3.5.48 - Acceleration levels of the front face of all four systems for the 160 Hz 

third octave band 

In contrast to the results for the 80 Hz band where the overall level of panel acceleration 

was consistent for all the systems, the results for the 160 Hz band, given in figure 3.5.48, 

show dramatic changes in the overall magnitude of acceleration between each of the 

systems. 

Both of the framed system results exhibited a significant increase in acceleration, and the 

double hanging panel showed a marked decrease. There is still evidence of the original 

modal pattern in the double hanging panel result, although its magnitude has been 

reduced by the presence of the second panel. The framed panels appear to be vibrating in 

different modes than the unframed panels. The addition of the back panel to the framed 

system appeared to increase the acceleration of the front panel considerably, whereas the 

addition of the back panel to the unframed system appears to reduce the acceleration of 

the front panel. 

The result for the 250 Hz third octave band, shown in figure 3.5.49, displays many of the 

same trends. 
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Acceleration measurements over the front face of the front panel 

250Hz 1/3 Octave Band 
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Figure 3.5.49 - Acceleration levels of the front face of all four systems for the 250 Hz 

third octave band 

However, in this case the reaction of the pairs of systems is reversed. The vibration of the 

single hanging panel maintains the same form, but is enhanced by the addition of a 

second hanging panel, whereas the vibration of the single framed panel is reduced by the 

addition of a second panel. Again, the frame has a dramatic effect on the vibration 

response of the single panel, causing it to vibrate at higher levels. The presence of the 

frame is seen to have a significant influence on how the double system reacts. The results 

up to 250 Hz show that an unframed double system always has lower overall vibrational 

energy than the equivalent framed system. 
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Acceleration measurements over the front face of the front panel 

1000Hz V:; Octave Band 

SUlgie Hanging Panel SingJe Framed Panel Double Hanging Panel DOllbl~ Framed PaneJ 

Figure 3.5.50 - Acceleration levels of the front face of all four systems for the 1000 Hz 

third octave band 

For the 1000 Hz third octave band as shown in figure 3.5.50, it is apparent that this 

pattern has changed. The vibration pattern of the system now appears to depend on the 

number of panels in the system, not the frame. Consequently, the single framed panel and 

the single hanging panel appear to be vibrating in the same manner. Once again the 

magnitude of vibration was enhanced by the addition of the frame to the single panel. The 

results show that at higher frequencies, the addition of a second hanging panel affects the 

first panel, causing a heightened vibrational response. 

I' I 
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Acceleration measurements over the front face of the front panel 
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Figure 3.5.51 - Acceleration levels of the front face of all four systems for the 5000 Hz 

third octave band 

As noted previously, the results at high frequencies are particularly prone to errors, since 

the bending wavelength of sound is small compared to the distance between the 

experimental measurement points. However, the overall vibration levels for the 5000 Hz 

third octave band, shown in figure 3.5.51, indicate that once again the presence of the 

frame heightens the acceleration levels of the single panel. There appears to be little 

difference between the framed and unframed double panel systems. 

This investigation has shown that at all frequencies the addition of the frame to the single 

hanging panel leads to an increase in acceleration levels over the panel surface. At low 

frequencies the vibration patterns change with the addition of the frame, but at 

frequencies above 1000 Hz, they remain similar. The addition of a second panel to the 

system produces a more complex response. Depending on the frequency in question and 

whether the frame is present, the second panel can either dramatically reduce (unframed 

at 160 Hz, framed at 250 Hz) or dramatically enhance (unframed at 250 Hz, framed at 

160 Hz) the acceleration of the front panel. 
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3.5.2.3 - Transmitted Sound bltensity 

The aim of this investigation was to study the sound field immediately behind the panel 

and to measure the apparent sound transmission loss of each of the systems. As was 

shown in the sound pressure field measurements, the sound field behind the panel is 

dominated by sound diffracted around the panel. For this reason the results are presented 

in conjunction with the sound pressure field results for a single panel, previously 

discussed in section 3.5.2.1.2. 

3.5.2.3.1 - Transmitted sound intensity contour plots 

Figure 3.5.52 shows the transmitted sound intensity contour plot for the single hanging 

plasterboard panel over the 80 Hz third octave band. This was the lowest frequency band 

for which the intensity measurements could be repeatably obtained. 



Figure 3.5.52 - Sound intensity profile 70 mm from the rear of the single plasterboard 

panel, as well as the sound pressure field in the room, over the 80 Hz third octave band 

The figure above shows that the sound intensity behind the panel is generally consistent 

over the entire panel surface area. Slight increases in sound intensity around the edges of 

the measurement area are visible. These results are consistent with the sound pressure 

level measurements in the room which appeared to be relatively unaffected by the 

presence of the panel. The intensity result does show, however, that the panel has had 

some effect on the sound field- since without the panel present, the highest sound 

intensity would be expected in the centre of the measurement area since it is closest to the 

sound source. However, it seems that the measurement area is sheltered by the panel, 

with some diffraction occurring around the panel edges. 
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Figure 3.5.53 - Sound intensity profile 70 mm from the rear of the single plasterboard 

panel, as well as the sound pressure field in the room, over the 160 Hz third octave band 

The same trends are visible in the results, shown in figure 3.5.53, for the 160 Hz third 

octave band. Areas of high sound intensity around the measurement area periphery 

indicate that there are higher levels of sound passing around the panel edges, than being 

transmitted through it. 
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Figure 3.5.54 - Sound intensity profile 70 mm from the rear of the single plasterboard 

panel, as well as the sound pressure field in the room, over the 250 Hz third octave band 

The result at 250 Hz shows some similarity between the sound pressure results and the 

sound intensity results. An area of low sound intensity is visible in vertical lines around 

the edges of the panel. These areas appear to be part of the same phenomenon which 

produces the diffraction interference lines visible in the sound pressW'e field results. 
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Figure 3.5.55 - Sound intensity profile 70 nun from the rear of the single plasterboard 

panel, as well as the sound pressure field in the room, over the 500 Hz third octave band 

Figure 3.5.55, the result for the 500 Hz third octave band, again shows some agreement 

between the intensity and pressure results. It is evident that at this higher frequency, a 

more complex three dimensional interference pattern is formed by the sound diffraction 

around each side of the panel. The horizontal sound pressure measurement plane and the 

vertical sound intensity measurement plane both intersect this three dimensional field, 

allowing the visualisation of the complete interference pattern. 

'"'IHI 
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Figure 3.5.56 - Sound intensity profile 70 mm from the rear of the single plasterboard 

panel, as well as the sound pressure field in the room, over the 1000 Hz third octave band 

Figure 3.5.56 shows that at 1000 Hz the sound field has become very complex. At this 

frequency, the wavelength of sound in air is around 0.34 metres. This means that both the 

sound pressure field grid (0.3 metre resolution) and sound intensity measurement glid 

(0.1 metre resolution) are too coarse to fully represent the sound field. The sound 

intensity measurement shows that the sound field behind the panel now consists of a 

complex pattern of maxima and minima. 

The final figure, showing the result for the 5000 Hz third octave band, is further evidence 

that the details of the sound field are now not being reflected by the measurement system. 
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Figure 3.5.57 - Sound intensity profile 70 mm from the rear of the single plasterboard 

panel, as well as the sound pressure field in the room, over the 5000 Hz third octave band 

The sound pressure field results show that there is now an area of low sound pressure 

behind the panel due to the directional nature of sound at high frequencies. This is 

mimicked by a consistently low sound intensity level over the measurement area behind 

the panel. The areas of lower sound intensity suggest a complex interference pattern may 

also exist. 

In conclusion, the sound intensity results from immediately behind the panel, when 

viewed in conjunction with the sound pressure field in the room, have proven to be useful 

in visual ising the three dimensional sound field in the room. The results become less 

useful at higher frequencies however, where the wavelength of sound in air becomes 

significant compared to the measurement grid used. 

IJ 
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3.5.2.3.2 - Apparent sound transmission loss 

As described in section 3.5.1.2.4, the apparent sound transmission loss of each of the four 

systems was measured. The results of the preceding sections have clearly illustrated that 

the result obtained using the method outlined in section 3.5.1.2.4, will only give the 

apparent transmission loss. The results so far have shown that over most of the frequency 

range the sound field immediately behind the panel is dominated by sound diffraction 

around the edges of the panel. Even a sound intensity measurement in the centre of the 

panel returns a value primarily governed by the diffraction around the panel edge, not the 

transmission through it. 

Apparent Sound Transmission Loss 
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Figure 3.5.58 - Apparent transmission loss of the single and double hanging panel 

systems 

The measured apparent sound transmission loss of the single and double hanging panel 

systems is shown in figure 3.5.58. The first feature to note is that the results are 

significantly lower than the traditional transmission loss curves for a single or double 

panel which are normally measured with the panels mounted in a baffle between two 
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reverberation rooms, with a clamped periphery as outlined in ISO 140 [85]. The double 

system would also usually contain some structural coupling such as wooden or steel 

studs. Traditional transmission loss specimens are also of greater size than these samples, 

which only measure 0.64 metres by 1.20 metres. 

Figures 3.5.59 and 3.5.60 show the apparent transmission loss curves for a single and 

double panels compared to their traditionally measured counterparts. 

The apparent sound transmission loss of a single hanging panel compared with the sound 
transmission loss of a single clamped, baffled panel 
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Figure 3.5.59 - Apparent sound transmission loss of a freely suspended panel compared 

with that of a clamped baffled panel 
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Apparent Sound Transmission Loss of a Double Hanging Panel Compared to that of a 
Double Wall 
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Figure 3.5.60 - Apparent sound transmission loss of a double hanging panel compared 

with that of a clamped, baffled and framed double wall 

In figure 3.5.59, the apparent sound transmission loss of the single hanging panel is 

compared to that of a plasterboard panel, identical in thickness and material properties, 

but measuring 0.95 m by 1.50 m (compared with the hanging panel which measures 0.64 

m by 1.20 m). The comparison panel is clamped into an opening between two 

measurement rooms and its transmission loss was measured using the intensity technique, 

a method which produces results that compare well with full scale ISO 140-type tests. 

The figure shows that there is significant degradation in the sound transmission loss 

results for the case of the hanging panel. This difference could be attributed to the change 

in measurement technique, the change in size, the change in boundary conditions of the 

panel, or to the absence of the baffle. The results in the previous sections suggest that the 

most significant factor contributing to the degradation is the absence of the baffle. The 

other factors are of secondary importance. 

http:Tt1IftImIt.on


Figure 3.5.60 shows the apparent transmission loss result for the double hanging panel, 

compared to the transmission loss result for a larger double leaf wall with wooden studs. 

The differences between the systems are illustrated in figure 3.5.61. 

r 
Double Hanging Panel 

NOT TO SCALE 

r 
Double Clamped Panel 

with Studs 

Figure 3.5.61 - The differences between the double systems, whose transmission loss 

curves are shown in figure 3.5.60 

Aside from the obvious degradation of the results due to flanking transmission, the results 

do show some similarity. Most notably, the lower London frequency (see equation 2.3.4) 

is visible on both plots. This is the frequency at which a double system behaves like a 

mass-spring-mass system undergoing a fundamental resonance. The strength of this affect 

is illustrated by the fact that it is one of the only panel motion based effects which is 

evident in the apparent transmission loss of the system. As noted above, the hanging 

panel result is dominated by flanking transmission. 

A comparison of the apparent transmission loss results for the two hanging systems, as 

shown in figure 3.5.58, reveals that at low frequencies, both systems are ineffective as 

sound insulators. The double hanging panel sound transmission loss drops below the 
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single panel result over the Lower London frequency region. However, its peIiOlmance 

then improves, as the overall depth of the double system limits the diffraction levels 

which can occur around it. This was illustrated in the sound pressure field results of 

section 3.5.2.1. The double wall sound transmission loss result reaches a peak in the 6.3 

kHz third octave band. The physical phenomenon causing this effect is not clear, since at 

such high frequencies, the detailed experimental results are of little use due to 

measurement resolution, band width and modal density problems. 

In conclusion, these results have shown that the apparent sound transmission loss of a 

freely suspended system is significantly lower than the sound transmission loss of a 

similar system, measured by a more conventional method. It can be seen that this result is 

due to the high levels of 'flanking' transmission, due to the absence of any baffle around 

the panel edges acoustically separating the incident and transmitted fields. However, the 

double hanging panel result illustrated that if a panel transmission mechanism (such as 

the mass-spring-mass resonance) is strong enough it will still be visible in the apparent 

transmission loss curve. At mid and high frequencies, as suggested by the results from 

the previous section, the additional depth of the double hanging system appears to reduce 

diffraction around the system edges, giving enhanced perfOlmance compared with the 

single panel system. 



Experimental S11ldy 

3.5.2.4 - Sound Field in the Wall Cell Cavity 

In this section the results of the experimental investigations which studied the sound field 

between the leaves of each of the double panel constructions are presented. This data was 

studied in conjunction with the acceleration results for both the front and back panels of 

each double system. These results have far wider application than some of the previous 

experimental results - for example the results for 'the intelTuption to the sound pressure 

field' and 'the apparent transmission loss of a hanging system', only apply to hanging 

panels. As noted earlier, it is rare to find the application of a solitary panel, hanging or 

othelwise, in building acoustics, consequently those results were more applicable to noise 

balTier studies. The cavity sound field results however, assuming they are relatively 

unaffected by the mounting conditions of the frame, should be typical of the sound field 

within any double leaf wall. 

The method by which the results were obtained is described in section 3.5.1.2.5. As is 

outlined in that section, for each third octave band three contour plots of the sound 

pressure level within the wall cavity were produced, over three planes parallel to and 

offset different distances from, the inner surface of the rear panel. 

3.5.2.4.1 - Double framed panel cavity sound field compared with front and back panel 

acceleration 

The initial set of results presented depicts the sound field within the double framed panel 

system (see figure 3.5.17(d». Figure 3.5.62 shows the result for the 80 Hz third octave 

band. The front and back panel acceleration results are also included in the figure and the 

direction of sound transmission is from left to right. Therefore the left-most contour plot 

represents the acceleration over the outer surface of the front panel - the panel upon 

which the sound source is incident. The next three contour plots depict the sound pressure 

field within the cavity, at sections 75 mm, 45 mm and 15 mm from the inner surface of 

the back panel, as described in section 3.5.1.2.6. The final contour plot shows the 

acceleration over the back face of the back panel. 
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As discussed previously, the acceleration results were uncalibrated, but have a constant 

scale with a 1 dB variance between contour lines. The sound pressure results were 

I.:Jlibn.lll:J, and have a different scale than the acceleration results, but once again the 

change between successive contour lines is I dB. 
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Figure 3.5.62 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 80 Hz third 

octave band 

The result shows that the acceleration levels of the back and front panels appear to be 

similar over the panel surface. The back panel acceleration appears to be around 1 dB 

higher than that of the front. The sound field in the cavity appears to be almost constant -

over all three sections a variation of only two to three decibels is evident. The variation 



which is present does not appear to be related to the measurement position within the 

cavity. 

A result like this was expected at very low frequencies. The wavelength of sound in air is 

so large compared to the cavity dimensions therefore it is not surprising that the sound 

field appears to be one-dimensional. 
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Figure 3.5.63 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 125 Hz 

third octave band 

The result for the 125 Hz third octave band shows that highly modal vibrational 

behaviour occurs in the panel. The sound field in the cavity again shows I ittle variation -

with a range of only 4 decibels throughout the entire cavity. The sOWld pressure field is 

clearly two dimensional, with each section through the cavity showing nearly identical 



results. There is some variation in the cavity sound pressure field, which appears to 

mimic the areas of high acceleration in the panel. Closer scmtiny reveals however, that 

these areas of low sound pressure in the cavity are adjacent to areas of high acceleration 

in the panel. 

The acceleration of the rear panel is again highly modal in appearance, but is of a 

different form than the acceleration of the front panel. Instead of three acceleration 

antinodes mnning down the vertical centre of the panel, there are now only two larger 

antinodes. This is an illustration of how the two panels are subject to different excitation 

conditions, and so will have different responses. Whilst both panels have identically 

secured surrounds, the front panel vibrates in response to the incident sound source in the 

free field, and the sound field produced in the cavity which is a function of the fITst panel 

vibration, the second panel vibration and the acoustic response of the cavity. 

The second panel is excited due to the sound field in the cavity, which is a function of its 

vibration, the vibration of the first panel and the acoustic response of the cavity, and 

radiates out into free space. 
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Figure 3.5.64 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 200 Hz 

third octave band 

Figure 3.5.64, the result for the 200 Hz third octave band, is an example of the sound 

field in the cavity inf1uencing the response of the panels. As in the previous result, the 

sound field in the cavity is clearly two dimensional. Also, as in the previous figure, areas 

of low pressure in the cavity produce areas of high acceleration in the back panel. This 

result would suggest that changes in the cavity will dramatically affect the sound 

insulation of the system at these frequencies. 
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Figure 3.5.65 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 315 Hz 

third octave band 

The result for the 315 Hz third octave band shows some highly modal behaviour in the 

cavity. Again, the sound field is largely two dimensional, but is dominated by a one 

dimensional vertical mode. 

The vibration of the front and back panels is clearly different, with the overall magnitude 

of the back panel acceleration now lower than that of the front panel. It is worthwhile to 

note that the mass-spring-mass frequency of the system has now been exceeded. 
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Figure 3.5.66 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 800 Hz 

third octave band 

The result shown in figure 3.5.66, for the 800 Hz third octave band, again shows highly 

modal, two dimensional, behaviour in the cavity. As has been observed previously, this 

behaviour seems loosely related to the panel vibration. The front and back panels again 

have similar vibrational patterns, and the average magnitude of the front panel 

acceleration is clearly far higher than that of the back. 

The results continue to show the same sort of trends, as illustrated in figure 3.5.66, up 

until the 2000 Hz third octave band. It is within this frequency band that the first three 

dimensional mode becomes possible within the cavity. This mode is formed by a standing 
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wave between the two panels, across the cavity depth. It theoretically occurs at 1911 Hz 

(see equation 2.3.9) 
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Figure 3.5.67 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 2000 Hz 

third octave band 

As figure 3.5.67 illustrates, and has been discussed previously, at these high frequencies 

the exact behaviour of the panel is not obvious due largely to the limited measurement 

resolution. What is obvious, however, is the sudden transition to three dimensionality in 

the cavity sound pressure field. 
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Figure 3.5.68 - The acceleration of the front and back panels of the double framed wall 

system, along with sections of the sound pressure field in the cavity, over the 8000 Hz 

third octave band 

Figure 3.5.68 shows the result for the 8000 Hz third octave band. At this frequency, not 

only are the vibrational patterns of the panels beyond the experimental measurement 

resolution, but the sound field in the cavity is fully three dimensional, and cannot be 

sufficiently described with the measurement resolution used in any of the three directions. 

The wavelength of sound is air is now around 43 mm - much smaJler than the 100 mm 

measurement grid squares used. 

The overall acceleration levels of the front and back panels are still of interest, however, 

and show that the front panel has far higher levels of vibrational energy than the back. 

The overa 11 magnitudes of the three sound pressure field sections have less meaning, 
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since they depend on where each individual measurement plane intersects the three 

dimensional sound field. 
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3.5.2.4.2 - Double framed panel cavity sound field compared with double hanging panel 

cavity sound field 

The same series of experimental measurements, described in the previous section for the 

framed double panel, were undertaken for the unframed double hanging panel. These 

results had less practical.relevance. They were however useful in studying the effect of 

the peripheral frame on the response of the system. The reaction of the system to the 

frame is very complex - not only does it restrain the air volume between the panels, but it 

modifies the natural vibrational response of the panels. 

The results are presented, along with their 'double framed' counterparts in a similar 

fashion to those in the previous section. For details of experimental method and 

procedures used to obtain the results, see section 3.5.1.2.5. 

Figure 3.5.69 shows the first set of results, for the 80 Hz third octave band. The same 

scales are used on all the acceleration results, and on aU the sound pressure results. One 

decibel again separates successive contours on all the contour plots. 



Figure 3.5.69 - A comparison of panel acceleration and cavity sound pressure levels for 

double hanging panel and double framed panel systems, for the 80 Hz third octave band 

As the figure shows, for the 80 Hz third octave band the acceleration levels of the panels 

are fairly similar for both the framed and unframed systems. In both cases the sound 

pressure field in the cavity is almost constant. The sound field is however slightly lower 

in the unframed case. This is possibly because the sound field is not constrained, and so 

sound energy is lost from between the panels. 
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Figure 3.5.70 - A comparison of panel acceleration and cavity sound pressure levels for 

the double hanging panel and double framed panel systems, for the 125 Hz third octave 

band 

Figure 3.5.70 shows the result for the 125 Hz third octave band. As the lower halfofthe 

figure illustrates, this is a frequency band for which the double framed panel exhibited 

highly modal behaviour, and the vibrational response of the panels was clearly modified 

by the presence of the cavity. 

However, as the top half of the figure illustrates, the unframed panels appear largely 

unexcited at these frequencies, with no distinct patterned behaviour visible. The same is 

true for the sound field in the cavity. So either the air volume in the cavity now no longer 

contains modes which, when excited, drive the panels, or the panels now no longer have 
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modes in the appropriate frequency range that, when excited, produce a high response in 

the sound cavity. Whatever the reason, the removal of the frame has significantly 

improved the performance of the system for this third octave band. 

The performance of the two systems over the 200 Hz third octave band is shown in figure 

3.5.7l. This was the frequency band for which a vertical standing wave was clearly 

visible in the cavity of the framed double panel. 
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Figure 3.5.71 - A comparison of panel acceleration and cavity sound pressure levels for 

double hanging panel and double framed panel systems, for the 200 Hz third octave band 

This mode however, clearly cannot exist In the unframed cavity. Furthermore, the 

vibration response of both panels, although appearing similar in form, is clearly not as 
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strong as in the framed results, Instead, a weak high energy area seems to propagate 

through the system, with centrally located high pressure areas visible through the sound 

pressure figures, and a corresponding area of high vibration visible on the back panel of 

the unframed panel system. 

Figure 3,5,72 - A comparison of panel acceleration and cavity sound pressure levels for 

the double hanging panel and double framed panel systems, for the 315 Hz third octave 

band 

The results of the previous figure are dramatically different to those for the 315 Hz third 

octave band, shown in figure 3.5,72. The double hanging panel suddenly seems to come 

to life, with a centrally located area of very high vibrational energy, This translates to an 

area of hjgh sound pressure through the cavity, and a matching high energy level area on 

" . "--



Chapter 3 FXlwrilUenlal 

the rear panel. As the lower half of the figure illustrates, the framed panel results for this 

frequency band were somewhat lower, with complex panel acceleration and a 

longitudinal standing wave in the cavity. 

Continuing up in the frequency range, the unframed panels begin to vibrate in a series of 

distinct pattems. However, unlike the framed panel, the sound field pattems in the cavity 

appear to be directly related to the vibration of the panels. These patterns also appear to 

transmit directly through to the rear panel, which vibrates in the same pattem. This is 

illustrated in figure 3.5.73, which shows the result for the 500 Hz third octave band. 

) 
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Figure 3.5.73 - A comparison of panel acceleration and cavity sound pressure levels for 

the double hanging panel and double framed panel systems, for the 500 Hz third octave 

band 

Overall, the sound fields in the cavity of the unframed wall are now higher than those of 

the framed wall. This appears to be due to the high vibration levels of the panels of the 

unframed system. In contrast, the vibration of the framed system is somewhat lower and 

the cavity sound field is far lower. As a result, the vibration of the back panel is 

significantly reduced. 
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Figure 3.5.74 - A comparison of panel acceleration and cavity sound pressure levels for 

the double hanging panel and double framed panel systems, for the 2000 Hz third octave 

band 

Figure 3.5.74 shows that, even though the vibrational shapes are quite different for each 

of the systems, at 2000 Hz both systems show the existence of the first mode in the 

direction parallel to the direction of sound transmission, within the cavity. It should be 

noted the more complex looking sound pressure field in the unframed system could be 

due to diffracted sound ingress, since there is nothing to stop sound entering the cavity 

around the edges. Given the high levels of diffraction evident in the previous results, it 

would seem unwise to discount this possibility. 



The final figure, figure 3.5.75, is a comparison of the results at 8000 Hz. As mentioned 

earlier, the spatial variation results are now of limited relevance, as the wavelength of 

sound in air and plasterboard has decreased dramatically. 

Figure 3.5.75 - A comparison of panel acceleration and cavity sound pressure levels for 

the double hanging panel and double framed panel systems, for the 8000 Hz third octave 

band 

Nevertheless, the results show that the acceleration of the front panel of both systems 

appears to be of similar magnitudes, along with the sound levels in the cavity. 

This section has shown that the sound field in the cavity of a double wall can be 

successfully assessed using a probe microphone. The results for a double leaf framed wall 



have shown that the response of the second panel is a complex product of the acoustic 

response of the cavity between the two panels, and the vibrational response of each panel. 

Comparison with a system of two hanging panels, containing no mechanical coupling 

between the panels, showed that over the lower-mid frequency range the lack of framing 

was not an advantage. The lack of a cavity response appeared to allow the vibrations of 

the first panel to be transmitted unaltered through the cavity, resulting in high level 

vibrations of the transmitting panel. At higher frequencies, where depth-direction modes 

could form in the cavity, the response of the panels of both the framed and unframed 

systems was fairly similar. It was unclear what role sound diffracted into the cavity 

played in the unframed results. 



3.5.2.5 - Stud Acceleration 

The final phase of the experimental study looked at the acceleration of the peripheral 

frame, in both the single framed panel and double framed panel systems. The 

experimental technique is described in section 3.5.1.2.6. 

Figure 3.5.76 shows the results for the single framed wall. The figure shows results for 

the side of the system to which the plasterboard was attached (front) and for the back of 

the studs (back). The results are only shown for the vertical edges of the frame. 

Single Clad Frame 
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Figure 3.5.76 - Frame acceleration measurements made on both the front and back side 

of the single framed panel 
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The results convey both frequency and spatial information simultaneously. Movement 

along the horizontal axis of the plots, whilst remaining at the same vertical level, gives 

changes in acceleration level with distance travelled down the stud edge. Movement in 

the vertical direction, whilst remaining stationary horizontally, gives changes in 

acceleration level with change in frequency, at a given distance along the frame. 

In the case of the single framed results the 'back of frame' acceleration measurements 

were made directly on the frame, whereas the 'front of frame' measurements were made 

on the plasterboard which was attached to the frame. This meant that periodically a 

measurement position would coincide with the head of one of the screws which secured 

the plasterboard to the frame. It was expected therefore that these measurements would 

give a truer representation of the frame motion than those made on the plasterboard itself. 

The results show that at frequencies lower than 160 Hz, the acceleration of both the front 

and back of the frame is close or equal to zero. Then, for the frequency range from 160 

Hz to 1000 Hz, both the back and front of the frame exhibit identical acceleration 

patterns, which correspond to the motion of the frame itself. The plasterboard 

acceleration over this frequency range is therefore the same as the frame acceleration. 

From 1000 Hz to 3150 Hz, the acceleration of the back of the system drops to close to 

zero. The acceleration of the front however is only zero at selected points along the 

frame. These points correspond to the measurements made on the screw heads, and 

therefore represent the acceleration of the frame. It therefore seems that in this frequency 

range, the motion on the frame virtually ceases, and the plasterboard begins to vibrate, 

where it can, independently of it. It is at this point that one would expect to see a 

difference between a point (screwed) and line (continuously glued) connected system. As 

the frequency is increased still fmther the acceleration levels of the entire system 

increase, as the frame begins to move again. 



Figure 3.5.77 shows the same result for the double clad system. In this case, both sides of 

the frame were covered by the plasterboard, so the best measure of what the frame was 

actually doing is given by the measurements made on the screw heads. 

Doubl. CI.-d Frame 

Vertical Edge Vertical Edge 

~ iQ N 
~ C 30 

» = 
(j .2 
= 'oJ ~ ... ... ::l 01 
0- 0; ... 20 ... (j 

'"" 
(j 

< 
, ~ 

' 0 

Figure 3.5.77 - Frame acceleration measurements for the front and back side of the 

double framed panel system 

The previous results suggested that the motion of the plasterboard cladding matches the 

motion of the frame for frequencies up to around 500 Hz. This finding is verified by these 

results, which are almost identical to the single framed panel results up to 500 Hz. The 

overall magnitude of the frame vibration seems somewhat reduced however, presumably 

due to the added mass of the second layer of cladding. 
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At frequencies above this, the results for each side of the panel are largely identical, 

except that the magnitude of vibration on the second side is slightly reduced. The screw 

head results show once again that through this region the frame is largely motionless. At 

very high frequencies the vibration of the frame appears slightly reduced, due to the 

presence of the second layer of cladding, when compared to the single framed panel 

results. 

In conclusion, the frame acceleration measurements have given useful insights into the 

motion of the frame in response to acoustic excitation, and also the motion of the frame 

relative to the plasterboard cladding. It has been shown that the frame vibrates in a 

number of structural modes at lower frequencies, taking the cladding with it. At higher 

frequencies the motion of the cladding and frame are only equal at the connection points, 

and in between they move independently. At medium high frequencies the addition of a 

second layer of cladding reduces the rear frame acceleration level. 



3 Experill1enta 1 S1l1dy 

3.6 - Conclusions 

The first section of this chapter sought to investigate experimentally the sensitivity of 

sound transmission loss to changes in angle of incidence. Many significant theoretical 

approaches suggest that this is a critical factor and little conclusive experimental work 

had been conducted in this area. Several different facility configurations were used, and a 

special wave source designed in an attempt to strictly control the experimental angle of 

incidence. However, the results showed little dependence of sound transmission loss on 

angle of incidence. It was concluded that the sound source may have been only 

controlling the angle of incidence for the sound incident on a small area of the panel, with 

the rest of the panel being subject to incident sound at multiple angles of incidence. No 

firm conclusions could therefore be drawn from the study. 

The second section of the experimental investigation sought to study, in detail, the 

reaction of a wall cell to an airborne acoustic source. This investigation revealed much 

about the diffraction of sound around a hanging barrier, and the 'apparent transmission 

loss' of such a barrier. Acceleration measurements over the surfaces of the various 

systems showed that there was little connection between the acceleration and the 

transmitted sound in this instance. Measurement of the sound intensity immediately 

behind the systems was used in conjunction with sound pressure field results to visualise 

the complex interference patterns created by the three-dimensional diffraction around the 

panel. 

Acceleration measurements over the front faces of the various systems suggested that 

dramatic changes were made to the vibration of a panel with the addition of an 

unconnected second panel, a frame or a connected second panel. These findings could not 

be investigated fully since the experimental technique used to achieve the results could 

only supply medium resolution results in a reasonable time. 

Measurements of the sound pressure field between the panels of the two double panel 

systems provided some insight into the role each system component played in shaping the 
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tinal sound transmission perfonnance of a system. It was shown that the addition of a 

frame coupling the two panels was advantageous at some frequencies because it restricted 

the motion of the panel, but was not advantageous at others since it heightened the 

vibrational response of the panel, and introduced cavity modes which previously did not 

exist. A detailed investigation and understanding of the results was not possible due to the 

limits of the experimental measurement resolution. 

The experimental results have therefore provided some useful and original insights. Not 

least among these is the creative presentation of the results allowing intuitive 

visualisation of the various acoustic phenomena. Some useful findings were obtained 

regarding the apparent transmission loss of barriers, and the interaction of various parts of 

a double wall. A more detailed experimental investigation was prevented by equipment 

and time constraints. 
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Chapter 

4.1 - Introduction to Acoustic Finite Element Techniques 

This section serves as an introduction to the use of finite element techniques in the 

solution of sound transmission loss problems relevant to building acoustics. 

4.1.1 - The Aim of the Acoustic Finite Element Modelling 

The aim of the acoustic finite element modelling was to accurately calculate the sound 

transmission loss of a specimen, thereby providing a tool to ultimately replace the 

traditional physical test. It was deemed highly desirable to replace the traditional 

transmission loss test, since this test has been shown to produce results which vary rather 

unpredictably due to inconsistencies in test apparatus and facilities and differences in the 

exact construction and properties of the specimens, as described in section 2.5. All of 

these factors have been shown to produce differences in measured sound transmission 

loss of up to 12 dB in round robin transmission loss tests of nominally identical light wall 

constructions [88]. 

A finite element model would eliminate all of the uncertainties that affect traditional 

transmission loss testing. Such a model, if functioning correctly could then be used as a 

design tool. Results could be directly compared and differences studied. As mentioned 

earlier, when such studies are attempted experimentally small differences between the 

measured sound transmission losses of systems are often disregarded since they could 

easily be due to experimental error. It was hoped that eventually the solution time, and 

cost, of a finite element transmission loss solution would be considerably less than that 

involved with a traditional transmission loss measurement. 
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If a conectly functioning finite element transmission loss model was constructed, a much 

deeper understanding of the factors significant to sound transmission through wall 

systems could also be obtained. To obtain the depth of data available in the model would 

be almost impossible in an experimental study - as the previous chapter illustrates. After 

the initial solution of a finite element model the displacement, velocity and acceleration 

of every point in the system can easily be obtained, at any frequency of interest. The 

sound pressure level in the fluid medium sunounding the system can also be obtained at 

any point, along with the sound intensity and particle velocity at any point and in any 

direction. This depth of information also gives a finite element solution a considerable 

advantage over cunently available analytical techniques. Statistical Energy Analysis 

(SEA), which is seen by some as the culmination of over 50 years of analytical work, is 

based on an assumption of high modal density and uses the formulations of traditional 

analytical workers to describe each of its sub-systems (see section 2.3.3). Therefore, the 

depth of understanding and information which can be obtained from a SEA is limited to 

how the various analytical theories react when placed in an energy analysis framework. 

There is also the inescapable fact that, although it has commonly been applied to any 

frequency range and any type of transmission, SEA only rigorously accounts for resonant 

transmission at high frequencies. 

Since a finite element approach has a modal basis, much like the original approaches of 

Bhattacharya and Guy [39], it can be applied over all frequencies. It does however suffer 

from the same problems as the analytical 'modal' type formulations, in that at high 

frequencies the solution becomes very large due to the number of modes involved. 

A finite element approach also implicitly takes into account both resonant and non

resonant transmission. This is clearly illustrated if one considers Price and Crocker's [23] 

definition of resonant and non-resonant transmission - that modes with their natural 

frequencies within the band of interest are responsible for resonant transmission and 

modes which are excited but have a natural frequency which lies outside the band of 

interest are responsible for non-resonant transmission. 
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4.1.2 - The Acoustic Finite Element Method 

The acoustic finite element method models acoustics and vibro-acoustics as a wave 

phenomenon, using the Helmholtz form of the wave equation. For frequencies of interest, 

the set of equations 

[4.1.1] 

is solved, where FA is the vector of nodal acoustic forces, which is proportional to the 

normal velocity boundary conditions imposed on the mesh. The stiffness [K], damping 

[C] and mass [M] matrices are computed once they are independent of the frequency. At 

each frequency, this system of equations is set up and solved, thereby obtaining the 

pressure distribution {P}. 

In the case of modelling a sound transmission loss result, the acoustic response in the 

fluid medium can be treated using the Indirect Boundary Element Method. In this 

situation, the following set of equations must be created and solved for each selected 

analysis frequency 

[4.1.2] 

where a is the vector of single layer potentials (jump in velocity), J.l is the vector of 

double layer potentials (jump in pressure) andfand g are the excitation vectors. From the 

single and double layer primary surface results, pressure, velocity and intensity values 

can be calculated at any point in the fluid medium. 



4.2 - Incident Acoustic Field 

This section discusses the method used to model the incident acoustic field III a 

transmission loss test, simulated in the finite element virtual environment. 

4.2.1 - Experimental Determination of the Incident Acoustic Field 

The finite element modelling was based around the traditional sound transmission loss 

test (see ISO 140 [85]). In such a test, a reverberant room (such as that shown in figure 

4.2.1) is used, in conjunction with a sound source to create a diffuse acoustic field, 

incident on the sound transmission loss specimen. 

Figure 4.2.1 - Reverberation room used to construct a diffuse acoustic field 

Ideally, at all points in the room the sound pressure level is equal and there is an equal 

chance of sound propagating in any direction. 
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In a traditional sound transmission loss test, a single sound pressure measurement is taken 

in the reverberation room. This simplicity is made possible by the fact that the field in the 

room is diffuse -:- the sound pressure level measured will be the same anywhere in the 

room. In reality, several sound pressure measurements are taken at different positions 

within the room. This is often achieved by mounting the microphone used for the 

measurements on the end of a rotating boom. These complications are simply an attempt 

to compensate for any practical shortcomings of the room. By taking several 

measurements at different points, the diffusivity of the room can be checked, and if it is 

found to not be completely diffuse, an average sound pressure reading is obtained. 

In a diffuse field the sound intensity at a point, in a direction x, is given by 

2 
I ::::Prms 

x 4,a: [4.2.1] 

where p is the fluid density, c is the speed of sound in the fluid and Prms is the rms 

sound pressure level at the point. 

The sound power is simply the product of area and sound intensity transmitted through 

the area, normal to its surface. The incident sound power on a specimen mounted in one 

wall of the room can therefore be found very simply. Since the fundamental definition of 

sound transmission loss is the difference in incident and transmitted sound power, all that 

remains is to establish the sound power transmitted through the specimen. 

This method of establishing the sound power incident on a sound transmission loss 

specimen has been used for many years, in both the laboratory and field. 

The only other information about the experimental sound field incident on a transmission 

loss specimen comes from consideration of the 'mass law' (for a more detailed discussion 

see section 2.2.1.1). When using the 'mass law', as formulated by Cremer [1] for an 
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infinite thin panel, it has been found that if integration limits from zero to 90 degrees are 

used, the result does not compare well with experiment. Furthermore, the 'mass law' 

solution predicts that the transmission loss of a structure will be undefined at grazing 

incidence. As a result, traditionally the 'mass law' is only integrated from zero to 78 

degrees, as this gives a better comparison with experimental results. Some workers have 

argued that since the test specimen is usually set in a slight recess, that angles of 

incidence close to 90 degrees are impossible so this limitation is not arbitrary. Other 

workers however have maintained that there is no real physical justification for such an 

integration limit, making the limit arbitrary. 

Kang et ai. [108] measured the actual directional magnitudes of the sound incident on a 

sound transmission loss specimen. They found that sound was not incident on the 

specimen equally for all angles of incidence and proposed the transmission loss formula 

be revised accordingly. 
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4.2.2 - Modelling the Incident Acoustic Field in an Acoustic Finite Element 

Environment 

In order to accurately model the traditional sound transmission loss test, an accurate or 

equivalent representation of the diffuse incident sound field was needed. The following 

sections discuss the various options available in the finite element environment. 

4.2.2.1 - AI Point Source in a Re,'el'berant Environment 

The simplest acoustic source is the point source. The best way to visualise such a source 

is as the sound pressure waves resulting from a sphere of negligible size, which 

rhythmically expands and contracts in a fluid medium. Such a source sends sinusoidal 

pressure fluctuations throughout the medium in all directions. The sound field produced 

by a box-shaped object, radiating from all its surfaces is often approximated as a point 

source at medium distances. A point source is also often used to simulate the propagation 

of sound from the front of a single speaker (mounted in a baffle or sealed enclosure). This 

assumption is valid especially at low to medium frequencies, where the sound is emitted 

from the speaker in a hemispherical pattern. This is illustrated in figure 4.2.2, showing 

the sound pressure field created by a single 12 inch speaker at 100 Hz. The speaker is 

located in an anechoic room, so the sound field is similar to that when the speaker is 

mounted in an infinite space. 
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Figure 4_2.2 - The sound pressure field created by a single 12 inch speaker propagating 

into free space (except for presence of rigid panel as shown) at 100 Hz 
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Figure 4.2.3 - The modelled sound pressure field created by a theoretical point source 

propagating into free space (except for presence of rigid panel as shown) at 100 Hz 
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Figure 4.2.3 shows the sound field generated by modelling the speaker as a point source. 

In both cases the sound field was intenupted by a hanging panel 1.65 m from the source -

which accounts for the inconsistent results far from the source. Both results also use the 

same coarse measurement or calculation grid, with only 40 points around 400 mm apart 

(see section 3.5.1.2.2). The figures show a good level of similarity between the results for 

a 12 inch speaker and a theoretical point source, at 100 Hz and between 0.5 metres and 

2.5 metres from the source. 

The most accurate physical equivalent of a theoretical point source commercially 

available is a dodecahedral sound source, such as that shown in figure 4.2.4. 

Figure 4.2.4 - A dodecahedral sound source - a close physical equivalent of a theoretical 

point source 
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The sound field created by such a source is, apart from at velY close range, a very good 

approximation of that produced by a theoretical point source. In the Acoustic Testing 

Laboratory at the University of Canterbury, such a sound source is used to generate the 

sound field in the "source" reverberation room when conducting sound transmission loss 

tests. 

To produce the exact numerical equivalent of this arrangement, a point source should be 

used, enclosed by rigid reflective surfaces similar to those in the real reverberation room. 

Such a numerical arrangement would create a diffuse field, in the same manner as the 

diffuse field in an actual reverberation room is created - with multiple reflections from 

the hard surfaces combining to create a largely diffuse field. 

However, whilst such a field is relatively easy to create experimentally given appropriate 

facilities, computationally it is not so simple. To create a diffuse field in such a manner 

numerically is very computationally intensive, and would therefore take a long time. As 

well as modelling the interaction and response of the sound transmission loss specimen to 

the airborne acoustic excitation, the entire structure of the reverberation room must also 

be modelled and its response calculated. Such an approach would also reproduce 

undesirable features of the physical analysis in the numerical environment. Uncertainty 

about the diffusivity of the sound field would be transferred from the physical to the 

numerical analysis. A decision had therefore to be made as to the relative importance of 

producing results equivalent to the experimental results or producing results which seek 

to reduce the number of variables involved. 
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4.2.2.2 - A Single Plane Wave Source 

The second simplest computational acoustic source is a plane wave source. Such a source 

is characterised by its magnitude, direction vector and origin location. A plane wave 

source can be visualised as the sound field created by a rigid plane moving a small 

distance back and forth in a sinusoidal fashion, in a direction normal to its surface. 

Such a plane wave source is most conunonly used to represent the sound field produced 

by a speaker or other sound generator, at great distance. It is this principle that was used 

by Rindel [95] to study the effect of angle of incidence on panel coincidence 

transmission. By locating a speaker on the end of a long pole, and using a panel with 

small lateral dimensions, he could assume that the acoustic field impacting the panel was 

very close to that generated by a plane wave source, as jllustrated in figure 4.2.5. 

Rindel's Experiment Plane Wave Assumption 

Figure 4.2.5 - Rindel's experiment, assuming a source at distance equals a plane wave 



Plane wave sources are also simple to model in the numerical environment. In a program 

such as SYSNOIS~, a plane wave source is defined using an interface such as that shown 

in figure 4.2.6. 

Figure 4.2.6 - The creation of a plane wave source in SYSNOIS~ 

As the figure illustrates, a plane wave source requires the input of a source location, in 

Cartesian coordinates, a source direction vector and a magnitude. The source magnitude 

may be constant (real or imaginary) or vary with frequency. This allows the frequency 

spectrum of a real-world sound source to be included in the numerical model. 
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As in the experimental case, a plane wave source is useful in the numerical modelling 

environment to study the effect of the angle of incidence on sound transmission through 

various systems. 
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4.2.2.3 - A Collection of Plane Wave Sources 

As discussed earlier a diffuse field is defined as an acoustic environment in which there is 

an equal likelihood of sound propagating in any direction at a given point. Therefore, a 

diffuse field may be represented in the modelled environment by an infinite number of 

plane wave sources, of random orientation and amplitude. Similarly, a diffuse field could 

be assembled in the real environment by an infinite collection of randomly orientated 

sound sources in an anechoic environment. 

Numerically, it is possible to solve the same problem for multiple plane wave sources 

with quite some efficiency. The most efficient way to represent a diffuse field incident on 

a sound transmission loss specimen computationally, therefore, is with a collection of 

plane wave sources. This sort of diffuse field representation is considerably more 

desirable than that described in section 4.2.2.1, where a single point source is placed in a 

reverberant environment. The solution time is considerably reduced, and the dependence 

on room geometry which exists in the physical situation is not existent in the numerical 

model. The parameters which control the accuracy of the solution, in this case, are the 

number and orientation of plane wave sources used. The number and distribution of 

sources required therefore, must be carefully determined. 

A program is available from LMSIntemational which can be used to generate a number of 

plane wave sources to approximate a diffuse field. The plane waves are generated with 

direction vectors normal to the surface of a hemisphere, whose origin is the centre of the 

transmission loss test specimen in question, as illustrated in figure 4.2.7. 
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Figure 4.2.7 - Plane wave sources distributed over the surface of a hemisphere, with 

surface nonnals pointing to the centre of the transmission loss specimen 

When working with a finite number of plane wave sound sources, as in the numerical 

situation, it is best not to define the sources with random orientation, but rather to 

purposely distribute the sources to achieve a reasonable spatial coverage. This requires 

both an even distribution of angle of incidence, and of angle of rotation. This can be 

achieved by evenly distributing groups of plane wave sources around the circle fonned 

when planes parallel to the test specimen intersect the notional hemisphere. The 

configuration for 20 plane waves, using a two plane set up, is shown in figure 4.2.8. 
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Figure 4.2.8 - The location and orientation for a 20 plane wave arrangement, using two 

notional planes 

The configuration shown here will give only two distinct angles of incidence relative to 

the surface normal of the transmission loss specimen. It will however give 20 distinct 

angles of incidence when rotation around the transmission loss specimen surface normal 

is also considered. 

The only remaining question then, is how many plane wave sources and what sort of 

distribution is needed to adequately simulate a diffuse field. As there are no direct 

measures of diffusivity, this is a difficult question to answer. As subsequent chapters will 

show, the approach in this study was to model a traditional transmission loss test, for a 

simple system using a high number of plane wave sources to approximate the diffuse 
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incident field. After all other aspects of the modelling process had been optimised for 

solution time and accuracy compared to experiment, the number of incident plane waves 

making up the diffuse field was considered. The number of plane wave sources used was 

decreased until an adequate balance between c,alculation time and accuracy was found. 

mentioned earlier, because of the way in which multiple plane wave sources are 

solved by the numerical program, a change to the number of sources does not linearly 

effect the solution time. 
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4.3 - Transmitted Acoustic Field 

This section discusses the method used to numerically detennine the transmitted acoustic 

field in a simulated transmission loss test. This is one of the most important decisions 

with regard to how the model will be defIned, since there has been so much discussion in 

the literature as to the effect of the backing room on the measured sound transmission 

loss in a physical test. 

4.3.1 - Experimental Determination of the Transmitted Acoustic Field 

The physical arrangement for the traditional transmission loss test is shown in fIgure 

4.3.1. As the fIgure shows, along with the reverberation room in which the incident 

diffuse sound field is generated, there is a second reverberation room, on the receiving 

side of the transmission loss test specimen. 
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Figure 4.3.1 - Facility arrangement for traditional transmission loss test 

The sound transmission loss test works on the assumption that all sound existing in the 

receiving reverberation room has travelled through the sound transmission loss test 

specimen. The sound transmission loss of the specimen is then given by 
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where 

ling Met 

[4.3.1] 

Lps = the space averaged sound pressure level in the source room (dB) 

Lpr = the space averaged sound pressure level in the receiving room (dB) 

S = the area of the sound transmission loss test specimen (m2
) 

A = O.161(V/1) 

V = volume of the receiving room (m3
) 

T = the reverberation time of the receiving room (s) 

An attractive practical aspect of the traditional transmission loss test is that, for a 

receiving room with known dimensions and reverberation time, only a series of sound 

pressure measurements are needed to complete a sound transmission loss test. Since only 

the most rudimentary of sound level analysers is needed to conduct such a measurement, 

this method has been the one of choice for many years. To the methods detriment, if the 

reverberation time of the receiving room is not known, or highly accurate results are 

required, the reverberation time of the room must be measured. This measurement 

requires significantly more sophisticated instrumentation, and a greater time commitment. 

Furthermore, in certain field situations, and arguably in many laboratory situations, the 

traditional two-room method and resulting equation do not apply. These situations 

include cases where the acoustic field in the receiving room cannot be considered diffuse, 

and when sound energy in the receiving room has travelled via a variety of available 

flanking paths, not exclusively through the test specimen. A more detailed analysis of 

how the sound is being transmitted through the wall is also impossible - parameters such 

as the relative contributions of various parts of the wall system are lost in the coarseness 

of the method. There also exists the possibility that the room backing the transmission 

loss specimen is very significant in detelmining the measured sound transmission loss. 

The extent of this effect is disputed in the literature (see section 2.2.6.2). 
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For all the reasons outlined above, an alternative method for measuring the sound 

transmission loss of a specimen has been developed. This method has it's origins in Lord 

Rayleigh's "The Theory of Sound" [96], where sound intensity was used as a 

fundamental descriptor of an acoustic field. The commercial era of sound intensity 

measmements did not an"ive until 1977 however, when both Fahy [97] and Chung and 

Hope [98] used digital signal processing techniques in conjunction with Lord Raleigh's 

theory to supply accurate sound intensity measurements using two closely spaced 

microphones. 

The sound intensity method for measuring the sound transmission loss of a test specimen 

is similar to the traditional test in many ways. However, as illustrated in figme 4.3.2 a 

second reverberation room on the receiving side of the panel is not required. Instead a 

sound intensity probe is used to directly measure the sound radiated from the receiving 

side of the panel. The conditions on the receiving side must therefore be amenable to 

sound intensity measurements; an anechoic or semi-anechoic receiving room is required. 
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Figure 4.3.2 - Experimental facilities required when using the sound intensity method for 

measuring sound transmission loss 

In a manner identical to the traditional two reverberation room method, the sound 

intensity incident on the panel can be calculated from a sound pressure level 

measurement in the source reverberation room. The transmitted sound intensity is 

measured directly using a sound intensity analyser. As discussed previously, by definition 

the sound transmission loss of a specimen is the difference between the sound power 

incident on the panel, and that radiated from the receiving side of the panel so the sound 

transmission loss of the specimen can be found by taking the difference between the 

incident and transmitted sound intensities (since sound power is the product to area and 

intensity). 

This method has been shown to give results comparable to those obtained using the 

traditional two reverberation room method (see section 2.5.2). This method should also 

give a more accurate representation of the actual sound being transmitted through the 

panel. There are two reasons for this - the intensity measurement of the transmitted sound 

ignores any flanking sound transmission and the anechoic properties of the receiving 

room means the receiving room will have no significant modal behaviour and therefore 

there can be no 'Bhattacharya-like' coupling between panel and room modes [39]. 



In order to gain an appropriate measure of the sound intensity transmitted through the 

panel, an average must be calculated over an area of the panel surface. In the actual 

application of the technique, as discussed by Ong [99], a decision must be made as to 

over how much of the surface of the sound transmission loss specimen the sound 

intensity will be measured. It is usual to mark up a grid on the receiving side of the panel, 

as illustrated in figure 4.3.3. This grid assists in obtaining the correct spatial averaging of 

the transmitted intensity. 

Measurement 
grid 

,.-

L.l 

,.- I 

+-- Wall framing 

I , 

-

Figure 4.3.3 - Typical measurement area used when measuring average transmitted 

sound intensity 

In order to produce completely comparable results, this measurement area must be the 

same for successive tests. The rationale behind choosing a limited area of the specimen 

to measure the transmitted sound intensity over is explained by Ong [99]. 

Using a sound analyser such as the Bruel and Kjaer 2260 and appropriate software, the 

area over which the sound intensity is to be measured is traversed in a steady fashion with 
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the sound intensity probe. The on-board sound analysis software works to produce an 

average sound intensity. Analysis has shown [99] that the difference between results 

produced by taking static point readings over the measurement grid and manually 

averaging them, and using the automatic averaging whilst sweeping over the same area is 

very small (less than 1 dB). In experimental work, the on-board intensity averaging is the 

most efficient method in terms of time and also theoretically produces a 'more correct' 

result, since the fmal result is based on the average of many more samples than a result 

based on single point measurements. 
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4.3.2 - Determination of the Transmitted Acoustic Field in a Numerical Model 

This section discusses the method which will be used in the numerical model to obtain 

the sound power transmitted through the specimen. 

4.3.2.1 - Comparison of Methods 

One of the most important factors to consider when undertaking a numerical modelling 

study, as discussed previously, is the solution time. The simpler the model, the shorter the 

solution time and the more amenable it will be to use in research and commercial 

environments. Another important factor is of course the 'correctness' of the solution 

obtained. The distinction between producing a 'correct' solution and producing a solution 

which is equivalent to that produced by a traditional experimental transmission loss test 

has been discussed previously, 

It is these two factors which were considered when a decision was made on how to treat 

the transmitted acoustic field in the numerical model. It was concluded that modelling the 

receiving room as highly reverberant would produce a result which could be directly 

compared to an experimental result, since the effect of room modal behaviour would be 

included in the calculated transmission loss of the specimen. Whether this is a good or 

bad thing however is debatable, since the transmission loss result obtained will be 

dependent on the 'modelling environment' much like an experimental result is dependent 

on the measurement facility in which it was obtained [88]. If the room is modelled with 

fmite geometry, the sound field within it will not be completely diffuse (as in the real 

situation), especially at low frequencies [82]. A modelling approach which includes a 

reverberant receiving room will also be more computationally intensive, since the 

response of the entire room structure and volume must be accounted for. 

The other option is to model the receiving side of the panel as an open half space - which 

is equivalent to a perfectly anechoic receiving room. This approach is economic 

computationally, since only the panel structure must be modelled. The boundary element 
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method can then be used to find the sound intensity at any point in the semi-infinite fluid 

medium. The imp0l1ant acoustic parameters are calculated over a mesh representing the 

boundary between the fluid medium and the sound transmission loss specimen. The 

sound pressure and velocity levels at any point can then be found by simply applying the 

laws of wave propagation in a fluid medium to the boundary conditions. So in this case, 

the sound intensity can be calculated adjacent to the transmitting surface of the panel and 

an average taken, much like in the experimental sound intensity transmission loss 

method. 

This method also gives a measure of sound transmission loss which is dependent only on 

the prope11ies of the sound transmission loss specimen. In many ways, this is a truer 

measure of transmission loss than that provided by a traditional ISO 140 [85J type 

transmission loss test. 

A model simulating the sound intensity method therefore seems the best choice when 

seeking to use a coupled boundaty element method and finite element method analysis to 

numerically model a sound transmission loss test. 
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4.3.2.2 - Application of the Direct Intensity Method 

As discussed in the previous section, the intensity transmitted through a numerically

represented transmission loss specimen can simply be calculated over a number of points 

adjacent to the back to the specimen. The results must then be averaged to obtain the 

average transmitted sound intensity. Increasing the number of points over which the 

transmitted intensity is calculated in the model has the same effect as decreasing the 

scanning speed in an experimental sound intensity measurement. In both cases a larger 

number of sampling points leads to a better average value being calculated. 

If the number of transmitted sound intensity calculation points in the numerical model is 

increased, the final averaged result will converge towards the experimental result 

achieved using the intensity scanning technique, which samples at many measurements 

per second. The exact calculation resolution required to do this can be calculated with 

knowledge of the sound intensity analyser's sampling frequency and the scanning speed. 

However, experimental studies have shown there is very little difference in experimental 

results between a manual point measurement over a reasonably coarse grid (100 mm) and 

a scanning result. It therefore seems that the number of sample calculations conducted 

over the transmitting surface is not critical. 

It is also important to observe that when conducting an experimental sound transmission 

loss measurement using the intensity technique, it is impossible to measure the sound 

intensity emitted from the panel in very close proximity to the panel's surface. This is 

due in part to the configuration ofthe sound intensity probe, as illustrated in figure 4.3.4. 
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Figure 4.3.4 - The physical configuration of the intensity probe prohibits measurements 

very close to the transmitting surface 

The distance between the surface and the centre of the two phase-matched microphones is 

also increased due to operator inaccuracies, since the probe is commonly scanned over 

the transmitting surface by hand. Some clearance is needed to ensure the probe is never 

accidentally brought into contact with the surface since such contact not only invalidates 

the results but could cause damage to the equipment. The instructional literature provided 

with the probe recommends it be kept around 100 mm from the transmitting surface. 

It has been observed that, as illustrated in figure 4.3.5, in practice the centre of the two 

phase-matched microphones in the probe is usually travelling at a distance of 70 mm 

from the surface of the sound transmission loss test specimen. This distance however 

must be given limits of accuracy of at least +/. 20 mm since, as described earlier, the probe 

is moved by hand. 
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Figure 4.3.5 - The nonnal operating position of the sound intensity probe 

In the model, the most theoretically thorough solution is to define a senes of 

measurement points over the surface of a hemisphere which encloses the entire 

transmitting face of the sound transmission loss specimen, as illustrated in two 

dimensions in figure 4.3.6. 

----to-
-------to---. -----. 
----+ ---. 

Incident sound ---+. ---t> 
----+ 
----+ 

Sound transmission loss ----... 
specimen 

Rigid baffle 

• •. __ .4----- Notional hemisphere over -. 
-.. which transmitted intensity 

•• •• is measured 
• • • ---. .4------- Transmitted sound --. --. 

---+ 
---+ --. 
---+ 
--to> 

•• •• •• •••• 

• • • • 
I 
• • -• • • • • • • •• 

Figure 4.3.6 - Transmitted sound intensity calculated over a hemisphere enclosing the 

entire transmitting surface of the panel 
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This is the most accurate solution scheme available since the hemisphere over the 

transmitting surface does not allow the 'escape' of any sound power leading to a highly 

accurate solution. 

An alternative to this approach is to use a rectangular calculation grid, as shown in two 

dimensions in figure 4.3.7, which is similar to that over which the intensity is scanned 

experimentally. 

--+ 
--+ 
-----+ 
----+ 
----+ 
-----+ 

Incident sound ----.. ----+ 
----+ 

Sound transmission loss 
---~. specimen 

Rigid baffle 

......--.. -I · 

Notional surface over which 
transmitted intensity is 

measured 

r------. ... ------ Transmitted sound 
i-----I" 
J-------to. 
i-------+ 
1------+ 
i------+ 
i-----I" 
i-----I" 
i------+ · · 

Figure 4.3.7 - The rectangular grid over which the transmitted intensity will be calculated 

Since the parameter of interest is sound intensity, the distribution of the calculation points 

over the transmitting surface is merely to gain an average of the transmitted intensity over 

the entire surface. Sound 'escaping' around the edges of the calculation plane should 

therefore have very little effect on the results (unless this sound differs largely in 

magnitude from the average level). 

If this method were used, it would be possible to change the distance the calculation grid 

was from the transmitting surface in the numerical model and assess any changes in 
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calculated intensity and the resulting calculated sound transmission loss. The model 

would also allow for experimentation with the number of calculation points on the plane, 

and its coverage of the transmitting surface. 

Following the calculation, of the transmitted sound intensity over the chosen calculation 

grid, the results must be assembled and averaged over the measurement grid at each 

calculated frequency. For a large number of calculation points, this is a tedious exercise, 

so the results were assembled using a computer routine. 
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4.4 - Sound Transmission Loss Test Specimen 

The first section of this chapter discussed how the sound field incident on the numerically 

represented sound transmission loss specimen was modelled using a series of plane wave 

sources. The second section discussed how the receiving side of the panel was not 

enclosed, allowing the transmitted sound to radiate into free space. 

These two decisions meant that the only part of the system which required a stlUctural 

fmite element model was the sound transmission loss specimen itself. In a finite element 

model the geometric fonn of the specimen is represented with a mesh made up of a series 

of discrete elements. With knowledge of the specimen material properties a solution can 

be obtained for the response of the system to simple harmonic excitation. This analysis 

can be perfonned using any number of commercially available finite element programs. 

As mentioned previously, the interactions of the specimen with the fluid medium on each 

side of it will be taken into account using a boundary element model coupled to the 

stlUctural model of the specimen. 

4.4.1 - Finite Element Model of a Single Panel: Mesh Definitions 

In order to represent the geometry of the specimen correctly, a decision was required as 

to the type of finite elements which would be used to represent the system. The next 

section discusses the validity of using plate elements to represent the sound transmission 

loss system, assuming it is a single, thin panel. 



4.4.1.1- The Validity ofJlodelling a Plasterboard Panel using Plate Elements 

All of the single panels studied in this project were standard plasterboard sheets like those 

used in the building industry. Typically, these panels range in weight from 6.6 kg/m2 to 

12.0 kg/m2 and in thickness from 10 mm to 18 mm. The remainder of this chapter is 

therefore restricted to the discussion of such panels. 

4.4.1.1.1 - The plate element 

The simpler the elements used in a finite element analysis, the faster the solution time for 

the system. One of the simpler finite elements is the plate element. 

As illustrated in figure 4.4.1, the plate element is characterized by three degrees of 

freedom per node: one nomlal translation degree of freedom (UZ) and two in plane 

rotation degrees of freedom (RX and RY). 

UZ 

RX 

z 

y 

x 

Figure 4.4.1 - The plate element 

The plate element can be used to represent systems in which the thickness can be 

assumed to be zero, with respect to the system's lateral dimensions. If such a system is 
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subjected to a force of small amplitude in the Z direction, the displacements in the X and 

Y directions and rotation about the Z-axis may be assumed to be zero. 

The limiting assumption of interest in this case is, however, that the system is of 

negligible thickness. It is important to know when this assumption becomes invalid and 

much more complex three-dimensional elements are required to accurately represent the 

system. 

According to Cremer and Heckle [100] and Rindel [101J a plate may be assumed thin up 

to a point where the thickness of the plate reaches approximately one sixth of the 

longitudinal wavelength of sound in the plate. Taking the commonly accepted speed of 

sound in plasterboard (550 mls), table 4.4.1 shows the wavelength of sound in 

plasterboard for the centre frequencies of the third octave bands commonly considered in 

sound insulation studies. 

As the table also shows, somewhere between the 8000 Hz and 10,000 Hz third octave 

bands the assumption that a 10 mm plasterboard panel is 'thin' becomes invalid. At such 

a frequency a finite element model using plate elements becomes invalid, and a model 

using three-dimensional elements is required. Such a model dramatically increases the 

complexity of the computation, and therefore the computational time. 
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Table 4.4.1 - Longitudinal wavelength of sound in plasterboard assuming the 

longitudinal wave speed is 550 mls and is not dependent on frequency 

80 6875 1145.8 

100 5500 916.7 

125 4400 733.3 

160 3438 572.9 

200 2750 458.3 

366.7 

400 1375 

500 1100 183.3 

630 873 

800 688 114.6 

1000 550 91.7 

1250 440 73.3 

1600 344 57.3 

2000 275 45.8 

2500 220 36.7 

3150 175 29.1 

4000 138 22.9 

110 18.3 

6300 87 

8000 69 11.5 

10000 55 9.2 
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4.4.1.1.2 - Experimental verification: Procedure 

If a panel is truly behaving in a 'thin' manner, then the motion of both the front and back 

faces of the plate shou ld be equal. That is, a panel which has no thickness cannot support 

independent movement of both faces, since theoretically they are coincident as illustrated 

in figure 4.4.2. 

Panel witb Finite Panel with Negligible 
Tbickness Thickness 

Front Face Back Face 

Front and Back Faces 
Can Move 

Independently 

Front and Back Faces 
are Coincident and 

Cannot Move 
Independently 

Figure 4.4.2 - The implication of plate elements having negligible thickness 

An experiment was carried out to verify experimentally that an assumption of 'thinness' 

up to the 10,000 Hz third octave band was correct. Since a great deal of time was to be 

invested in modelling approaches to transmission loss, it was deemed important to 

establish the I imits of the procedures used with some certainty. 

The experimental investigation was carried out in an anechoic chamber, using a freely 

suspended plasterboard panel, as described in section 3.5 of chapter 3. The panel, which 

measured 0.64 metres by 1.20 metres was suspended from the roof of the anechoic 

chamber by two wires, and was located 1.65 metres from a speaker which produced pink 



noise at high levels. The panel was divided up into a grid of 100 mm by 100 mm squares, 

as illustrated in figure 4.4.3. 
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Location 

Figure 4.4.3 - Accelerometer placement points on the panel surface 

Acceleration measurements were then taken in the centre of each grid square over the 

front of the panel, using the equipment and procedures described in section 3.5.1.2.3. 

The measurements yielded uncalibrated acceleration levels for the third octave bands 

from 50 Hz to 10,000 Hz. 

The procedure was repeated on the rear surface of the panel. The results were then 

assembled and plotted using a procedure written in Matlab® specifically for the task. 
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4.4. J. J. 3 - Experimental verification: Results 

A series of contour plots were produced showing the panel surface acceleration over both 

the front and back faces. If the panel were acting as a thin membrane, then there should 

have been no observable difference between the acceleration of the front and back 

surfaces of the panel. Furthermore, if the rule quoted by Cremer and Heckle [100] and 

Rindel [101] were correct, then for the 10,000 Hz third octave band the acceleration of 

the front and back panel surfaces should have been different. 

Figure 4.4.4 shows the acceleration over the front and back of the panel in the lowest 

third octave band where measurements were possible. 

Figure 4.4.4 - Acceleration over the back and front of a freely suspended 10 mm 

plasterboard panel for the 80 Hz third octave band 
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No scale is shown on the figure since only a relative comparison was of interest. As 

stated earlier, the accelerometers used in the experiment were not calibrated, so the 

absolute value of the readings had little meaning. In all figures however, the distance 

between successive contours represents a change in acceleration level of one decibel. 

Figure 4.4.4 shows that both the back and front of the panel exhibit highly patterned 

behaviour. This is to be expected at such a low frequency, as discussed in section 3.5.2.2, 

since the modal density of the panel is so low. If as hypothesized, the panel was 

behaving as a theoretical 'thin' panel and the acceleration of the front and back of the 

panel were equal, the two plots in figure 4.4.4 should have been a mirror image about the 

centre line shown. 

The acceleration of the front and back of the panel do appear to identical over the 80 Hz 

third octave band. Given the experimental uncertainties (largely due to the manual 

placement of the accelerometers on the panel), the similarity between the results is 

remarkable. 

Figure 4.4.5 shows the acceleration over the front and back of the panel for the 160 Hz 

third octave band. 
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Figure 4.4.5 - Acceleration over the back and front of a freely suspended 10 nun 

plasterboard panel for the 160 Hz third octave band 

The figure shows that once again the acceleration over the front and rear faces of the 

panel is almost identical and once again distinctive model behaviour is seen to dominate 

the third octave band. 



Figure 4.4.6 - Acceleration over the back and front of a freely suspended 10 mm 

plasterboard panel for the 315 Hz third octave band 

Figures 4.4.6 to 4.4.10 show the acceleration over the front and back of the panel for a 

succession of third octave bands, up to the 5,000 Hz third octave band. The figures show 

that there is a remarkable similarity between the acceleration of the front and back 

surfaces of the panel. Any distinct, modal behaviour becomes less evident at higher 

frequencies since the modal density increases with increasing frequency, and 

consequently there are more modes present in each third octave band. 

274 



Figure 4.4.7 - Acceleration over the back and front of a freely suspended 10 nun 

plasterboard panel for the 630 Hz third octave band 

By the time the 5000 Hz band is reached, the modes of the panel are of such a high order 

and so numerous, that the acceleration, when measured over the entire third octave band, 

is extremely uniform. Remembering that there is a change in acceleration of 1 dB 

between successive contours on all the figures, one may observe that over the entire panel 

surface in the 5000 Hz third octave band there is a difference in acceleration level of only 

7 dB. This value is in contrast to the lower frequency bands where the difference over the 

panel surface was often greater than 12 dB. 
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Figure 4.4.8 - Acceleration over the back and front of a freely suspended 10 mm 

plasterboard panel for the 1250 Hz third octave band 

The reduction in acceleration gradient over the panel surface partially explains the 

reduced correlation between the front and back face acceleration plots at high frequencies 

- the experimental errors have become more significant, compared to the difference in 

acceleration levels measured. 
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Figure 4.4.9 - Acceleration over the back and front of a freely suspended 10 mm 

plasterboard panel for the 2500 Hz third octave band 
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Figure 4.4.10 - Acceleration over the back and front of a freely suspended 10 mm 

plasterboard panel for the 5000 Hz third octave band 

Despite these factors, the results show remarkable correspondence, right up to the 8,000 

Hz third octave band result (figure 4.4.11). The slight asynunetry obvious in all the 

resul ts is due to the lack of symmetry in the original experimental apparatus, where the 

speaker generating the excitation signal was not located normally to the hanging 

plasterboard panel surface. 
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Figure 4.4.11 - Acceleration over the back and front of a freely suspended 10 rnrn 

plasterboard panel for the 8000 Hz third octave band 

The earlier calculations showed the limit, where the 10 rnrn thick plasterboard panel 

could be treated as a two-dimensional structure, was between the 8,000 Hz third octave 

and 10,000 Hz third octave bands. It was therefore hoped that there would be some 

evidence of this change in the results for the 10,000 Hz third octave band. 
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Figure 4.4.12 - Acceleration over the back and front of a freely suspended 10 nun 

plasterboard panel for the 10,000 Hz third octave band 

As figure 4.4.12 illustrates, there is clearly a difference in the average magnitude of 

acceleration of the front and back surfaces of the 10 nun plasterboard panel for the 

10,000 Hz third octave band. The acceleration of the rear face of the panel is 

considerably reduced, and appears to be acting somewhat independently to the front face 

of the panel. 

This result clearly supports the theory and confirms that any results obtained in a finite 

element approach above the 8000 Hz third octave band, where plate elements have been 

used to model the panel structure, will be inherently incorrect. 
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4.4.2 - Finite Element Model of a Single Panel: Boundary Conditions 

The second major issue which may have affected the results of the numerical modelling 

concerned the boundary conditions defined around the panel periphery. In the sound 

transmission loss suite at the University of Canterbury, when measuring the sound 

transmission loss of a single panel using the sound intensity technique, the panel is 

clamped into a frame as shown in figure 4.4.13. 

Sound 
transmission 
loss specimen 

Clamp 

Frame 

Steel bar 

Figure 4.4.13 - The clamped periphery of single panel 10 an experimental sound 

transmission loss test 
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As the figure illustrates, a piece of steel bar is placed around the edges of panel, and a 

series of clamps are used to hold the whole system in position. Such a system seeks to 

prohibit any movement of the panel periphery at all - it cannot move or rotate in any 

direction or about any axis. 

The second most common experimental edge configuration is a simply supported system, 

as described by Oosting [38]. Here, a very thin right-angled shim is used to support the 

panel allowing rotation about the edge but no translation. Quite some trouble must be 

taken to experimentally achieve a simply supported boundary condition. 
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4.4.3 - Finite Element Model of a Single Panel: Material Definitions 

The parameters required to calculate the structural response of the panel, aside from its 

physical geometry, are the material stiffness - described by the Young's modulus, the 

thinning of the material when stretched laterally - described using Poisson's ratio, and 

the material mass and thickness. To calculate the magnitude of the structural response, 

the intema1 damping of the material must also be known. 

The panels to be most frequently modelled in this project were from the Winstone 

Wallboards Gib® plasterboard range. As part of Winstone's constant quality control 

measures, the Young's modulus of the plasterboard as it comes off the production line is 

closely monitored, regulated and recorded. There is therefore good data available on the 

Young's modulus and its variability. 

The Poisson's ratio is not as easy to measure, but values have been published by various 

reputable workers. There tends to be little variation between published values, and an 

unwritten assumption that the results are rather insensitive to changes in Poisson's ratio. 

The material mass and thickness can be measured directly from sample plasterboard 

sheets. Experimental studies [102] have shown that variation in these parameters, from 

their nominal values, is negligible with regard to their effect on transmission loss. 

The material constant about which least is known is damping. Whilst several methods 

exist for measuring the intema1 modal damping of such materials, none are particularly 

amenable to this application. Perhaps the most well known involves measuring the 

vibration response of the structure to mechanical stimulus. Peaks in the vibration 

response curve correspond to natural modes of the panel. The height of these peaks is 

govemed by the damping of the mode - a completely undamped mode will theoretically 

peak to infinity. 
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A method exists whereby the damping coefficient of a particular mode may be calculated 

by finding the points at either side of the peak, where the response is diminished by 3 dB. 

These points are known as the '3 dB drop off points. One can conduct this analysis for 

evelY panel mode. 

The resulting damping coefficients can then be entered into the fmite element calculation 

to obtain an accurate calculation of panel response magnitude. If the transmission loss of 

a 10 mm plasterboard sheet, 1.55 m by 0.95 m is to be calculated up to 5000 Hz, the 

damping coefficient would need to be found in this fashion for approximately 1200 

modes. It should also be noted that this method is sometimes not possible to implement 

due to modal overlapping - where the 3 dB point of one mode is disrupted by another 

mode in close proximity. 

All these factors combine to render this method of damping determination impractical. 

The amount of time and effort which would have to be put into determining the modal 

damping of a transmission loss specimen would be much better invested into simply 

measuring its transmission loss using traditional techniques. 
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4.5 - Conclusions 

This chapter has discussed how a combined finite element and boundary element analysis 

can be used to simulate a sound transmission loss test. 

The requirements for the sound field incident on the sound transmission loss test 

specimen were discussed. It was seen that in a real transmission loss test a diffuse 

incident field is created by placing a source in a rigid-walled room. The pros and cons of 

using this same approach in the numerical model were discussed and it was decided that a 

series of plane waves would be used to approximate a diffuse field. This was because this 

arrangement did not transfer non-diffusivity and modal problems in the reverberant 

source room from the experimental to the numerical analysis. It also created an incident 

field which was easier to control and more efficient to solve. 

The treatment of the transmitted sound field was also considered. The two different 

experimental approaches used were discussed. It was seen that if the sound transmission 

loss specimen was backed by a rigid cavity, the sound transmission loss measure obtained 

would be dependent on the room geometry. If however the numerical study directly 

measured the transmitted sound intensity as it radiated into an infinite half-space, the 

results would only depend on the specimen itself. It was seen that this arrangement was 

similar to an experimental test in which the sound intensity transmitted through the panel 

is measured directly in an anechoic receiving environment. 

Finally, the way in which the sound transmission loss specimen would be numerically 

represented was discussed. It was shown that plate elements could be used, when 

considering the sound transmission through a 10 mm plasterboard panel, for frequencies 

up to the 8000 Hz third octave band. An experimental study showed that the 116 

wavelength rule proposed by Cremer and Heckle [100] and Rindel [101] was a good 

guide as to the limit of application of these elements. The boundalY conditions and 

material constants to be used were also discussed. 
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5.1 - Introduction 

This chapter describes how the modelling approach formulated in the previous chapter 

was implemented. The exact implementation procedure is specific to the software 

packages used. This means that, as opposed to the previous chapter which discussed the 

modelling principles in general terms, this chapter deals with how to create the model 

using SolidWorks®, Gambit®, SYSNOISJ!iY, Matlab® and Microsoft Excel®. It is 

important to realize however, that the same principles can be applied and implemented 

using different software. 

There are three major tasks required to build and LUn a successful numerical finite 

element and boundary element model - geometry and mesh constLUction, analysis and 

fmally data post processing. In this study, SolidWorks® was used for geometry creation, 

Gambit® for mesh creation, SYSNOISJ!iY for numerical analysis and Matlab® and Excel® 

for post processing. 

The following section discusses each of these steps in turn. The fmal section discusses 

some of the restrictions and errors which are involved when conducting such an analysis. 
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5.2 - Model Implementation 

This section discusses how the modelling principles described In chapter four were 

implemented using specific software packages in this project. 

5.2.1 - Geometry and Mesh Creation 

One of the advantages in a finite element study of transmission loss specimens is that the 

majority of the geometries and meshes required are very simple. Figure 5.2.1 is a typical 

example, showing the mesh for a thin rectangular panel. 
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Figure 5.2.1 - A thin rectangular panel mesh 
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The first step in the creation of each new mesh is to determine the minimum mesh 

dimension required. This is a very impoltant step since a mesh with elements which are 

too large will not yield correct results, and a mesh with elements which are far smaller 

than required will take an excessively long time to solve. 

The mesh resolution required is dependent on the bending wavelength in the material of 

interest. This is given by 

where 

with 

I=~ 
12 

[5.2.1] 

[5.2.2] 

[5.2.3] 

where OJ is the angular frequency (S·l) of interest, m is the panel surface density (kglm2), 

E is the Young's modulus (Pa), f.l is the Poisson's ratio and h is the panel thickness (m). 

To obtain sufficient accuracy, six elements are required to represent a single bending 

waveform. If the material parameters for 10 mm thick plasterboard (E = 2.4 x 109 Pa, f.l 

= 0.22, m = 6.6 kglm2
, h = 0.01 m) are used in equation 5.2.1, the maximum element 

dimension permissible to give accurate results at various frequencies within the audible 

range can be calculated. Results are shown in table 5.2.1 for solution to the upper limit of 

each of the commonly used third octave bands. It must be noted that above the critical 

frequency the longitudinal wavelength in air drops below the bending wavelength in the 

material, thereby becoming the parameter limiting the element size (if identical structural 

and acoustic meshes are used). 
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Table 5.2.1 - Maximum element dimension pennissible for an accurate finite element 

solution 

71 

90 106 

95 

85 

75 

67 

60 

53 

47 

561 42 

707 38 

898 33 

1122 30 

1,250 Hz 1403 27 

1,600 Hz 1795 24 

2,000 Hz 2244 21 

2,500 Hz 2805 19 

3,150 Hz 3534 17 

4,000 Hz 4488 15 

5,000 Hz 5610 13 

6,300 Hz 7069 12 

8,000 Hz 8976 11 

10,000 Hz 11220 9 

As the table shows, the maximum pelmissible dimension decreases with increasing 

frequency. Since the octave-based scale is a logarithmic one, a mesh of much finer 

resolution is required, for the last few third octave bands of the audible range. 
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To optimize the solution time over a large frequency range, one could construct a new 

resolution mesh for use with calculations in each band. Otherwise, if for example a mesh 

with sufficient resolution to solve accurately up to 1000 Hz was used for all calculations, 

for all frequencies below 1000 Hz the mesh would be redundantly fine, and the solution 

time increased needlessly, A balance between these two approaches must be found, since 

constructing new meshes also takes time. 

If the model is more complicated than a single panel and contains a number of different 

materials, a separate calculation must be done for each material to establish the overall 

maximum element dimension for accurate solution at a given frequency. 

For the simple rectangular geometries required for most transmission loss modelling, a 

dedicated geometry generating program such as SolidWorks® or AutoCad® is not 

normally needed. The geometry can be simply constructed in the meshing program, in 

this case, Gambit®. 

As the 'screen shot' in figure 5.2.2 shows, the geometry is created in Gambit® by entering 

the coordinates of the ve11ices, joining the ve11ices to form lines, and connecting the lines 

with faces. 
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Figure 5.2.2 - Geometry creation in Gambit® 
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The next step was then to mesh the faces of the geometry. Since this study was limited to 

'thin' panels (see chapter 4, section 4.4.1), no complex three-dimensional meshing was 

required. Rather, since all systems were rectangular, quadrilateral elements (as opposed 

to triangular elements) could be used in most cases. As is illustrated in figure 5.2.3, after 

the geometry has been created the mesh seed is defined along each edge of a face. The 

spacing of this mesh seed is given by the pre-determined maximum permissible mesh 

dimension. From the mesh seed a quadlilateral mesh is generated over one face at a time. 
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Figure 5.2.3 - Mesh generation from mesh seed in Gambit® 
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After the geometry had been fully meshed, it was exported from Gambit® as a *.cdb file

a mesh data file which is suitable for import into SYSNO/Se with little modification. 
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5.2.2 - Finite Element Solution 

As described in the previous section, the newly created mesh * .cdb file is imported into a 

SYSNOIS~ job file, which has been set up to run a solid finite element analysis. Some 

minor changes to the syntax of the mesh file are needed to make it compatible with 

SYSNOISP,®. It is important to realize that any standard finite element computation 

program (Nastran®, ANSyf!9) could be used to conduct this part of the analysis. Such 

programs will have more advanced features than the solid finite element module of 

SYSNOIS~. If a specialized finite element program was used, the results must then be 

imported into SYSNOIS~ for use in the calculations coupled to the boundary element 

model. However in this case, since the systems being solved are relatively simple, there 

was no advantage in using a secondary finite element solution program. 

The 'Import Mesh' dialogue from SYSNOIS~ is shown in figure 5.2.4, along with a 

mesh imported from Gambit®. 
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Figure 5.2.4 - Importing a mesh from Gambit® to SYSNOJS~ 

Once the mesh is within the SYSNOJS~ modelling environment the element type, 

thickness and material properties are defined. When a simple single panel is under 

consideration, plate elements were used exclusively (see chapter 4, section 4.4.1.1). In the 

later stages of the study, when more complex systems were of interest, shell elements 

were also used. Shell elements will be discussed in subsequent chapters when their use 

becomes necessary. 

As discussed in section 4.4.3, to fully define the stmctural model the surface mass, 

Young's modulus and Poisson's ratio of the material are required. For a simple single 

panel system these values are the same for every element. However, as will be the case in 

later stages of the study when considering more complex systems, different parts of the 
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mesh may have different material propelties. If this is the case, the elements with the 

same material properties are grouped into sets, and material properties defined for each 

set. 

The boundary conditions for the system have then to be defined. The most common 

situation in this project was to model a single panel and compare the result to an 

experimental sound transmission loss test where the panel was clamped into a frame (see 

section 4.4.2 of chapter 4). In this case, a clamped condition was defmed around the 

system periphery. However, as subsequent chapters will show, a number of different 

boundary conditions were investigated. These included simply supported boundaries, and 

partially restraining the system perimeter. 

Once the mesh properties had been fully defined and the system had been suitably 

restrained, a finite element analysis was required to solve for the system's natural 

frequencies and mode shapes of the structure. To obtain an accurate result in the 

subsequent coupled FEMIBEM analysis, all modes of the system must be found up to 

twice the maximum frequency of interest. In practice it is the lower frequency modes 

which have the greatest affect on the reaction of a system to airborne excitation, as will 

be shown later. However, the exclusion of the higher-order modes will also lead to 

significant errors in the final transmission loss result. 

The solution for the modes of a typical transmission loss system takes a very short time, 

in comparison with the solution time of the coupled FEM/BEM problem. Figure 5.2.5 

shows the interface screen on SYSNOIS~, with the list of natural frequencies and 

eigenvalues for the mesh displayed. 
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Figure 5.2.5 - The modes of a single panel system, as calculated by SYSNOIS£& 

Much can be learnt from simply studying the natural frequencies of a structure, since they 

have a governing effect on the sound transmission of the system. 

The modal data can be exported from SYSNOIS~ to be further analyzed in other 

software envirorunents. The data file created during such an export contains each mode 

number and eigenfrequency, foJlowed by Cartesian coordinate data for the displacement 

of each mode in the system, sufficient to fully describe the modal shape. This 

displacement data is scaled with regard to the mass matrix. Since a typical single panel 

system may require the calculation of over 1200 modes, and a system mesh may contain 

over 12,000 nodes, these exported data files become large and require specialized post 

processing tools. 



One such tool is the Matlab® program Mode _Finder (see appendix B 1), which was 

specially written to sort through the modal data file created by SYSNO!S~ and retum a 

list of the mode numbers and frequencies. There is no way to independently export this 

data from SYSNO!S~. The program can also create and animate two and three

dimensional plots of any specified modal displacement, as shown in figure 5.2.6. 

064x120 Clamped Mode at 190 Hz 

Figure 5.2.6 - Modal displacement data processed uSlOg Matlab® subroutine 

Mode Finder 

298 



hnplenlc:nlalion R('~;I 

5.2.3 - Boundary Element and Coupled BEMJFEM Solution 

The finite element model, with its modal database calculated in the last section, is used to 

calculate the physical response of the panel to vibrational stimulus. A boundary element 

model is used to describe the response of a fluid medium to sound sources, and it's 

interaction with flexible objects. 

The mesh for the boundary element model is the same as that used for the finite element 

model. It is possible to use a different mesh, but an identical mesh provides the least 

problematic interface between the two models. As below the critical frequency the speed 

of sound in air is slower than the bending wave speed in solid materials, a mesh of 

sufficient resolution to accurately model the physical deformation of the structure will 

also be of sufficient resolution to model the pressure correctly in the fluid medium. 

There are several options when creating a boundary element model in SYSNOISJiill. These 

are concemed with whether the fluid medium on both sides of the mesh is of interest, and 

whether one face of the mesh is mounted in an infinite rigid baffle. These options are 

illustrated in figure 5.2.7. 



Baffled 

STL spe imen 
mounted in rigid baflle 

Un baffled 

STL specjmen 
mounted in free space 

I ndirect Variational Direct Collocation 

Potentials only calculated Potentials calculated 
on one side of an on both sides of an 
enclosed boundary enc losed boundary 
element mesh element mesh 

Figure 5.2.7 - Boundary element model options in SYSNOJS~ 

In instances where a transmission loss model includes an enclosed section of boundary 

element mesh, computation is always required on both sides of the mesh. As is illustrated 

in the next chapter, both the baffled and unbaffled models can be of use in transmission 

loss studies. The baffled option is the most heavily used in this project since it easily 

simulates the ideal case of no flanking transmission between the source side of the sound 

transmission loss specimen and the receiving side - the only transmission from one side 

to the other is through the specimen. 

Once the boundary element mesh is imported into the solution environment of choice 

(baffled or unbaffled) the acoustic sources must be defined. At different stages 

throughout this project, single point sources and single and multiple plane wave sources 

were used. These sources were discussed in more detail in section 4.2.2 of the previous 

chapter. 
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In all cases, the magnitude of the source can be defined as a function of fi:equency. This 

functionality is useful when the source is intended as a simulation of some real-world 

source. However, in most sound transmission loss considerations, source magnitude is 

largely irrelevant so long as it produces a response in the linear-elastic region for all 

mediums. of the system. If the transmission loss model is functioning cOlTectl y the results 

should be independent of source magnitude. 

In cases where multiple sources are required (such as an approximation of a diffuse field 

using a collection of plane waves) SYSNOISFf1Y can solve the problem more efficiently if 

the sources are defined individually, in multiple cases. The system response is then 

found for each source individually and the results combined to find the diffuse field 

response. The secondary advantage of solving the system for each source independently 

and then combining the results is that the response of the system to each specific source is 

preserved, and can be studied. The less efficient alternative is to define all the sources in 

a single case. 

To define mUltiple sources and cases in an expedient manner, a special command file was 

written, which is a modified version of a similar file available from LMSlnternationa!' The 

command file simply contains a series of commands which instruct SYSNOISJt9 to create 

multiple load cases and defmes the source parameters in each. To match each of these 

load cases in the BEM, a conesponding number of cases must be defined in the FEM. To 

do this another command file is used which defines multiple 'dummy' load cases in the 

FEM. 

Finally, any special boundary conditions of the BEM mesh must be defined. As will be 

shown in the next chapter, these may have a dramatic affect on the results. If there are 

any free edges in the model, as demonstrated in figure 5.2.8, they must be assigned a zero 

pressure jump boundalY condition. This is because the mesh is of zero thickness and the 

pressure is being calculated over each side, so the pressures at the edge must be equal or a 

mathematical insensibility will occur. 
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Figure 5.2.8 - Conditions under which a zero pressure jump boundary condition must be 

defined 

Also, if the model includes a junction of two faces as demonstrated in figure 5.2.9, a 

special 'junction' condition must be defined. This is so that the junction is treated 

correctly in the model. The figure shows the junction conditions which must be defined 

for a double wall with a system of connecting studs. 
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Figure 5.2.9 - An example of conditions under which a junction condition must be 

defined 

Once both the finite element model has been set up, the natural modes of the system 

found and the boundary element model defined, the two models must be coupled 

together. This means that the acoustic source or sources defined in the boundary element 

model act as the stimulus for the finite element model, whose reaction is governed by its 

natural model behaviour. The motion of the finite element model is then translated into 

pressure wave radiation in the boundary element model. 

Not all of the elements in the two meshes have to be coupled. However, only in 

specialized cases would this be desirable. For example, if one part of the structure was 

not to be subjected to a direct airborne acoustic force, then those elements would remain 
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uncoupled. In the vast majority of sound transmission loss modelling, the entire 

boundary element mesh is coupled to the finite element mesh. 

The system could then be solved for selected discrete frequencies, up to the limiting high 

frequency which was determined by the mesh resolution used and the number of modes 

included in the finite dement model. If a band measurement of any type was required, 

then a large number of calculations must be made in each band, and the band level 

calculated. 
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5.2.4 - Results and Data Post-Processing 

Once the model had been solved, a wide variety of results were available. The structural 

displacement of the finite element mesh at any of the solution frequencies could be 

viewed immediately in SYSNOlS~. An example is shown in figure 5.2.10. 
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Figure 5.2.10 - Structural displacement solution displayed in SYSNOlS~ 

Also, various descriptive parameters could be calculated at any point in the fluid medium. 

For transmission loss problems, as discussed in section 4.4.3.2 of chapter 4, the 

transmitted sound intensity must be calculated over a virtual grid adjacent to the 

transmi tting side of the panel. This grid, referred to as field geometry in the SYSNOlS~ 

environment, is shown in figure 5.2.11. 
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Figure 5.2.11 - The virtual grid over which transmitted sound intensity is to be calculated 

in the model 

A post processing operation must be then run in SYSNOIS£Y, using the boundary element 

model results in conjunction with three dimensional wave propagation theory to calculate 

the intensity at the field points. This process takes negligible computational time, unless a 

very high field point resolution is used. This operation must be repeated at each 

frequency of interest and could only be conducted at frequencies for which the coupled 

FEMIBEM model was solved. 

This data could then be viewed as two or three-dimensional contour plots within the 

SYSNOIS£Y environment, as is shown in figure 5.2.12. 
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Figure 5.2.12 - Transmitted sound intensity, calculated over a senes of field points, 

displayed in SYSNOIS£iY 

SYSNOIS£iY can only support relatively rudimentary data analysis and operations, relative 

to the processing capabil ities that are needed to process the results from a modelled sound 

transmission loss test over a wide frequency range. Therefore, to conduct a more detailed 

analysis of the data, it is best to export it from SYSNOIS£iY. This could be done by 

selecting the appropriate options in the Post Process dialogue of SYSNOIS£iY, as shown 

in figure 5.2.13. If the data from many cases was required, as it is for a diffuse field 

calculation, a command file was used to eliminate the tediousness of manually selecting 

each case and exporting the data. 



Figure 5.2.13 - Writing data to file to extract it from SYSNOIS£f'l 

Several specially constructed programs were written to process the exported data. If a 

simple transmission loss was being calculated, the Matlab® *.m file Diffuse_TL was used 

(see appendix B2). This program takes the data exported from the transmitted sound field 

point grid, finds the average sound intensity over the grid for each load case and at each 

frequency and exports the data to a text file for further processing in Microsoft Excel®. 

Diffuse_TL can also calculate the overall sound transmission loss directly if the incident 

sound field data is also supplied. The results can be obtained at discrete frequencies or 

combined into third octave bands. It is this program which has been used to generate the 

numerically predicted sound transmission loss figures which appear in the remainder of 

this report. 
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A third Matlab routine, Pressure_Field (see appendix B3) was used to plot the sound 

pressure field from regular, rectangular field point grid data exported from SYSNOJS~. 

The routine simply turns the absolute pressures at each field point into decibel values, 

finds the range of the data and produces a contour plot of the pressure over the field point 

grid, with isobars one decibel apart. An example of the results obtained is shown in 

figure 5.2.14. 
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Figure 5.2.14 - A sound pressure field plotted using the Pressure _Field routine 

All the pressure field plots which appear in subsequent chapters have been produced 

using this routine. With only slight modifications to this program sound velocity can be 

plotted. 
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5.3 - Current Restrictions to Computational Sound Transmission Loss Analyses 

As stated many times previously, one of the major restrictions to a numerical approach to 

sound transmission loss prediction is the time involved in producing a result. The 

software tools for performing the analysis, described in the previous section, have all 

been available for over a decade. However, the computing power available to most 

concerned parties has limited the application ofthis technique. 

The computing power to expediently carry out such analyses is now more widely 

available. However in many cases, such as in this project, the limitations of computing 

facilities are still a major factor to consider. They are the primary parameter used to 

determine which systems can be examined, and over what frequency range this 

examination is possible. 

It is also important to always bear in mind that any finite element analysis is approximate 

in nature. Assumptions implicit in the use of the method include that the mesh used is of 

sufficient resolution to allow the complete description of the wave phenomena involved 

and that the governing equations used to describe the material behaviour are being used 

within their range of valid application. There is also a possible issue with computational 

errors affecting the result. At very high frequencies and for very fine mesh resolutions, 

the effect of a computer rounding numbers in order to store them may become significant. 

For these reasons, the second pati of this section contains a comparison of the results 

obtained for a simple panel system using an exact technique, and those obtained using a 

finite element analysis. 

5.3.1- Restrictions Caused by Limits in Available Computational Facilities 

In the subsequent chapters, some time will be spent finding optimized solution 

parameters - that is, the quickest calculation possible whilst still maintaining sufficient 

accuracy. If a wider view is taken of the situation however, it is obvious that these studies 
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are of limited value, since as computational power increases in the future the tlndings of 

studies will become obsolete. 

following section desclibes the contribution of each step involved in conducting a 

numerical sound transmission loss analysis to the oveJall time taken to conduct the 

The steps which fonn bottlenecks in the procedure due to the limits of current 

available computational facilities are identified and discussed. The actual computing 

facilities used during this project are also discussed. 
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5.3.1.1 - Break-down of Process Times 

The creation of the model geometry and mesh take a negligible amount of time. In 

addition, the same mesh can be used for multiple analyses. Once the modelling technique 

has been established (as. in chapter 4), the setup of the finite element and boundary 

element models in SYSNOIS~ is also a routine affair. As mentioned in previous 

sections, command files can be written which largely automate this process. 

The solution of the fmite element model to find the natural modes of the system is also a 

fairly expedient process. For a complex double leaf sound transmission loss specimen, 

measuring 1.5 metres by 2.0 metres, a solution for the first 175 modes takes around seven 

minutes using the desktop computers described in the fol1owing section. This number of 

modes is typically sufficient for solutions up to about 750 Hz. 

It is the solution of the coupled system which takes the largest amount of time. The time 

taken is of course dependent on the type of model being solved and the number of 

discrete frequencies it is solved for. For a simple panel, a solution in I Hz steps from 10 

to 1500 Hz can be obtained in 24 hours. For a double leaf system of comparable size, the 

same solution would take 225 hours with the computational power currently available. As 

the final chapters of this report show, the frequency range over which solutions could be 

obtained for double panel systems was therefore somewhat reduced. 

Finally, the processmg of the data obtained from the analysis is the second most 

significant contributor to the total process time. Although all of the processing has been 

automated by using various Matlab® routines, the time taken to process the data is still 

significant. This is due to the shear volume of data created. At completion, a typical 

double panel analysis will occupy over 40 GB of space on a computers hard drive, and be 

comprised of 17,000 individual data files. The time taken to process this data is however, 

only typically of the order of one or two hours. 
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5.3.1.2 - Computing Resource,,;; Available over Life of the Project 

Over the course of the project, the Acoustic Research Group at the University of 

Canterbury had a license to run a single copy of SYSNOlS~ on a PC platfonn. In the 

fust 24 months of this study, all analyses were lUn on a PC with an Athlon XP 2100+ 

processor and 1.5 GB of RAM. For the last year of the study, the PC of choice was 

upgraded to a Pentium 4, 302GB processor with 2.0 GB of RAM. This upgrade saw an 

overall increase in solution speed of 35% to 40%. 

Over the entire project span, the solution time was the primary limiting factor in all 

analyses. Even for the simplest of single panel systems, a solution could not be found 

over the entire audible frequency range, within a reasonable time. For complex wall 

systems, as will be discussed in more detail later, the solution time quickly became 

excessive at high frequencies. 

It is important to always bear in mind that in the future, as computational power 

increases, these issues will no longer be significant. One of the major achievements of 

this study has been to show that, when the time comes, numerical methods will be a 

powerful and accurate prediction method in the world of building acoustics. 
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5.3.1.3 - File Size Restrictions 

Although, as discussed in previous sections, SYSNOIS.J!ff> can handle the solution of 

multiple load cases with reasonable efficiency, the files created whilst it is doing so can 

be very large. 

For a solution of sound transmission through a single panel, where the incident diffuse 

field is approximated by 43 plane wave sources and calculations are attempted in 1 Hz 

steps to above the critical frequency, the data file created can exceed 35 GB. This is in 

addition to any results which may be exported from the analysis (another 20 - 30 GB). 

When attempting to open or close such a file, SYSNOIS.J!ff> creates a temporary file of 

equal size, so the original can be preserved in case of program malfunction. This means 

that at anyone time there must be at least 60 GB of free space on the computer's hard 

drive. When one considers that a 'large' hard drive is 100 GB, it is easy to see that there 

is not room to store many such files on a single pc. Even with a fast (100 MBps) local 

network, it is an arduous task to transfer these files off the computer on which they were 

created. 

It is possible, with the appropriate licenses and facilities, to run a SYSNOIS~ analysis on 

a UNIX® cluster. This approach may resolve many of the computational issues 

encountered during this study, and significantly decrease computational time. The 

resources were not available to establish such a facility for this project. 
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5.3.2 - Restrictions Cau.sed by the Approximate Numerical Technique 

As mentioned in the introduction to this section, an issue which may effect the results 

produced using a numerical approach to sound transmission loss is the error inherent in 

using a non-exact technique. .If the possibility for such errors is left unaddressed there 

will always be some unceliainty as to the reliability of any results obtained. 

This section therefore describes an attempt to quantify the errors involved with using a 

numerical method, as opposed to an exact method. This is done by comparing the exact 

solution for the natural modes of a simply supported rectangular panel, with the modes of 

an identical panel, as computed numerically by the finite element solver in SYSNOIS£ID. 

5.3.2.1 - The Exact Solution 

The exact solution for the natural fi'equencies of a simply supported, rectangular panel is 

given by [34] as 

[5.3.1] 

where 

m = 1,2,3 ... etc 

n = 1,2,3 ... etc 

x is panel x dimension (m) and y is the panel y dimension (m) and p is the panel density 

(kg/m3
). Furthermore, the displacement over the panel surface can be represented using 

D Xy = sine aX) sin(PY) [5.3.2J 

where 

a;::: mtr and P = 111C [5.3.3] 
X Y 
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and Dxy is the displacement (m) at a point on the panel at coordinates X and Y. 

The exact free modal frequencies for a simply supported panel can therefore be 

calculated, and compared with those found using the numerical approach. 
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5.3.2.2 - Comparison between Exact and Numerical Solutions 

The natural modes of a simply supported plasterboard sheet were calculated using both 

equation 5.3.1 and the finite element module of SYSNOISlfY. The panel measured 0.95 m 

by 1.55 m and was 10 mm in thickness. The material properties used in both cases were 

Young's modulus of2.4 x 109 N/m2, Poisson's ratio of 0.22 and density of660 kg/m3
. 

Figure 5.3.1 shows the difference between the modal frequencies obtained by using exact 

and numerical solutions, for modes with natural frequencies from 13 Hz to 3200 Hz (400 

modes). 

Difference between Natural Frequencies Obtained by the Exact & Numerical Solution 
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Figure 5.3.1 - Errors introduced by numerical approach 

5000Hz MBSh 

1250Hz MBSh 

Results are shown for two different mesh resolutions used in the finite element model. 

The first is sufficiently fine to accurately represent the panel displacement up to and 

including the 1250 Hz third octave band (27 mm maximum element dimension, see 

section 5.2.1), and the second up to and including the 5000 Hz third octave band (13 mm 

maximum element dimension). 
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The figure shows that when the differences between the exact and numerical results are 

plotted on a logaritlunic axis, the increase in error is approximately linear with increase in 

modal frequency. The figure also shows that, over the frequency range shown, there is 

little or no increase in accuracy gained by using the mesh refinement. Interestingly, it 

seems the estimate of maximum element dimension used is very conservative, since the 

mesh which may only be valid the upper limit of the 1250 Hz band still appears to be 

giving good results up to 3200 Hz. 

Figure 5.3.2 illustrates the shift in modal frequency which these computational errors will 

introduce into the final transmission loss result. 
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Figure 5.3.2 - Shift in modal frequencies due to errors in numedcal approach 
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Figure 5.3.2 illustrates that the shift in modal frequencies due to the use of the numerical 

method will result in insignificant errors up to 1000 Hz. At frequencies above 1000 Hz 
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the modal shift becomes significant, but is still within manageable limits. The computed 

results will still be very useful, one will just have to bear in mind that any transmission 

loss features which are dependent on panel modes above 1000 Hz may be shown to occur 

at slightly lower frequencies than the frequency at which they actually occur. 

The miscalculation of the modal frequencies by the numerical method not only results in 

a shift in the apparent eigenvalue, but also occasionally results in 'modal muddling'. The 

most pertinent example of this occurs amongst the first four modes, as illustrated in table 

5.3.1 and figure 5.3.3. 

Table 5.3.1- Exact and numerical modal frequencies 

Mode Exact Solution Numerical 

Number (Hz, Solulion (Hz) 

1 13.51 13.46 

2 24.58 24.46 

3 42.98 42.86 

4 43.03 42.91 

5 54.05 53.79 

6 68.85 68.64 

.. 119 
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Figure 5.3.3 - Modal displacements for the first six exact modes 

From table 5.3.1 it can be seen that the modal frequencies of modes 3 and 4 are very 

similar. And with reference to figures 5.3.3 and 5.3.4, it can be seen that although the 

absolute errors for these frequencies are very low, the numerical solution has ended up 

computing a lower natural frequency for the 4th mode, than the 3rd mode. This type of 

320 



Chapter Model Irnp1crnelllalion aild 

error is observed to occur several limes, with the worst occurrence between 484 Hz and 

486 where the {7 I}, {2 11} and {6 6} modes are in the wrong order. 

This type of error is only notew0l1hy because the SYSNOISE'ff) platfOlm used for the finite 

"'.""UU",11< and subsequent boundary element analysis uses the mode number (ranked from 

lowest computed modal frequency to highest computed modal frequency) as a reference, 

whereas the exact approach uses the traditional indices m and n. It is therefore imp0l1ant 

to point out that if all the panel modes are computed using the exact formula, then 

ordered and numbered from lowest modal frequency to highest modal frequency, mode 

number x from the exact list will not necessarily be the same mode as mode number x 

from the numerical list. 
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Figure 5.3.4 - Modal displacements for the first six numerically computed modes 

To obtain an idea of how these errors wi II affect the overall predicted sound transmission 

loss of panel structures, the sound transmission loss of a simply supported plasterboard 

panel (0.95 metres by l.55 metres, 10 mm thick with Young's modulus of 2.4 x 109 Pa, 

Poisson's Ratio of 0.22 and density of660 kg/m3) was computed twice using an identical 

boundary element model. In the first calculation the panel modes used were those 
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computed numerically using a finite element analysis, and in the second they were those 

computed using the exact analysis described above. 
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Figure 5.3.5 - Differences in predicted transmission loss due to numerical errors 

The figure illustrates the error introduced into the calculation by use of the finite element 

method to calculate the panel modes. It does not show the compounding error which will 

have been introduced by the use of the numericaJ boundary element method to model the 

structure fluid interaction. 

It can be seen the error which propagates through into the final transmission loss curves is 

not significant over the majority of the frequency range shown. The most obvious effects 

are at higher frequencies were several troughs in the curve are affected, due to the 

changes in computed modal frequency. 

When these results are shown in third octave form, as they would usually be viewed in a 

standard transmission loss measurement, the differences are disguised still further, as 

shown in figure 5.3.6. 
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Errors in Calculated Sound Transmission Loss due to Finite 
Element Method - Third Octave Presentation 
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Figure 5.3.6 - Errors in calculated transmission loss due to the use of the FE method to 

calculate system modes, displayed in third octaves 

All calculated results shown do not include damping of any kind. The inclusion of 

damping has been shown to reduce the severity of the troughs in the sound transmission 

loss curve, which would hide the effect of the errors still further. 
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5.3.2.3 - Searchjol' High Frequency Round-Ojj Errors 

The proceeding study has provided a useful insight into the magnitude of the errors 

involved in this application of the finite element method. However, it has not taken into 

account the en'ors introduced during the boundary element part of the sound transmission 

loss calculation. It must also be acknowledged that many of the calculations in this 

project will be for different physical systems than the one for which the en-or analysis 

was conducted. It is impossible however, to conduct such an analysis on a more practical 

system, since an exact analytical solution for the system modes is needed (and is rarely 

available). 

A study of the enors in natural modal frequencies obtaining using the finite element 

method, compared with the exact solution, was made right up to 11,200 Hz. This 

frequency represents the upper limit of the 10,000 Hz third octave band, and is the 

highest frequency for which a sound transmission calculation will be conducted in this 

project. The aim of this high frequency investigation was to look for the emergence of 

'round-off errors as the mesh resolution was increased to cope with the higher 

frequencies. While the result files became velY large, and so could not easily be exported 

or post-processed for presentation, there was no sign of round-off errors. The errors 

simply continued to increase as the linear trend, seen in figure 5.3.1, would predict. 
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5.4 - Conclusions 

The first section of this chapter outlined how the broad principles for numerically 

modelling a sound transmission loss test, described in chapter 4, were applied in this 

project. The model implementation, specific to each of the software packages used, was 

discussed. 

Gambit®, SYSNOISJ!9 and Matlab® were the most heavily used programs. Gambit® was 

used to construct the geometry and meshes of the sound transmission loss specimens. 

SYSNOISJ!9 was used to obtain the structural modes of the specimen, using a traditional 

fmite element analysis. A coupled boundary element / finite element model was then used 

in SYSNOISJ!9 for solution of the coupled fluid/structure problem. The results obtained 

were then processed using various subroutines written in Matlab®. 

The second half of the chapter discussed some of the restrictions which apply when 

conducting such an analysis. 

The restrictions on the range of application of the method due to available computational 

power for the project were outlined. It was noted that although these restrictions applied 

for the duration of this project, future progress in computing technology would mean 

these restrictions would be significantly reduced. 

The accuracy of the numerical method was assessed by comparing the finite element and 

exact solutions for the natural modal frequencies of a simply supported panel. It was 

found that the errors were characterised by a logarithmic shift in calculated modal 

frequencies. When used in a complete numerical transmission loss analysis, these errors 

propagate through to produce up to 3 dB errors in the transmission loss results when 

displayed in third octave bands. It was noted that this error would reduce significantly if 

damping was included in the models. There were no signs of round-off errors at very high 

frequencies. 
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