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6.1 - Introduction 

In the previous chapters the use of a coupled finite elementlboundary element model as a 

simulation tool for sound transmission loss measurements was discussed. In chapter 4 the 

general principles to be used in the model were introduced, including the manner in 

which the incident and transmitted sound fields would be treated, and the way in which 

the transmission loss specimen would be numerically represented. Chapter 5 discussed 

how this model would be implemented using the software available for this project. The 

restrictions on such modelling work due to computational limitations and the approximate 

nature of the technique were also discussed. 

This chapter is concerned with an initial study which was undertaken to assess the 

capabilities and limitations of the numerical modelling environment. The concept was to 

model a very simple sound transmission loss system, and compare the results to 

experimental results for an equivalent physical system. However, it was noted that if a 

traditional sound transmission loss system was modelled, the only comparison which 

could be made would be between the modelled and experimental sound transmission loss 

curves. It was more desirable to model an arrangement for which a wide range of 

experimental results were available. It was therefore decided to model the single hanging 

panel of chapter 3. 

As shown in chapter 3, there was a high level of detailed experimental data available for 

the case of a single hanging panel in an anechoic environment. By modelling this system, 

it was possible to make a large number of comparisons between the modelled and 

experimental results. It was hoped that the modelling could also help explain some of the 
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experimental results, since even though a very detailed experimental study was 

undertaken, a far greater level of information would be available from a numerical model. 
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6.2 - Similarity between Modelling and Experimental Environments 

The arrangement used to obtain the experimental results is shown in figure 6.2.1 and may 

be compared to that used to obtain the numerical results. 

Experimental Arrangement Modelled Arrangement 

-..:.-~--- ... --- • - .. y" -~ .. -:~ 
- I ~ ---- -r--..... ~~ ,.... 

Figure 6.2.1 - The experimental and numerical test arrangements 

As described in chapter 3, the experimental arrangement consisted of a single 10 mm 

plasterboard panel, measuring 0.64 metres by 1.20 metres, suspended from the ceiling of 

an anechoic chamber. The panel was subject to acoustic excitation from a single speaker, 

located 1.65 metres from the panel surface, playing pink noise at high (approximately 100 

dB) levels. 

The modelled equivalent of this arrangement is shown in figure 6.2.1. It consisted of a 

single panel, with no defined boundary conditions, located in an infinite fluid medium. A 

sound source was located 1.65 metres from the panel surface, as in the experimental 

arrangement. 
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6.2.1- Imperfections in the Experimental Environment 

In order for the experimental and modelled panels to react in an identical way to the 

incident sound field, the environments in which the real and virtual panels existed must 

be identical. 

The most obvious difference between the modelled and experimental arrangements is that 

the experimental panel is contained within a finite room. It is of course not possible to 

suspend the panel in an infmite space. However, if the room within which the panel is 

suspended is perfectly anechoic the panel will react as if it was suspended in an infinite 

space. This is because in a perfectly anechoic room any sound striking the room walls 

will be absorbed and never be reflected to re-contribute to the sound field in the room. 

The anechoic room used in the experimental investigation, as discussed in section 3.5.1.1, 

had a volume of 63.7 m3 and, according to ISO 3745 [94] had a low frequency limit of 

143 Hz. 

Another measure of the absorption performance of the anechoic chamber was its 

reverberation time, shown in figure 6.2.2. As the figure illustrates, below 250 Hz, the 

reverberation time of the room rose above 0.1 seconds, reaching a maximum measured 

level of 0.28 seconds at 63 Hz. 
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Figure 6.2.2 - The reverberation time of the anechoic chamber 

The modelled configuration had no reverberation time, since the panel was located in an 

infinite fluid medium. Any reverberation in the experimental facility therefore, could 

cause a discrepancy between the modelled and experimental results. 

To gauge how the finite nature of the chamber affects the sound field within it, an 

extensive study of the sound pressure field produced by a single sound source within the 

chamber was undertaken in section 3.5.1.1. The study revealed that the sound field 

within the room was generally representative of a source propagating into free space. 

Even at frequencies below the 143 Hz low frequency limit, the results appeared 

satisfactory. It was therefore concluded that the finite nature of the experimental 

environment would not significantly contribute to any differences between the 

experimental and modelled results. 

The other major deviation between the modelled and experimental environments is the 

possibility of extraneous noise entering the anechoic chamber and interfering with the 
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measurements. To assess the likely magnitude of this problem during the experimental 

measurements, the background noise level in the chamber was established. This 

measurement is shown in figure 3.5.2 of section 3.5.1.1. 

As discussed in more detail in section 3.5.1.1, the sound pressure levels were measured 

during the noisiest part of the day, and as such represent a worst-case situation. The 

results showed that the noise levels in the chamber were very low over the majority of the 

frequency range. The noise levels where highest in the 50 Hz third octave band. 

However, over all frequencies, the levels were significantly lower than that generated by 

the sound source in the chamber. As concluded in section 3.5.1.1, it is therefore unlikely 

that the background noise would have any affect on measurements made within the 

chamber. The background noise levels should therefore have no effect on the comparison 

between the modelled and experimental results. 
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6.2.2 - Treatment of the Sound Transmission Loss Specimen 

There are two possible sources of difference between the modelled panel and the real 

panel. The first is concerned with how the material properties of the panel are defined 

and the second with how the geometry of the panel is defined. 

6.2.2.1 - Material Properties of the Panel 

The accuracy of the model relies on the correctness of the material properties defined for 

the panel. It also relies on any assumptions made with regard to the variation of these 

properties throughout the panel. 

The panels modelled in this chapter, and indeed exclusively throughout the course of tills 

project, are standard plasterboard sheets traditionally used as interior wall claddings. 

These plasterboard sheets are made on a continuous production line, and their cross

section is shown in figure 6.2.3. 

Front paper 

Glued join 
between back 
& front papers 

Gypsum 
plaster fill ing 

Tapered front 
edge (not to 

scale) 

Back paper 

NOT TO SCALE 

Figure 6.2.3 - The cross-section of a standard plasterboard sheet (not to scale) 
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As the figure above illustrates, the board consists of a plaster core enclosed between two 

paper sheets. The board is made in a continuous process, so there is minimal variation in 

the paper or plaster properties in the longitudinal direction. There are however slight 

differences in the plaster properties towards the edges of the sheet due to the production 

method. Hardness measurements across the width of a standard 10 mm plasterboard sheet 

show that the edges of the sheet are harder. 

Often a taper is built into the board, running along the front side of the edges, as 

illustrated in figure 6.2.3. This taper is included in the board for practical purposes - in a 

wall the board is screwed to the framework along its edges, and the taper then allows for 

easy taping and plastering of the join between two adjacent boards. 

However, the differences caused by the changes in the board properties throughout its 

volume, or due to its form - like the tapered edges, were largely avoided through 

thoughtful selection of experimental samples. 

The paper used on the front and the back of the boards is traditionally not the same. A 

smoother facing paper is used on the "out" side of the board, and a heavier, rougher paper 

is used on the 'inside' of the board. The system is therefore comprised of three different 

materials. 

In the numerical model, the most thorough way to represent the board is to model all 

three composite layers, bonded together. The material constants for each individual 

material would be entered into the model, and the overall response of the system 

assessed. The simplest way to represent the board in a numerical model is to model the 

composite panel as a single system. The material constants used would simply be those 

established experimentally for the entire assembled system. The difference in these 

approaches is illustrated in figure 6.3.4. 
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Figure 6.2.4 - The two possible approaches to modelling the composite plasterboard 

The advantage of the ngorous approach is that it provides the most accurate 

representation of the real life situation. The simplified approach IS more desirable 

however, because the computational time involved is significantly less than the first 

approach. 

The loss in accuracy involved in lump modelling the composite system will not be 

significant, compared to the time savings gained. Furthermore, the material constants are 

more readily available for the lumped system. The study of section 4.4.1.1.3 showed that 

the board system behaves as a thin panel for frequencies up to 8000 Hz, suggesting that 

any of the board construction detai I is not relevant for frequencies of practical interest. 
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6.2.2.2 - Pallel Geometry and Boundaries 

The second area where the modelled and real environments may differ concerns the 

numerical definition of the panel geometry and boundary conditions. 

The panel geometry is relatively easy to match between the two environments - by 

simply defining the modelled panel to be the same size and thickness as the experimental 

panel. The only limit on this is the accuracy with which these parameters can be 

measured. Using commonly available measuring equipment in a laboratory environment, 

the panel dimensions can be measured to an accuracy as to put the error attributed to 

these measurements below the limits of accuracy of both the calculated and experimental 

results. 

The boundary conditions of the panel are more difficult to match between the modelled 

and experimental environments. In the modelled environment, the panel can be 

suspended in free space - by simply defining no boundary conditions around the panel 

parameter. In the experimental environment, this situation is somewhat difficult to 

establish. 

In the past, free boundary conditions have been attempted experimentally in several 

ways. The major problem with creating freely suspended experimental systems is the 

presence of gravity. If the panel surface normal is orientated parallel to the gravity force, 

the panel will have a static displacement or sag, as illustrated in figure 6.2.5(a). 
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Figure 6.2 .5 - Panel suspended nonnal to gravity force, with edge support and face 

support 

As the figure illustrates, edge restraints must be used to provide an equal but opposing 

force around the panel periphery. In the past attempts have been made to spread out these 

forces by mounting the entire panel on a bed of soft foam which more evenly counters the 

gravity body force. This is illustrated in figure 6.2.5(b). This method also relies on the 

asswnption that the presence of the foam will have less affect on the lateral vibration of 

the panel than the residual stress in the panel as a result of the localised edge supports in 

figure 6.2.5(a). 

The other method of experimentally simulating a freely suspended panel is to hang the 

panel with the panel surface parallel to the gravity force. As illustrated in figure 6.2.6, 

--------------------



this approach leads to a distributed longitudinal force in the panel, opposed by localised 

forces at the points of restraint. 
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Figure 6.2.6 - Panel suspended with surface parallel to gravity force 

As opposed to the method illustrated in figure 6.2.5(a), this method leads to static 

elongation sagging in the panel. Since the transmission of sound in thin panels is 

primarily concerned with the lateral deflection of the panel, pre-stresses in the 

longitudinal direction will have less affect than in the lateral direction. There may be 

some slight increase in the natural frequencies of vibration of the panel - much like the 

effect of tightening a drum skin, but these affects will be very minor. 

This was therefore the method chosen in the experimental study. As discussed above, 

there are obvious deviations between this arrangement and the completely free numerical 

case. However, it was decided that this method of suspension was the most similar to the 

numerical alTangement. 
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6.3 - The Ability of the Numerical Model to Simulate the Interaction of a Sound 

Field and a Single Hanging Panel in an Anechoic Environment 

Using the principles and methods discussed in the proceeding chapters the numerical 

model was used to simulate the interaction of a sound pressure field with a freely 

suspended thin panel. The analogous situation was also created experimentally as 

discussed in chapter 3, and so the modelled results were able to be directly compared to 

their experimental counterparts. All comparisons were conducted with appropriate 

consideration of the restrictions imposed by the dissimilarities between the experimental 

and modelled arrangements, as discussed in the previous section. 

A solution for the natural vibration modes of the freely suspended panel was initially 

obtained using a numerical analysis. The displacement patterns which characterize these 

modes are of a somewhat different form than one is accustomed to seeing. This is 

because the panel is completely free. Figure 6.3.1 shows the numerically modelled 

displacement field associated with the fundamental mode of the panel. 
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Figure 6.3.1 - The numerically modelled displacement field of the fundamental mode of 

a freely suspended panel 

Figure 6.3.2 shows the displacement field associated with another mode of the panel, at a 

slightly higher frequency. The two figures illustrate that the modes of the free panel are 

characterized by large displacements around the unsupported edges of the panel. 
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Figure 6.3.2 - The numerically modelled displacement field of a natural mode of a freely 

suspended panel 
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6.3.1 - Numerically Modelled and Experimental Sound Pressure Field Interrupted 

by a Hanging Panel 

The first comparison to be made was between the numerically and experimentally 

determined sound pressure fields in the anechoic chamber. The method used to obtain the 

experimental results is outlined in section 3.5.1.2.2 of chapter 3. 

Figure 6.3.3 shows the numerically modelled and experimental sound field in the 

anechoic chamber containing the freely suspended panel. Both the modelled and 

experimental results show the sound pressure field in the room, when viewed in plan and 

measured over the notional measurement plane illustrated in figure 3.5.18 of chapter 3. 

Both the results have been generated from the same discrete measurement or calculation 

points (see figure 3.5.18) and have been plotted using the same interpolation algorithm. 

The positions of the sound source and panel are illustrated in the figures. 
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Modelled Sound Pressure Field Experimental Sound Pressure Field 

Figure 6.3.3 - Modelled and experimental sound field interaction with a single free panel 

for 80 Hz (discrete frequency for modelled, third octave band for experimental) 

In all these comparisons the absolute magnitude of the sound pressure resu Its, as given by 

the colour graduations on the figure, should be ignored. There are several reasons for 

this, the first of which is that the modelled sound source was not given the same 

frequency spectral output as the real source, so a magnitude comparison between the two 

figures is meaningless. The second is that the modelled results are for a specific 

frequency and the experimental results were measured in third octave bands. A scale is 

therefore not shown on the figures. However, it is important to remember that there is a 1 

dB change in sound pressure level between successive contours in all figures. 



The figure also illustrates that, as mentioned previously, the experimental setup was 

slightly asymmetrical. The speaker centre was not aligned with the centre of the panel, 

and the speaker was rotated slightly so that a normal to its surface still pointed towards 

the centre of the panel, as illustrated in figure 6.3.4. 

Speaker 

Panel 
surface 
normal 

Panel 

Speaker 
centre line 

Figure 6.3.4 - An illustration of the asymmetry of the experimental arrangement 

The result at 80 Hz (discrete frequency for the modelled result, third octave band for the 

experimental result), shown in figure 6.3.3, displays a very good comparison between the 

modelled and experimental results for the sound field in front of the panel. A slight 

increase in sound pressure can be observed in both the modelled and experimental results, 

due to reflection from the panel surface. At these very low frequencies a good 

comparison is obtained by using a point source in the model. This is due to the omni

directional nature of low frequency sound. The sound field beyond the panel or close to 

the chamber walls is not replicated as well in the modelled results, showing that there 
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may be some error in the experimental result due to the restrictions of the facility, as 

discussed in section 3.5.1.1. At 80 Hz, the room is operating well below the defined cut

off frequency of 143 Hz. 

Both sets of results do however show that the presence of the single hanging panel in the 

room has very little affect on the sound pressure field at low frequencies. This finding can 

now be stated with some celiainty, since the result was replicated in the numerical model. 

As the analysis of chapter 3 shows, with only an experimental result no fnm conclusions 

could be made since the magnitude of the influence of experimental error and low 

frequency reflections was unknown. It can now be concluded that the panel has little 

affect due to diffraction around the panel, whose dimensions were small compared to the 

wavelength of sound at 80 Hz. 



Freely suspended panel Experimental Sound Pressure Field 

Figure 6.3.5 - Modelled and experimental sound field interaction with a single free panel 

for 100 Hz (discrete frequency for modelled, third octave band for experimental) 

The result at 100 Hz (discrete frequency for modelled result, third octave band for 

experimental result), shown in figure 6.3.5 shows good similarity between the modelled 

and experimental sound pressure fields in front of the panel. Some inconsistencies are 

visible down the right hand side of the experimental result which are not evident in the 

modelled result. As discussed previously, this error was due to the experimental 

measurements being taken well within the recommended limits for measurements close to 

the chamber walls outlined in ISO 3745 [94]. This is another illustration of the 

usefulness of the model - clarifying which aspects of the experimental results are 

significant and due to the presence of the panel, and which are due to experimental errors. 

At this stage, it seems a great deal of trust can be placed in the model when it is used for 
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predicting the sound pressure field formed by a sound source interacting with an object in 

free space. 

Modelled Sound Pressure Field 

Figure 6.3.6 - ModelJed and experimental sound field interaction with a single free panel 

for 160 Hz (discrete frequency for modelJed, third octave band for experimental) 

Figure 6.3.6 shows that for 160 Hz (discrete frequency for modelled result, third octave 

band for experimental reSUlt), the comparison is remarkable given the anticipated errors 

associated with the experimental results. The fact that the modelled result is 

representative of a discrete frequency and the experimental result is for a third octave 

band seems to have no significant effect here. 



Modelled Sound Pressure Field 

Figure 6.3.7 - Modelled and experimental sound field interaction with a single free panel 

for 250 Hz (discrete frequency for modelled, third octave band for experimental) 

The result at 250 Hz (discrete frequency for modelled result, third octave band for 

experimental result) shown in figure 6.3.7, is yet another illustration of the exceptional 

agreement achieved between the model and experiment. Both results show the effect of 

diffraction around the edges of the panel. 

~--------~- - -~ 
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Freely suspended panel Experimental Sound Pressure Field 

Figure 6.3.8 - Modelled and experimental sound field interaction with a single free panel 

for 800 Hz (discrete frequency for modelled, third octave band for experimental) 

At higher frequencies, as illustrated in figure 6.3.8 which shows the result at 800 Hz 

(discrete frequency for modelled result, third octave band for experimental result), the 

overall comparison remains good. However a number of factors are beginning to 

compound to detrimentally effect the comparison. The fact that the experimental result is 

a third octave result and is being compared to the discrete frequency modelled result also 

becomes more significant. As frequency increases, due to the logarithmic nature of the 

frequency scale, each third octave frequency band spans a wider range of frequencies. A 

larger number of panel modes are therefore included in each successive third octave 

band. This means that there is an increased likelihood that large differences will occur 

between a discrete frequency result from within a band and the band result. Another 

---------------------------------------------- --------

. -+\) 



( lI.qn 'r I, \Ip,kl t \1I11111IS . l!ll1il1;,! 

contributing factor is the decreasing wavelength of sound at higher frequencies which 

means that experimental inaccuracies, such as the placement of microphones, become 

more significant. 

Modelled Sound Pressure Field Freely suspended panel Experimental Sound Pressure Field 

Figure 6.3.9 - Modelled and experimental sound field interaction with a single free panel 

for 1000 Hz (discrete frequency for modelled, third octave band for experimental) 

Figure 6.3.9 which shows the 1000 Hz (discrete frequency for modelled result, third 

octave band for experimental result) result, is the rughest frequency for which the 

modelled sound pressure field was calculated due to time constraints. A good comparison 

is still evident. Identical low and high sound pressure areas are visible in front and behind 

the panel. The difference between the radiated sound pressure pattern of the theoretical 

point source and the physical speaker is also evident at this high frequency. Whilst the 

350 



Chapter 6 - Model COlllmis~;i(lllint 

point source puts out an omni~directional sound field at this frequency, the speaker has 

become quite directional. 
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6.3.2 - Numerically ModeHed and Experimental Panel Motion Caused by an 

Incident Sound Pressure Field 

The second phase of the comparison between the modelled and experimental results was 

an attempt to establish how accurately the model could predict the motion induced in a 

stmcture due to an incident sound field. In this section the experimental results described 

in chapter 3, section 3.5.2.2 "Panel Swface Acceleration" are compared to numerically 

modelled results. 

The numerical model used was identical to that described in the preceding section. After 

the numerical solution had been obtained, the data describing the motion of the panel at 

specific frequencies was exported from the modelling environment, and processed using 

specially written routines as described in chapter 5, section 5.2.4. 

When attempting to compare the numerical results with the experimental results there 

were several factors, all of which have been discussed previously, to consider which 

limited the validity of a direct comparison between the results: 
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The experimental results are presented in third octave bands, as in all of chapter 3 

and section 6.3.1, whereas the modelled results are presented for discrete 

frequencies. As with the sound pressure results of section 6.3.1, this means that a 

good comparison can be expected at low frequencies where the modal density of 

the panel is low. However, at higher frequencies the third octave experimental 

results will contain the average responce of a great number of modes. 

The resolution of the gird over which the measurements were made in each case 

must also be considered. As discussed in section 3.5.1.2.3 of chapter 3 and shown 

in figure 3.5.20, the experimental acceleration measurements were made over a 

grid of 100 mm squares, leading to a total of 72 measurements being taken over 

the panel surface. As described in chapter 5, section 5.2.4, a contour plot was 

then constructed using the results. An interpolation scheme was used to produce 

contour plots from relatively sparse data. The method used for obtaining and 
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plotting the panel motion In the numerical model was somewhat different. The 

panel displacement was readily available at the points on the panel surface which 

corresponded to the nodes on the structural mesh. The structural mesh resolution, 

and therefore the nwnber of nodes, was determined by the minimwn resolution 

required to obtain accurate results at a given frequency. 

The mesh used in calculations, and therefore the calculation grid resolution, is 

shown in figure 6.3.10. It is compared to the grid resolution used in the 

experimental measurements. 

Numerical Model Grid Resolution Experimental Grid Resolution 

Figure 6.3.10 - Comparison of grid resolution for model and expeliment 

As the figure illustrates, the grid resolution used in the modell ing environment 

was far higher than that used in the experiment. The plotting routine has over 
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4000 data points to construct the plot from, compared to 72 in the experimental 

case. The figure also illustrates that the experimental plot does not cover the 

entire surface of the panel. It is limited to the extreme grid measurements, which 

were 90 mm from the sides and 50 mm from the ends of the panel. It is unwise to 

extrapolate to produce results outside these margins, since very erroneous results 

may be obtained as the interpolation technique becomes unstable. 

The fmal point to consider when comparing the results is that the experimental 

results are for uncalibrated panel acceleration in decibels, and the modelled 

results show absolute panel displacement. Since the panel displacement is related 

to the panel acceleration by the square of the angular frequency, it is acceptable to 

compare the two sets of results. The patterns visible over the panel surface in the 

results should be unchanged, but a comparison of the relative magnitudes between 

the modelled and experimental results is largely meaningless. 

The points outlined above suggest that only at low frequencies will a good similarity 

between the modelled and experimental results be expected. Considerable detail will not 

be visible in the experimental results due to the low measurement grid resolution and the 

study will be one of pattern similarity, not of absolute values. 

Figure 6.3.11 shows the first of the modelled/experimental comparisons, for the 

experimental 80 Hz third octave band and the discrete frequency modelled result at 80 

Hz. As outlined above, the third octave band at such a low frequency is relatively narrow 

(approximately 71.3 Hz - 89.8 Hz - covering 18.5 Hz) and the model density of the panel 

is very low. 
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Figure 6.3.11 - Modelled panel displacement at 80 Hz compared with experimental panel 

acceleration over the 80 Hz third octave band 

The figure shows that there is a great degree of similarity between the modelled and 

experimental results. Both show evidence of the same mode dominating the panel 

motion around 80 Hz. Considering the sources of difference between the results, this 

similarity is very good. 
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Figure 6.3.12 shows the same comparison, at the slightly higher frequency of 100 Hz 

(discrete frequency for the modelled results, third octave band for the experimental 

results). 

Modelled Panel Surface Displacement Experimental Panel Surface 
Acceleration 

Figure 6.3.12 - Modelled panel displacement at 100 Hz compared with experimental 

panel acceleration over the 100 Hz third octave band 
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Figure 6.3.12 is a good illustration of the point made previously about the difference in 

measurement/calculation resolution between the experimental and modelled results. The 

modelled result at 100 Hz shows some areas of very localized low displacement, which 

are not obvious in the experimental results for the 100 Hz third octave band. However, 

consideration of the coarse mesh resolution used in obtaining the experimental results 

(figure 63.10) shows that the velY localized areas of low displacement may have been 

lost completely. All factors considered, the comparison is reasonable between the 

modelled and experimental results. 



Modelled Panel Surface Displacement Experimental Panel Surface 
Acceleration 

Figure 6.3.13 - Modelled panel displacement at 160 Hz compared with experimental 

panel acceleration over the 160 Hz third octave band 

Figure 6.3.13 shows the companson at 160 Hz (discrete frequency for the modelled 

results, third octave band for the experimental resu Its). This comparison, whilst again 

showing a very pleasing similarity between the results, again illustrates the infonnation 

lost due to the coarseness of the experimental measurement grid. The localized areas of 

low panel displacement are lost in the experimental result, as are the areas of high panel 
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displacement around the panel periphery. As with the 80 Hz third octave band, the 160 

Hz third octave band appears to be dominated by a single panel mode. 

As the frequency increases, the compansons between the experimental and modelled 

results become poorer, as predicted, due to the widening third octave band and the 

increasing modal density of the panel. The comparison at 200 Hz is shown in figure 

6.3.14. 

Modelled Panel Surface Displacement Experimental Panel Surface 
Acceleration 

Figure 6.3.14 - Modelled panel displacement at 200 Hz compared with experimental 

panel acceleration over the 200 Hz third octave band 
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It is also important to note that as the frequency increases, the bending wavelength of 

sound in the plasterboard panel decreases, meaning the panel motion is more complex. It 

is therefore highly likely that important details are missed completely by the coarse 

resolution of the experimental measurement grid, and others are unduly emphasized. 

Modelled Panel Surface Displacement Experimental Panel Surface 
Acceleration 

Figure 6.3.15 - Modelled panel displacement at 250 Hz compared with experimental 

panel acceleration over the 250 Hz third octave band 

As figure 6.3.15 illustrates, at 250 Hz the comparison between the experimental band 

result and the modelled discrete frequency result appears to be rather poor. The 
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experimental third octave result shows that the band is dominated by a single mode. The 

modelled discrete frequency result shows that there is no evidence of this mode at 250 

Hz. It is highly likely that it is located elsewhere in the band, which now covers a 56 Hz 

interval (224.0 Hz - 280.0 Hz). 

In conclusion, the experimental/modelled comparisons for panel motion in this section 

have shown that the model does appear to be accurately predicting the physical motion of 

the panel for single frequencies. However, the results have been limited by the 

differences between the modelling technique and the experimental method. As expected, 

these differences became more obvious as the frequency increased, limiting the validity 

of a comparison between the results to approximately 200 Hz. 

As will be shown later, the model can be used to generate third octave results for direct 

comparisons with the experimental results. Alternatively, discrete frequency results 

could be obtained experimentally, for direct comparison with the modelled results. 



(~hapt('~r () - Model Comrnissioning 

6.3.3 - Numerically Modelled and Experimental Sound Intensity behind a Hanging 

Single Panel 

Another test of the model's ability to simulate the real environment was an investigation 

of the accuracy with which it could predict the sound intensity immediately behind the 

hanging panel. 

The experimental results to which the modelled results were compared in this section 

were obtained with a hanging plasterboard panel in an anechoic environment. Details of 

the experimental method and discussion of the experimental results is available in chapter 

3, section 3.5.1.2.3 and section 3.5.2.3. As section 3.5.2.3 describes, the main feature of 

the experimental results was localized areas of low sound intensity behind the panel. It 

was hypothesized that these areas were due to interaction of the complex sound field 

emitted from the panel and diffracted around it. It was also acknowledged that since the 

field was complex much of the detail was being lost due to the coarse measurement 

resolution. 

Again, note should be made of the possible sources of difference between the modelled 

and experimental results. In this section the parameter being studied is sound intensity in 

the direction normal to the panel surface in both the experimental and modelled cases. 

The way in which the sound intensity was obtained in each case is worth considering. 

In the modelled environment, the component of sound intensity in the direction normal to 

the panel surface is simple to obtain. The only point of consideration is the distance from 

the panel rear surface at which the calculation is made. As discussed in chapter 4, section 

4.3.2.2, the experimental intensity measurements were made at an average distance of 70 

mm from the rear panel. It was therefore decided that this would also be the distance from 

the panel surface at which the sound intensity would be calculated in the numerical 

model. 
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In the experimental environment, obtaining the component of sound intensity normal to 

the panel surface with any certainty is somewhat more complicated. As opposed to the 

numerical case where the intensity can be calculated in any direction, the experimental 

intensity must be measured with the intensity probe. The directional response of the 

intensity probe is shown in figure 6.3.16. 

90 

270 

Directional characteristics compeTUJated with the 
typical Actuator Response for Microphone pairs 'JYpe 4197. This 
compensation can be done automatically by BZ 7205 

Figure 6.3.16 The directional characteristic of the intensity probe 

As discussed in chapter 3, there can be high levels of sound diffracted around the hanging 

panel edges and the sound power transmitted through the panel may be of secondary 

importance. This means there will be high levels of sound incident on the sound intensity 

probe at angles other than normal incidence. As the figure shows, the sound intensity 

probe is sensitive to the ingress of sound at angles other than normal incidence. It is not 

obvious whether, or to what extent, this will affect the experimental results, and as a 

result the compalison with the modelled results. 



Compared to the panel motion results of the previous section, the grid over which the 

modelled sound intensity results were calculated was made identical to that used in the 

experimental case (see chapter 3, section 3.5.1.2.3). Using a low resolution calculation 

grid in the numerical model results lead to considerable time and space savings during the 

post processing of the data. The numerical results were also calculated over a high 

resolution grid. As the previous section illustrated, much detail and therefore 

understanding can be lost when a coarse grid resolution is used, especially at high 

frequencies. 
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Coarse Numerical Calculation 
Grid 

Fine Numerical Calculation 
Grid 

Figure 6.3.17 - Grid resolutions used in modelled and experimental analyses 

Figure 6.3.17 illustrates the different grids used in the numerical calculation - the coarse 

grid for direct comparison with the experimental results, and the fine grid to aid 

understanding. The fine grid contains approximately 6300 data points and the coarse grid 

contains 72 and is equal to the experimental measurement grid. 
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Because the majority of the results were computed with the coarse grid (72 data points) it 

was practical to perform calculations at the relatively high frequency resolution of 10Hz 

throughout the majority of the frequency range. This meant that an approximation of the 

third octave band values could be obtained for bands where multiple frequency 

calculations where made within a band. This occurred at high frequencies where the 

bands spanned a wider frequency range, resulting in more frequency calculations within 

each band. To obtain modelled third octave results which could be directly compared 

with the third octave band experimental results, a much finer frequency step would be 

required - something in the order of 1 Hz. A frequency resolution of 10 Hz still omits a 

large amount of data. 

However, a comparison of the discrete frequency and the quasi-third octave band results 

obtained using the 10Hz step frequency resolution allowed an assessment of the validity 

of comparing a single frequency result with a third octave band result and this is 

discussed in the next section. 



6.3.3.1 - Discrete Frequency Results for Sound Intensity behind a Hanging Panel 

Figure 6.3.18 shows the experimental resu It at 160 Hz, along with both the fine and 

coarse resolution modelled results. The modelled results shown are discrete frequency 

results - the quasi-band results will be discussed later. 

Experimental Measurement 
Grid 

Coarse Numerical Calculation 
Grid 

Fine Numerical Calculation 
Grid 

Figure 6.3.18 - The experimental third octave sound intensity field behind a hanging 

panel compared with low and high resolution discrete frequency modelled results at 160 

Hz 

The figure shows the model produces a much cleaner, ideal looking result with an area of 

high sound intensity in the centre of the panel, whilst the experimental result has high 

levels of sound around the edges of the panel. This result is likely to be due to the 

directional nature of the sound intensity probe, discussed previously. The experimental 

result will also include interference from the room, which is operating near its low 

frequency limit (see section 3.5.1.1). Since the frequency is low, arguments attributing 
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the differences to the discrete frequency versus third octave band inconsistency are 

invalid. 

As is illustrated in figure 6.3.19, the same trend is evident at 250 Hz, with the 

experimental results showing an area of low sound intensity in the centre of the panel and 

high sound intensity around the edges, and the modelled results showing the reverse . 
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Figure 6.3.19 - The experimental third octave sound intensity field behind a hanging 

panel compared with low and high resolution discrete frequency modelled results at 250 

Hz 

Figure 6.3.20 focuses on the 315 Hz frequency band experimental result, which was of 

particular interest since this is the frequency at which the localized low points began 

appearing in the experimental results (see chapter 3, section 3.5.2.] .3). 
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Figure 6.3.20 - - The experimental third octave sound intensity field behind a hanging 

panel compared with low and high resolution discrete frequency modelled results at 315 

Hz 

The figure shows there is some pleasing similarity between the modelled and 

experimental results. The high resolution modelled result shows that a cancellation ring 

of low sound intensity forms about the centre of the panel. This cancellation has not 

occurred at lower frequencies as the wavelength of sound was too large. The coarse 

resolution modelled result shows the 72 point calculation only picks up four low sound 

intensity points in the cancellation band. The experimental result appears to pick up three 

of these points but misses the top left low point. This could be because the low sound 

energy cancellation ring is highly localized, so only a small error in the (human 

controlled) position of the intensity probe could mean it was missed all together. 
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Figure 6.3.21 - The experimental third octave sound intensity field behind a hanging 

panel compared with low and high resolution discrete frequency modelled results at 400 

Hz 

The high resolution modelled result in figure 6.3.21 shows that a more complex 

interference pattern has now fonned behind the panel, with an area of low sound energy 

around the centre of the panel. The experimental result shows a reasonable degree of 

similarity to the modelled result, with a low area in the centre of the panel. Again, the 

low measurement resolution and inaccuracy of measurement position could account for 

the absence and 'misplacement' of the four low intensity areas in the experimental result. 

This trend continues as frequency is increased, with many of the experimental results 

comparing very well with their modelled counterparts. 



Figure 6.3.22 shows the comparison at 630 Hz. Here, since the experimental band width 

is getting large, a very good comparison would seem unlikely. However, as the figure 

shows, it seems the sound intensity field in the air either does not vary much across the 

band or the 630 Hz result dominates the band, since a very high level of similarity is 

evident between the discrete frequency modelled and third octave band experimental 

resu Its. 
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Figure 6.3.22 - The experimental third octave sound intensity field behind a hanging 

panel compared with low and high resolution discrete frequency modelled results at 630 

Hz 

As the figure illustrates, the coarse grid numerical result manages to pick up most of the 

low energy points. This example also illustrates the usefulness of the high resolution grid 

result, and the modelling as a whole. Without it, the experimental result was very 

difficult to interpret. 
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Figure 6.3.23 - The experimental third octave sound intensity field behind a hanging 

panel compared with low and high resolution discrete frequency modelled results at 800 

Hz 

The highest frequency for which the numerical results were calculated was 800 Hz. As 

figure 6.2.23 illustrates, a good similarity between the modelled and experiment results is 

still evident. 



Chapter 6 Model Commissioning 

6.3.3.2 - Quasi-Third Octave Band Results for Sound Intensity Behind a Hanging 

Panel 

As discussed at the beginning of this section, the sound intensity in the numerical model 

was calculated in 10 Hz. steps. This allowed the calculation of quasi-third octave band 

results for some high frequency bands where there were several calculation frequencies in 

each band. These bands and the number of calculation samples in each band are shown 

in table 6.3.1 

Table 6.3.1 - The number of samples per third octave band when conducting calculations 

in 10Hz steps 

1/3 Octave Band Centre lower Band Upper Band 

Frequency (Hz) limit (Hz) limit (Hz) 
Samples in Band 

400 352.8 448.0 10 

500 448.0 560.0 11 

630 560.0 705.6 15 

800 705.6 896.0 19 

Studies showed that any less than 10 samples in a third octave band did not give a 

sufficiently representative measure of the band performance. 

Figure 6.3.24 shows the result for the 400 Hz third octave band. These results appear 

dramatically different from the figures presented in the proceeding section since the scale 

on all of the contour plots has been set to a maximum range of decibels for each figure 

individually. This was done to emphasize the patterns in each plot. In the previous section 

the scale was kept constant between all plots. 
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Figure 6.3.24 - The comparison of quasi-third octave band modelled and third octave 

band experimental sound intensity behind a hanging panel for the 400 Hz third octave 

band 

The figure shows the sound intensity spatial pattem is clearly defined in the modelled 

case and slightly muddled in the experimental case. This finding is attributed to the 

asymmetry in the experimental arrangement (see figure 6.3.4) and to general 

experimental inaccuracies, probably the most significant of which being the placement of 

the intensity probe. 

Figure 6.3.25 shows the same comparison for the 500 Hz third octave band. The results 

look very similar in this case. The only exception is the disagreement at the ends of the 

panel where the modelled result predicts an area of low sound intensity and the 

experimental result clearly shows an area of high sound intensity. 



Figure 6.3.25 - The comparison of quasi-third octave band modelled and third octave 

band experimental sound intensity behind a hanging panel for the 500 Hz third octave 

band 

The reason for this discrepancy is not clear, but may be due to the finite surrounds of the 

experimental panel, or the treatment of diffraction in the model. 
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Figure 6.3.26 - The comparison of quasi-third octave band modelled and third octave 

band experimental sound intensity behind a hanging panel for the 630 Hz third octave 

band 

The result for the 630 Hz third octave band, shown in figure 6.3.26, again shows a high 

degree of similarity between the modelled and experimental results. It is interesting to 

note the area of low sound intensity is again predicted at the end of the panel which is not 

evident in the experimental results. 
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Figure 6.3.27 - The comparison of quasi-third octave band modelled and third octave 

band experimental sound intensity behind a hanging panel for the 800 Hz third octave 

band 

Finally, the 800 Hz band, shown in figure 6.3.27 also shows a good comparison with the 

experimental resu Its. 

In conclusion, this study has shown that the model is capable of providing an indication 

of the sound field generated by radiation from, and diffraction around an object. The 

accuracy and high resolution capabilities of the model allowed the experimental results to 

be better understood. 
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Chapter 6 -

6.4 - The Ability of the Nllmerical Model to Simulate the Interaction of a Sound 

Field and a Double Hanging Panel in an Anechoic Environment 

The ability of the model to handle the acoustic behaviour of a double panel is investigated 

in this section. As described in chapter 3, a large amount of experimental work was done 

looking at the reaction of a 'wall cell' to an incident acoustic field. Detailed presentation 

and discussion of the experimental results can be found in chapter 3, section 3.5.2. 

Again, there were some discrepancies between the modelled system and its experimental 

countetpart. Possibly the most significant difference was that in the modelled situation 

there was a continuous connection of the plasterboard cladding to the peripheral frame, 

compared to the experimental situation where the plasterboard was screwed to the frame 

at 300 mm centres (see section 3.5.1.2.1). The results ofthe acceleration study of section 

3.5.2.5 showed that the frame and cladding vibrate together up to 500 Hz. Above this 

frequency, the panel only has the same motion as the frame at the points where they are 

physically connected. The use of a continuous connection in the model therefore becomes 

invalid at frequencies above 500 Hz. The effect that this discrepancy will have on the 

results is unknown. 

6.4.1- Experimental and Numerical Comparisons of Double Panel Motion 

As is the previous section, the modelled results were representative of panel displacement 

at a single frequency point and are compared to experimental acceleration results 

measured in third octave bands. As figure 6.3.10 of the previous section shows, the 

resolution used in the modelled results was significantly higher than that used in the 

experimental measurements. 

Figure 6.4.1 shows the measured third octave acceleration over the front and back panel 

of the framed double panel system (see figure 3.5.17(d) of section 3.5.1.2.1) for the 100 

Hz third octave band, compared with the calculated displacement result over the back and 

front panel of the same system at 100 Hz. 



---- ~~---~ 

Front Panel Back Panel 
Experimental Modelled Modelled Experimental 

100Hz 

Figure 6.4.1 - The third octave experimental front and back panel acceleration of the 

double framed system compared with the discrete frequency modelled front and back 

panel displacement of an equivalent system at 100 Hz 

At this low frequency, there is a good level of similarity between the modelled and 

experimental resu Its indicating that the model is correctly handling the double panel 

problem. 

Figure 6.4.2 shows the same comparison at 125 Hz. Again, the similarity between the 

modelled and experimental results is reasonable. 
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Front Panel Back Panel 
Experimental Modelled Modelled Experimental 

125Hz 

Figure 6.4.2 - The third octave experimental front and back panel acceleration of the 

double framed system compared with the discrete frequency modelled front and back 

panel displacement of an equivalent system at 125 Hz 

The modelled result however, appears to be 'missing' an area of high panel motion in the 

centre of the front panel. The reasons for this are unclear, but it could be attributed to the 

fact that the modelled result is for a discrete frequency and is being compared to the 

experimental third octave band result. 



Front Panel Back Panel 
Experimental Modelled Modelled Experimental 

160Hz 

Figure 6.4.3 - The third octave experimental front and back panel acceleration of the 

double framed system compared with the discrete frequency modelled front and back 

panel displacement of an equivalent system at 160 Hz 

At higher frequencies, as illustrated in figure 6.4.3, there is still a good level of similarity 

between the modelled and experimental results. As always, any differences can be 

attributed to the discrete frequency, third octave band discrepancy between the results. 
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Front Panel Back Panel 
Experimental Modelled Modelled Experimental 

200Hz 

Figure 6.4.4 - The third octave experimental front and back panel acceleration of the 

double framed system compared with the discrete frequency modelled front and back 

panel displacement of an equivalent system at 200 Hz 

Another reasonable comparison is evident in figure 6.4.4, the result at 200 Hz. In fact, 

considering the increasing modal density of the system, the comparison is remarkable. 

Again, the modelled result seems to have 'missed' an area of high sound energy in the 

centre of the back panel, a fact which could be attributed to a number of factors already 

discussed. 

In general, for the frequency range considered, the model seems to be able to reproduce 

the experimental results with some reliability. 



Chapter 6 -- Modci COll1mis~;ioning 

6.4.2 - Experimental and Numerical Comparisons of the Sound Pressure Field in 

the Cavity of a Double Wall 

The second area in which detailed experimental data was available concerned the sound 

pressure field in the cavity between the panels of a double framed system. The 

experimental method and results were discussed in chapter 3, sections 3.5.1.2.5 and 

3.5.2.4. The experimental results were obtained over three parallel planes which dissected 

the panel cavity parallel to the front and back panel. This was illustrated in figure 3.5.26 

of section 3.5.1.2.5. 

The cavity sound pressure results were obtained from the model over these same three 

notional planes. The sound pressure was calculated over a 72 point grid on each plane, as 

in the experimental study. The results were calculated in 10 Hz steps so quasi-third 

octave band results could be obtained for some of the higher frequency bands. 

Figure 6.4.5 compares the third octave band experimental result for the sound pressure 

field in the cavity of a double framed system with the modelled quasi-third octave band 

result for an equivalent system, for the 315 Hz third octave band. 
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Figure 6.4.5 - Comparison of the third octave band experimental and quasi-third octave 

band modelJed sound pressure results in the cavity of a double framed system for the 315 

Hz third octave band 

If the differences in scaling colour range are ignored, it becomes evident that there is a 

high degree of similarity between the results. However, the area of high sound pressure 

in the centre of the cavity seems more pronounced in the modelJed results. 

The result for the 630 Hz third octave band is shown in figure 6.4.6. Again, with due 

consideration of the difference in colour scales, an excellent similarity between the two 

sets of results is evident. 

~. J 



630Hz 

m 
x 
"0 
ct> ...., 
3 
ct> 
::J ....... 
Il> 

'.r. 

;..-. 
~ 
~ 

3' 
c;: 
0.: 

'"' r-
eo 

~ 

~ 
0 
a. 
ct> 

ct> 
a. 

Figure 6.4.6 - Comparison of the third octave band experimental and quasi-third octave 

band modelled sound pressure results in the cavity of a double framed system for the 630 

Hz third octave band 

These results appear to confirm that the numerical approach being used is correctly 

handling the sound transmission though a double wall system. It would therefore seem a 

safe extension to assume it will generate Correct transmission loss data for the system. 
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6.S - The Ability of the Numerical Model to Simulate the Transmission Loss of a 

Hanging Panel 

Since the proceeding sections have shown that the model is capable of predicting the 

response of both a single hanging panel and a double panel to airborne acoustic 

excitation, it seemed a logical step to assume it could give a reasonable indication of the 

transmission loss of these systems. This section seeks to obtain an accurate modelled 

transmission loss for a single hanging panel and double leaf panel, and compare it to 

experimental measurements. 

6.S.1 - The Numerical Sound Transmission Loss Prediction of a Single Hanging 

Panel 

In chapter 3, section 3.5.1.2.3 a method was described for measuring the apparent sound 

transmission loss of a hanging panel. This method involved directly measuring the sound 

intensity over the area to be occupied by the panel, then measuring the sound intensity 

emitted from the rear of the panel. As discussed in section 3.5.2.3.2, the results achieved 

using this method were significantly lower than those obtained for an equivalent system 

clamped into a baffle (as is the situation in the traditional sound transmission loss test). 

Through the experimental analysis alone it was impossible to establish to what extent this 

reduction was due to sound diffraction around the panel, as opposed to other factors such 

as changes in the panel's boundary conditions. The experimental results seemed to 

indicate that at most frequencies diffraction around the panel was dominating. 

The numerical model used to calculate the apparent transmission loss of the systems was 

identical to that used in the first sections of this chapter. The model had therefore already 

been used to successfully predict the sound pressure field in an anechoic environment 

when interrupted by a hanging panel, the motion of a hanging panel due to airborne 

acoustic excitation and the sound intensity field behind a hanging panel. It had also been 
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used to predict the response of a double framed panel to airborne acoustic excitation and 

to predict the sound field in the cavity of a double framed panel. 

The apparent transmission loss was calculated in a method identical to the experimental 

one. The incident sound power was calculated by constructing a model without the panel 

mesh, and calculating the sound intensity incident over the area which would be occupied 

by the panel. The panel mesh is then put in place, and the sound intensity calculated over 

a grid 70 mm from the panel back (see chapter 4, section 4.3.2.2). All results were 

obtained for a model containing no damping. 

A specially constructed computational routine was used to post-process the data, 

averaging the sound intensity over the calculation gird for each frequency of interest and 

calculating a transmission loss value. 

The initial apparent transmission loss result is shown in figure 6.5.1 along with its 

experimental counterpart which was presented in section 3.5.2.3.2. 
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Figure 6.5.1 - The apparent transmission loss of a single hanging panel, experimental and 

modelled 

The figure shows the modelled and experimental results are within 1 dB through the low 

frequency region, up to approximately 300 Hz, where the results begin to diverge. From 

300 Hz through to 3000 Hz, the results are consistently around 5 dB different. Above 

3000 Hz the model appears to break down, with the calculated apparent sound 

transmission loss displaying highly erratic behaviour. The model, therefore, only appears 

to give results of satisfactory accuracy to up to 300 Hz. 

In light of these results the model was re-examined and the asswnptions upon which it 

was based were studied in an effort to establish what had lead to the inaccuracies at mid 

to high frequencies. As discussed in detai l in chapter 5, the model (given sufficient mesh 

resolution) should be valid up to 9000 Hz. There was no evidence of round off errors at 

these high frequencies. Some modal shift was expected, but nothing that would account 

for the poor result above 300 Hz and the erratic result above 3000 Hz. 



The only boundary condition defined in the model was a zero pressure jump around the 

panel periphery. This boundary condition is needed to account for the infinite thinness of 

the model mesh and is discussed in section 5.2.3. It forces the difference in pressure at the 

edges of the panel, on each side of the boundary element mesh, to be zero. 

The definition of this boundary condition is required to maintain the mathematical 

integrity of the model. It is however not necessarily physically correct since the panel is 

always of finite thickness. Especially at high frequencies, where the wavelength of sound 

in air becomes significant compared to the thickness of the panel, there wiJi be a 

significant pressure difference between the edges of the front face and edges of the back 

face of the panel. This concept is illustrated in figure 6.5.2 

PI == sou nd pressu re at 
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~~",~~,*,~J 
fj 1 I~ appr(l:>.lma( ·Iy 

C'4ua1 in P2 I 
P2 == sound pressure at 
edge on back face 

Thin panel/Low frequencies 

PI == sound pressure at 
edge on front face 

P2 == sound pressure 
edge on bac k face 

Thick panel/High frequencies 

Figure 6.5.2 - Physical invalidity of the zero pressure jump condition at high frequencies 

In a baffled calculation, this issue would not be encountered, since the baffle provides 

physical and mathematical separation between the edges of the front and back panels. 

To test the theory that the zero pressure jump boundary condition is not valid at high 

frequencies, a model was constructed that omitted the zero pressure jump boundary 

condition. It was expected that this model would yield erroneous results at low 
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frequencies, where the zero pressure Jump condition is needed to maintain physical 

similarity with the experimental situation, but would provide improved results at higher 

frequencies. 

Effect of Zero Pr".ure Jump Boundary Condition on Computed Sound Transmlnlona lo •• 

2S . __________________________ ~ ________________ ___ 

100 1000 

Fnlquenoy (HI) 

Figure 6.5.3 - Effect of omitting zero pressure jump boundary condition 

Figure 6.5.3 shows the effect of omitting the zero pressure jump boundary condition and 

as expected the results are obviously erroneous at low frequencies, but show considerable 

improvement (compared to the experimemal result) at higher frequencies. 
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Figure 6.5.4 - Third octave results showing the effect of zero pressure jump boundary 

condition 

When the modelled results were converted to a third octave display as shown in figure 

6.5.4, a very good comparison is seen with the experimental results from 200 Hz through 

to 3000 Hz. This comparison would improve further with inclusion of damping in the 

model. 

The way the model handles the free edge of the panel both with and without the zero 

pressure jump boundary condition is shown in figure 6.5.5. The figure shows a highly 

magni fied section of the sound pressure field at the edge of the panel. 
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Figure 6.5.5 - The sound pressure field modelled at the edge of the panel with and 

without the zero pressure jump boundary condition at 970 Hz 

The figure clearly illustrates how the zero pressure jump boundary condition forces the 

pressures on each side of the panel to be equal in the vicinity of the panel edge. There is a 

small irregularity at the panel edge where no pressure condition is defined. 

From the trends displayed in the figure, it can be hypothesised that the model with the 

zero pressure jump defined is giving erroneous results at high frequencies by forcing a 

high level of diffraction (as there would be if the panel had zero thickness). The solution 

without the zero pressure jump condition gives a more realistic result at higher 

frequencies since diffraction is limited by the edge discontinuity, as it would be by a real 

edge of finite thickness. 

It should be noted that the issue with the pressure jump is specific to the problem of an 

unbaffled panel. It is therefore not normally an issue, and is not expected to be one in the 

rest of this study, since it is a baffled panel which will be considered exclusively. 

It is also notable that at frequencies above the critical frequency of the panel, a higher 

mesh resolution is required for the acoustic model, than the structural model. During tills 

... I I 



phase of the project, this fact was not recognised, and may have lead to erroneous results 

above the critical frequency of the panel (~3000 Hz). 

The baffled model along with the unbaffled model can be used to study the significance 

of diffraction around the unbaffled panel. This investigation clearly illustrates the power 

of the modelling environment, since a similar study would be difficult to execute either 

theoretically or experimentally. 

Two variations of the apparent transmission loss of the system were computed (in 

addition to the apparent transmission loss of the hanging panel). Firstly, the panel was 

defined as being structurally rigid and the apparent transmission loss of the system 

recalculated. The panel was then mounted in an infinite rigid baffle, and the transmission 

loss calculated. These three variations in the model arrangement are illustrated in figure 

6.5.6. 

Case I: Plasterboard 
panel in a free field 
(Diffraction and direct 
transmission possible) 

Case 2: Rigid panel in 
a free field 
(Only di ffraction 
possible) 

I 
Case 3: Plasterboard 
panel in a rigid baffle 
(Only direct 
transmission possible) 

Figure 6.5.6 - Variations available In the modelled environment to isolate vanous 

transmission paths 

The contributions of the two transmission paths in the case of a plasterboard panel in a 

free field can therefore be established. The baffled model allows the transmission loss 

392 



due to sound transmission though the panel to be determined. The rigid panel model 

allows the apparent transmission loss due to the diffracted sound around the panel to be 

calcu lated. 

The calculated results at 200 Hz are shown in figure 6.5.7 for a1l three cases. The figure 

shows the sound pressure field on the receiving side of the panel in plan view for each of 

the three cases. The position of the panel is illustrated in the figure. The left most plot 

shows the sound transmission through the baffled panel. The centre plot shows the 

diffraction around the rigid panel and the right hand plot shows the combined diffraction 

and transmission for the panel in a free field. 
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Figure 6.5.7 - Various path contributions for an unbaffled panel system modelled at 200 

Hz 

The left hand figure shows that there is minimal sound transmission through the panel 

when it is mounted in a baffle. The centre figure shows that high levels of sound are 

diffracted around the panel when it is defined as rigid and the baffle is removed. The 



sound pressure pattern with a high dynamic range, visible on the centre figure, forms due 

to the interference of the diffracted waves from each side of the panel. The third figure 

illustrates that the inclusion of the direct transmission makes little difference to the 

overall sound pressure levels behind the panel (com pared to the rigid panel case). The 

sound field behind the unbaffled panel is therefore clearly dominated by the diffracted 

sound. 
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Figure 6.5.8 - Components of apparent sound transmission loss 

Figure 6.5.8 shows the transmission loss curves computed for each of the three cases 

(note the panels in all three cases have clamped boundary conditions, as opposed to the 

free boundaries of figure 6.5.3). 

The figure shows that the sound transmission loss of the panel when mounted in a baffle 

is much higher and compares well with the transmission loss of such panels measured 
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using traditional experimental techniques. It also shows that a rigid panel mounted in a 

free field has a very low apparent transmission loss. In effect, this apparent transmission 

loss curve forms an 'upper limit' on the sound insulation which can be expected from an 

unbaffled panel of this size. In real1ife, there will also be some transmission through the 

panel, which will further degrade the apparent sound transmission loss. This is illustrated 

by the curve for the unbaffled plasterboard panel, which is slightly below that for the 

rigid unbaffled panel. The establishing of the 'upper limit' is very important - as it 

indicates the maximum sound transmission loss which can be achieved by improving the 

acoustic properties of the panel. 

This section has shown that the model can provide calculated transmission loss values 

which compare well with experimental results. As mentioned above, the complications 

due to the unbaffled panel used in this example will not normally be present, as a baffled 

situation is most common in building acoustics. The model also showed its usefulness in 

providing a level of understanding which is not possible to achieve using experimental 

methods alone. The results obtained from the study of the relative contribution of direct 

transmission and diffraction around an unbaffled panel show the power of the model, and 

will be of interest to those working to develop noise barriers. 



6 

6.6 ~ Conclusions 

The work described in this chapter established the ability of the numerical model, 

described in chapters 4 and 5, to reproduce experimental results relating to sound 

transmission through, and interaction with, single and double panel systems. 

An attempt was made to model the experimental arrangement of chapter 3 and 

numerically reproduce the experimental results. The first section of the chapter looked at 

the differences between the numerical model and the experimental anangement. It was 

seen that although there were several minor differences, these were not expected to affect 

the results. 

The ability of the model to reproduce the sound pressure field fonned when a sound 

source interacts with a hanging panel was studied. The experimental and modelled results 

showed a high degree of similal1ty, especially at low frequencies. The use of a point 

source in the model produced some differences when compared to the experimental 

speaker which became highly directional at high frequencies. 

The second section of the chapter presented a comparison between the modelled and 

experimental panel motion, in response to an airborne stimulus. The results again showed 

a good comparison. The extent to which they could be compared was however limited by 

the differences between the modelling and experimental methods. The most significant of 

these differences was the fact that the modelled results were shown for discrete 

frequencies and the experimenta1 results for third octave bands. 

Next, the ability of the model to predict the sound intensity field behind a freely 

suspended panel was studied. The model produced some very good results and, since a 

higher level of iniolTIlation could be extracted from the model than from the experimental 

results, the modelled results allowed a fuller understanding of the diffraction interference 

mechanisms involved. 
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A brief study of double framed panels was also undettaken. The numerical model was 

shown to accurately predict the motion of the panels and the sound field within the cavity 

of the double wall. 

The fmal section of this chapter looked at the model's ability to predict the apparent 

sound transmission loss of an unbaffled panel. The effect of defining a zero-pressure 

jump around the panel edges was investigated and it was found that omitting the zero

pressure jump definition produced better results at higher frequencies. The model was 

used to study the contribution of transmitted and diffracted sound to the apparent 

transmission loss of a single panel. This study showed the power of the numerical model. 

An upper sound transmission loss limit was calculated, beyond which the sound 

insulation of a barrier cannot be increased. 

This chapter has therefore assessed many aspects of the numerical model, and in all cases 

the modelled results have compared very well with their experimental counterparts. In 

fact, in some cases the model has been able to provide a superior level of understanding 

than was provided by the experimental results. 



Com missioning 
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7.1- Introduction 

This chapter describes what has been learnt from the numerical model of the sound 

transmission principles at work in the sub-clitical frequency response of a single panel. 

The preceding chapters have shown that the model developed can be used to generate 

predicted sound transmission loss curves. However, within the numerical environment 

there is a great depth of data generated during a transmission loss calculation, the study of 

which can reveal much about the transmission mechanisms at work. This type of analysis 

can be all the more conclusive since, unlike the experimental studies of chapter 3, this 

modelling work takes place in an ideal environment and the data at any point in the 

system is readily available for analysis. Therefore, what in real life would constitute 

thousands of measurements and man hours, can be done in a number of hours within the 

numerical framework. Fm1hermore, the data obtained is not affected by experimental 

errors. 

In this chapter several aspects of sound transmission through single panels are explored in 

the numerical framework which have proved difficult or are physically impossible to 

investigate in the laboratory situation. This work is possible because many problems 

which exist in the laboratory are simply nonexistent in the virtual environment. For 

example, a study of the effect of angle of incidence can be carried out with complete 

control and certainty over the angle of incidence (a problem which has plagued previous 

experimental studies - see section 2.2.6.1 of chapter 2 and section 3.2 of chapter 3). The 
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way in which a panel vibrates in response to acoustic excitation can also be studied in 

great detail, without the restrictions of measurement resolution and accuracy. 

As described in the previous chapters there are however, a completely new set of 

restrictions and complications which apply when using a numerical technique, which one 

does not have to contend with in experimental work. It is important to note that as the 

various analyses of chapter 6 showed, these restrictions have only a minor effect on the 

overall usefulness of the numerical technique. The most significant restriction is that of 

the long run time involved for high frequency calculations. As previously discussed, due 

to increased mesh resolutions and wider bandwidths, calculations at high frequencies take 

many times longer than those at low frequencies (see section 5.3 of chapter 5). 

For this reason, this chapter is restricted to the use of the numerical method at sub-critical 

frequencies. The method will be extended in the next chapter to cover the coincidence 

region, but this must be done in a very cautious manner - so as not to dedicate large 

amounts of time to avenues of research which prove fruitless. It was deemed wise to gain 

some experience with the numerical technique whilst restricting the calculation 

frequencies to those below the coincidence region of a typical plasterboard panel. 

Typically, this restricts the calculations to a maximum of around 2000 Hz. 
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7.2 - Issues Regarding the Incident Field 

The first section of this chapter is concerned with issues surrounding the sound field 

incident on a sound transmission loss specimen and how changes in the incident field 

affect the apparent sound transmission loss of the specimen. This section sort to answer 

questions relating to the significance of the angle of incidence, which are raised by many 

theories (see sections 2.2.4 - 2.2.6 of chapter 2). It also aimed to verify others theories, 

such as those of Guy and Bhattacharya [27] which, as described in section 2.2.4 of 

chapter 2, predict analytically which groups of modes will be excited by different 

orientations of incident plane wave sources. 

Unless otherwise noted, the modelling methods and processing procedures used in this 

section are those described in chapters 4 and 5 and verified in chapter 6. 

7.2.1 - Excitation at Normal Incidence 

One of the simplest possible arrangements for a numerically modelled SOlU1d transmission 

loss test is that shown in figure 7.2.1. 

... 

Plane wave source 
at normal 
incidence to the 
surface of the 
sound transmission 
loss specimen 

-

Infinite rigid baffle 

Sound 
transmission loss 
specimen 

Figure 7.2.1 - Sound transmission loss of a plane wave at normal incidence 
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As illustrated in figure 7.2.1, the modelled arrangement involves a single plane wave 

encroaching upon a single panel at nonna] incidence to the panel surface. Similar 

arrangements have frequently been considered in analytical situations (see Nakayama et 

al. [26], Guy and Bhattacharya [27]). The situation of a plane wave at normal incidence 

avoids many of the complications typically involved in analytical transmission loss 

prediction. The entire panel surface is subjected to the same incident sound pressure at 

the same time. Since there is no projected incident wavelength in the direction of the 

bending waves in the panel, coincidence effects may be neglected. 

However, despite the seemmg simplicity of the problem, it has proved particularly 

difficult to address experimentally. There are many difficulties which are encountered 

when attempting such an experimental analysis, most of which have already been 

discussed in the proceeding chapters. The most significant obstacle centres around the 

experimental creation of a large-scale plane wave source. Uncertainty about how similar 

the waves produced are to plane waves has often lead to the results from such studies 

being disregarded (see chapter 3, section 3.4 and Oosting [38]). In the past it has 

therefore been impossible to experimentally verify many of the analytical results. 

One example of this is the theory of Guy and Bhattacharya [27J described in section 2.2,4 

of chapter 2. The analytical analysis of Guy and Bhattacharya was carried out for a panel 

backed by a finite room. A result was deduced which predicted that only the 'odd-odd' 

modes of a panel would be active in transmitting sound, if a plane wave was impingent 

upon the panel at normal incidence. No experimental evidence has ever been produced to 

support this finding, due to the difficulties outlined above. 

This situation is however relatively easy to address in a numerical modal. The numerical 

model contained a single plane wave source, located a long distance from the panel. The 

panel was mounted in an infinite rigid baffle. The source was given a unit amplitude (1 

Pa) since in transmission loss considerations the source magnitude should be of no 

relevance. The panel was discretised with a mesh sufficient for solutions up to 2000 Hz. 

The finite element mesh was formed using plate elements, which were given the material 
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properties of standard plasterboard (Young's modulus = 2.4 x 109 N/m2
, Poisson's ratio = 

0.22, density = 660 kg/m3) and a thickness of 10 mm, The modelled panel measured 0.64 

metres by 1.20 metres. The panel edges were defined as clamped. 

Since a solution was required up to 2000 Hz, the natural modes of the finite element 

model were found up to 4000 Hz (see section 5.2.2 of chapter 5). The first three of these 

modes are shown in figure 7.2.2. 

I lOJ:l-.ailC>hlOlll, t. ItIt ....... _ oe ., 1\ 73 . _ .. .oe.- 1 ~ Cl I '''.~ ... 

Figure 7.2.2 - The first three modes of the structural finite element model 

The finite element model was then coupled with a boundary element model, which used 

the same mesh. A single normally incident plane wave source was defined, as described 

earlier. 

<In 
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The coupled solution was obtained in 10 Hz steps from 80 Hz up to 2000 Hz. The 

transmitted sound intensity was calculated over a grid 70 mm from the back of the panel 

(see section 4.3.2.1 of chapter 4). The incident sound intensity was obtained in a separate 

model, by defining an identical sound source in an unbafiled boundary element 

environment containing no mesh. The incident sound intensity was then calculated over a 

field point grid located where the panel would be located in the full model. This method 

is the numerical equivalent of experimentally removing the panel and directly measuring 

the sound intensity which passes through the area it previously occupied. 

The field point data for both the incident and transmitted sound intensities was then 

exported from SYSNOISJtiY. The sound transmission loss of the system was then 

calculated using a modified version of the Matlab® routine Diffilse_TL as described in 

section 5.2.4 of chapter 5 and contained in appendix B2. The final result consisted of a 

table containing a value for the calculated sound transmission loss at each of the 10Hz 

step locations (from 80 Hz to 2000 Hz). 

The result is shown in figure 7.2.3. The results have been plotted in the manner of a 

traditional sound transmission loss curve, with transmission loss in decibels plotted 

against a logarithmic frequency scale. The individual calculation points are not shown on 

the graph. A smoothing function has been used to interpolate between them and create the 

line shown. 
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Numerically Calculated Sound Transmission Loss of a 10 mm Plasterboard Panel 
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Figure 7.2.3 - Numerically calculated transmission loss of a single panel with a single 

plane wave source at nonnal incidence 

Visual inspection of the above figure reveals that the initial result seems reasonable. A 

fairly constant slope of around six decibels per octave is evident - the expected standard 

for a single panel in the 'mass' region. The effect of resonant transmission is also clearly 

evident, with a series of dips in the curve around the natural frequencies of panel modes. 

It is important to realise that this model contains no damping, which would affect the 

extent to which the resonant transmission impacts the final sound transmission loss. 

However, as stated in the introduction to this chapter, the model is useful for far more 

than blindly producing sound transmission loss curves. The data upon which the 

transmission loss curve is based can be studied in detail and a greater level of 

understanding gained for the mechanisms involved. 



The first item of interest is the resonant dips in the transmission loss curve. Presumably, 

as hypothesised above, these occur at natural frequencies of the panel. The model was 

constructed without any type of damping, so it seems logical that the transmission loss of 

the panel should drop to zero when the panel is excited at a natural modal frequency. 

The first 18 modes of the panel are shown in figure 7.2.4. As can be seen in the figure, 

the fundamental mode occurs at 55 Hz, and the 18th mode occurs at 417 Hz. 

Figure 7.2.4 - The first 18 natural modes of the modelled panel 

From a quick comparison between figures 7.2.3 and 7.2.4, it can be seen that there are not 

18 dips in the calculated sound transmission loss curve between 55 and 417 Hz. There are 

in fact only six visible over this frequency range. Figure 7.2.5 shows a reproduction of 

the lower 500 Hz of the computed sound transmission loss curve (figure 7.2.3), along 

with the modes whose natural frequencies correspond to each dip in the sound 

transmission loss curve. 
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Computed STL of a 10 mm Plasterboard Pallel 
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Figure 7.2.5 - The lower 500 Hz of the computed sound transmission loss curve and the 

modes whose natural frequencies correspond to each dip in the sound transmission loss 

curve 

A comparison between figures 7.2.4 and 7.2.5 reveals that it is only the 'odd-odd' modes 

(the modes for which both notional indices nand m are odd) which produce a dip in the 

sound transmission loss curve. These modes can be identified from their modal 

displacement patterns - all of the 'odd-odd' modes have an uneven number of anti-nodes 

in both the x and y direction. For the case of a plane wave at normal incidence, all other 

panel modes have minimal effect on the sound transmission loss curve. 

This result is clearly independent proof of Guy's analytical result [27] - for a plane wave 

at normal incidence, only the 'odd-odd' panel modes are excited. This is a very pleasing 

result since, as discussed previously, such a proof has proved impossible to obtain 

experimentally. This result is also a perfect example of how the depth of information 

available in the numerical model is useful in proving an understanding of the phenomena 

behind the transmission loss results. 
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7.2.2 - A Point Source at Distance Approximating a Plane Wave Source 

Another area in which a comprehensive analysis was undertaken using the numerical 

model was the study of the assumption that at distance a point source approximates a 

plane wave source. This was the principle used by workers such as Eisenberg [37], 

Oosting [38] and Bhattacharya and Guy [39] in their attempts to create a plane wave with 

a controllable angle of incidence in an experimental environment. The typical approach 

of these workers was to mount a single speaker a "great distance" from the sound 

transmission loss specimen (for example a speaker mounted four metres from a specimen 

approximately 0.5 metres square [39]). The method then centres about an argument that 

due to the distance between the source and transmission loss specimen, the wave fronts 

reaching the specimen will be almost flat, especially across the surface of the relatively 

small sample. 

The validity of this assumption has not been considered in depth by any of the workers 

mentioned above. No attempt has been made to quantify the effect any deviations from 

this assumption will have on the sound transmission results obtained. Oosting was the 

only author who appeared to have concerns about this method. He attributed the 

unexpected experimental results he obtained to a the possibility that the incident wave 

did not truly resemble that produced by a plane wave source (see section 2.2.6.2 of 

chapter 2). 

To investigate this phenomenon in the numerical modelling environment, three different 

model configurations were used. As illustrated in figure 7.2.6, all were based upon a 

clamped baffled panel measuring 0.64 metres by 1.20 metres. 
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Figure 7.2.6 - The three numerical models used in the point source/plane wave source 

investigation 

The structural part of each model was the same but, as the figure above illustrates, each 

model had a difference sound source. The first model employed a single plane wave 

source at nonnal incidence to the panel surface. The second used a point source 16.5 

metres from the panel and the third had a point source 1.65 metres from the panel. 

In each case, the sound transmission loss of the system was calculated using the methods 

outlined in chapters 4 and 5. Figure 7.2.7 shows the computed sound transmission loss 

results for Models I (plane wave at nonna1 incidence) and II (point source at 16.5 metres). 
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Figure 7.2.8 - Comparison of the numerically generated sound transmission loss using a 

point source at 1.65 metres (figure 7.2.6, Model III) and a point source at 16.5 metres 

(figure 7.2.6, Model II) 

For the case of the point source at 1.65 metres, the source is by no means a 'great 

distance' from the panel. In fact, it is now within a single wavelength of the panel for 

frequencies below 200 Hz and the distance between source and panel is comparable to 

the maximum panel dimension (1.65 metres between the source and panel compared with 

a panel maximum dimension of 1.20 metres). 

However, as figure 7.2.8 shows, the apparent sound transmission loss of the panel is 

relatively unaffected. At very low frequencies differences of up to 4 decibels appear, but 

these are only significant in the stiffness region below the first panel mode. For a 

typically-sized panel this region is below the range of measurement in a traditional 

transmission loss test. Some consistent discrepancy is visible throughout the mass region. 

For the lower half of the region the point source at 16.5 metres appears to produce a 

slightly reduced non-resonant response in the panel. Over the upper half of the mass 
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region this trend is reversed and the point source at 16.5 metres produces a greater level 

of non-resonant transmission in the panel. Although the differences are very minor, it is 

interesting to note that over the upper half of the mass region the transition from a plane 

wave source to a point source at 16.5 metres to a point source at 1.65 metres produces an 

increasing reduction in the level of non-resonant sound transmission. 

However, the more important result is that overall, for the sub-critical region of the panel, 

there is virtually no dependence of the transmission loss on the distance the point source 

is from the panel. This result suggests that when considering the transmission 

characteristics of a single panel at sub-critical frequencies, a point source may be 

assumed to be a plane source when it is located as close as 1.65 metres from the panel 

(with the panel has dimensions of 0.64 metres by 1.20 metres or smaller). The resulting 

errors will be less than 1 decibel over the frequency range 50 Hz - 2000 Hz. 

Figures 7.2.9 and 7.2.10 illustrate the pressure phase change across the surface of the 

panel for a point source located 16.5 metres and 1.65 metres from the panel. 
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Figure 7.2.9 - The phase difference across the panel with a point source 16.5 metres from 

the panel surface 

Figure 7.2.9 shows that with the point source 16.5 metres from the panel surface there is 

minimal phase change over the surface of the panel, since the distance from the source to 

the panel edges and the distance from the source to the panel centre is relatively similar. 
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Figure 7.2.10 - The phase difference across the panel with a point source 1.65 metres 

from the panel surface 

However, as figure 7.2.10 shows, with the point source 1.65 metres from the panel 

surface there is considerable phase difference across the surface of the panel at 

frequencies over 100 Hz. 

Consideration of the presence of this phase change, in conjunction with the calculated 

transmission loss results, illustrates that the vibration response of a single panel is not 

extremely sensitive to changes in phase of the incident sound pressure field over its 

surface. This result implies that changes in the angle of incidence of incoming sound will 

not produce a significantly different vibration response in the panel. This finding prompts 

one to question the validity of many theories which predict dramatic changes in sound 

transmission loss with a change in angle of incidence (the 'mass law' is a prime 

example). 
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7.2.3 - Predicted Angle of Incidence Dependence 

The results from the preceding two sections lead naturally to a study of the dependence of 

the numerically calculated transmission loss results on the angle of incidence. As 

discussed earlier, since plane wave sources can be easy defined and controlled 111 the 

modelled environment, this was a study perfectly suited to this method of analysis. 

In this study, the transmission loss of a simple single panel mounted in a rigid baffle was 

calculated when subjected to plane wave sources at several different angles of incidence. 

Table 7.2.1 shows the angles of incidence used. 

Table 7.2.1 - Plane waves used for angle of incidence study 

2 9 degrees o degrees 

3 18 o degrees 

4 27 degrees o degrees 

5 36 degrees o degrees 

6 45 degrees o degrees 

7 54 degrees o degrees 

8 63 degrees o degrees 

9 72 degrees o degrees 

10 81 degrees o degrees 

11 Grazing Incidence o degrees 

12 45 degrees 90 degrees 

13 45 degrees 45 degrees 

As can be seen in table 7.2.1, 13 plane waves with distinct angles of incidence were used 

in the study. In the first 11 cases the angle of incidence was varied with respect to the z

axis, whilst remaining at zero rotation around the z-axis as illustrated in figure 7.2.11. 



11.111 1111 

z 

y 
y 

Figure 7.2.11 - The first 11 plane wave sources which had various angles of incidence 

relative to the z-axis but remained at zero rotation about the z-axis 

The second part of the study then investigated the effect of keeping the angle of incidence 

with respect to the z-axis the same and rotating around the z-axis. Three different cases 

were studied, as illustrated in figure 7.2.12. 
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Figure 7.2.12 - The plane wave sources used in the study of the effect of rotation around 

the z-axis, whilst keeping the angle of incidence relative to it equal 

In all cases, the transmission loss was calculated using the methods outlined in chapter 4, 

implemented as described in chapter 5. Accordingly, for each new incident field the 

incident and transmitted sound intensity were calculated and the transmission loss 

obtained. 



Chapter 7 - Transrni:;sion Principles in the Sub-Critical Region of 1-1 Single Panel 

7.2.3.1 - The Influence of Plane Wave Source Angle of Incidence, with Zero Rotation 

about the Panel Surface Normal, on the Numerically Computed Sound Transmission 

Loss of a Single Panel 

The ftrst point to note is that there was no sound transmission loss result available for the 

calculation at grazing incidence (case 11). This is because the incident sound intensity 

was calculated by taking the sound intensity component normal to the panel surface, over 

the panel surface area. However, with a plane wave source at grazing incidence, there is 

no component of the sound field velocity travelling in the direction normal to the panel 

surface. The incident sound intensity and power, is therefore zero. As will be discussed 

later, there is still sound transmitted at grazing incidence, which makes the theoretical 

transmission loss of the panel negative inftnity since, by definition, there is sound being 

produced by the panel. 

All of the other cases do yield results, since at all angles of incidence other than grazing 

incidence there is a component of the incident sound field travelling in the direction 

normal to the panel surface. Figure 7.2.13 shows the full set of results for cases 1 to 10. 

418 



iii' 
"0 

1.11 q 1'1 • I r t 11 "W I I " 11 1'1 II I .111 k ; IT I II II. II b -( I iI i • J\ I '.: 11111 

Effect of Angle of Incidence on Traditionally Measured Sound Transmission Loss 

'~O l ____________________________ -----------------------------------
:::=~~:=:==:::::::::::::::=: ~:::::::::::::::::::=:::=:::::::::::-

.0.00 E-- -------- - -----------------------------
---------------------------- -----------------------------------

~00 T----_____________________ _ 

I .' I 
I ~ I 

~ 30.00 • • .11 f I 

;" ( • ft! l i . ~ "' "' o 
...J 

lIf~IJDT- : :: :: :: :: :: : :: :: :: :: : :: :: :: :: :: _ . '2 " L ~ 
5 25.00 b----------- -- ----.. --------------------.- - ----------------. - - - - - ~-~II~IAIJ[IJ~!:...::.-.:-.:-:.:-:.:-:..:-:...::.-.:-.:-..::-:.:-:...:-:..:-:...::.-.:-..::-.:.,-

'iii 

"' 'E 
"' 20.00 ''""----------------"...W:=.HI.Y-.......,~ 
c: 
~ 
I-

~ ~.OO ~,~---------~~~~t-ftrl~lllt~~r+_~--_i-~--------------

~ =~~~=~~~~=~~~~~~~~~~~~~~~~~~~~~~~~~ 
5.00 +-~,'r'o"'"--_IiH-Ar'r~I I_--Wf---III--------------------------

O'OO L----J~~~~~--------______ ~ ___________________________________ __ 

-0 -00 -000 '0000 
Frequency (Hz) 

Figure 7.2.13 - The dependence of numerically generated sound transmission loss on 

angle of incidence 

Figure 7.2.13 shows that the sound transmission loss result at normal incidence is the 

maximum, over all calculation frequencies, of any angle of incidence. An increasing 

degradation in the computed sound transmission loss is seen with increasing angle of 

incidence. Accordingly, the result at 81 degrees (case 10), which was the largest angle of 

incidence for which a sound transmission loss curve was calculated, shows the lowest 

overall sound transmission loss. On average, the changes in angle of incidence produce a 

translation of the entire sound transmission loss curve up (decreasing angle of incidence) 

or down (increasing angle of incidence). 
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Figure 7,2.14 shows the computed sound transmission loss results at nonnal incidence 

compared to that at 63 degrees (case 8). This figure illustrates that changes in the form of 

the transmission loss curve do occur with changes in the angle of incidence - there is not 

just a I inear shift over the whole frequency range. 
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Figure 7.2.14 - Calculated transmission loss at normal incidence (case 1) and at 63 

degrees to the panel normal (case 8) 

Comparison of the two curves clearly shows that the change in angle of incidence has 

introduced new resonant dips into the transmission loss curve. This observation is 

consistent with Guy's analytical result [27], which predicted that the minimum number of 

panel modes is excited by a plane wave at normal incidence. More modes have therefore 

been excited in the panel by the plane wave at 63 degrees incidence. To illustrate this 

point further figure 7.2.15 shows the difference between the two transmission loss curves 
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shown in figure 7.2.14, when the results are normalised to eliminate the linear shift, 

thereby emphasising the change in the form of the transmission loss curve. 

Normalised Difference between Sound Transmission Loss at Normal Incidence and at 63 degrees 
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Figure 7.2.15 - The normalised difference between normal incidence and 63 degree 

incidence transmission loss curves 

When interpreting figure 7.2.15, it should be noted that a peak above 0 dB is evidence of 

a newly excited mode and a trough below 0 dB is indicative of a mode which was excited 

by the plane wave at normal incidence but is not excited by the plane wave at 63 degree 

incidence. The figure shows that, whilst a number of modes experience a reduced level of 

excitation by the plane wave at 63 degree incidence, there are also a number of new 

modes which are excited. 

Figure 7.2.16 shows the nom1alised difference between the sound transmission loss curve 

for the incident plane wave at normal incic.ence and the sound transmission loss curve for 

the incident plane wave at 63 degrees (case 8). It also shows the normalised difference 

between the sound transmission loss curve for the incident plane wave at normal 
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incidence and the sound transmission loss curve for the incident plane wave at 18 degrees 

(case 3). 
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Figure 7.2.16 - The normalised difference between the normal incidence and 63 degree 

incidence results and between the normal incidence and 18 degree incidence results 

The figure shows that many of the same additional modes excited by the 63 degree 

incident wave are excited by the 18 degree incident wave. However they are, as a rule, 

not excited to such a great extent. The odd exception exists (for the mode at 920 Hz for 

example) where a mode is excited much more efficiently by the plane wave at 18 degree 

incidence. The result for the 18 degree incident plane wave also shows that at low 

frequencies (below 400 Hz) the modes exited by the plane wave at normal incidence are 

still excited. These modes are not excited by the plane wave at 63 degrees_ 

The calculated sound transmission loss curves for cases 1 to 10 are shown in figure 7.2.17 

and compared to an experimental diffuse-field sound transmission loss curve, measured 

in third octave bands, for a comparable panel system. 
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Figure 7.2.17 - The computed angle of incidence results compared to an equivalent 

experimental result 

As can be seen in the figure, the computed results over estimate the sound transmission 

loss at normal incidence (case 1) compared to the experimental diffuse field result. At 81 

degrees of incidence (case 10), the sOW1d transmission loss is severely underestimated 

compared with the experimental diffuse field result. 

It seems, from this result, that an average of the transmission loss curves for every angle 

of incidence would give a final result which would be very close to the experimental 

diffuse field result. The only thing, which would inhibit such an operation, would be the 

tendency of the grazing incidence result to tend to negative infinity. An average over all 
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angles of incidence which included an infinite result would lead to an average sound 

transmission loss of negative infinity. One way to avoid this problem would be to limit 

the range of angles of incidence whose results would be included in the calculation. 

However, although there is evidence that sound is not incident on an experimental panel 

equally at all angles of incidence [108], there is no reason why this should affect the 

theoretical result. The incident sound is just the input to the sound transmission loss 

system, wruch should be valid for all angles of incidence. It therefore seems that the 

method for generating sound transmission loss is at fault due to the treatment of the 

incident acoustic field. 
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Figure 7.2 . 18 - The change in numerically calculated sound transmission loss with angle 

of incidence compared with that predicted by the 'mass Jaw' 
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Figure 7.2.18 shows the computed numerical results for normal incidence (case 1), 45 

degree (case 6) and 81 degree (case 10) incidence, compared with their counterparts 

calculated using the 'mass law' (see equation 2.2.1 of chapter 2). 

As discussed in section 2.2.1.1 of chapter 2, the 'mass law' is based on infinite plate 

theory. The numerical results generated in this project are of course representative of a 

fully tluee-dimensional plate. Given these differences, the comparisons shown in figure 

7.2.18 seem remarkable. The linear decrease in transmission loss for 45 degree incidence 

is very similar in both models. At 81 degrees however, the results have diverged a little. 

The 'mass law' result appears to be tending to zero more rapidly than the numerically 

generated result. 

This is a positive indication however, with regard to the potential of the numerical model 

to give good predictions without arbitrary limitations. As discussed in chapter 2, the 

'mass law' does not produce a result for grazing incidence. However, even when grazing 

incidence is disregarded, the 'mass law' still underestimates the diffuse field sound 

transmission loss of a system, as compared to experimental results. For this reason, the 

angle of incidence is usually artificially limited to between normal incidence and 78 

degrees (or "field incidence" as discussed in section 2.2.1.1 of chapter 2). 

The 'mass law' predicts that the sound transmission loss drops to zero rather quickly at 

large angles of incidence. The inclusion of the 'mass law' results for the last 12 degrees 

of incidence in the diffuse field integration therefore severely affects the fina.l result. As 

will be illustrated later (see figure 7.2.24), the rate at which the 'mass law' curve drops 

with angle of incidence is given by a factor of (cos e)2 whereas the numerical curve only 

drops by a factor of cose (where e is the angle of incidence with respect to the panel 

surface normal), 

In conclusion, the numerically generated results for the sound transmission loss of a 

single panel excited by plane wave sound sources at different angles of incidence and 

constant rotation about the z-axis, proved to be dominated by linear shifts of the entire 



Chapier 7 Tnmsmission Principles in the SuLI-Critical Region of a Single: Panel 

sound transmission loss curve up and down. If the results were normalised to eliminate 

this shift, the remaining differences were seen to be due to differences in which panel 

modes were excited by each incident source field. The results also appeared to indicate 

that, if the problem of the grazing incidence result could be resolved, an average result 

formed by combining results for every possible angle of incidence, would give a very 

good estimation of the diffuse field transmission loss, compared with experimental 

diffuse field results. No 'field' limitation of the possible angles of incidence would be 

necessalY since the numerically computed results are slower to tend to zero at large 

ang les of incidence than those given by the 'mass law' . 
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7.2.3.2 - The Influence of Plane Wave Source Rotation about the Panel Surface 

Normal on the Numerically Computed Sound Transmission Loss of a Single Panel 

This section describes a study of the effect on the numerically calculated transmission 

loss of source rotation about the panel surface normal. The calculated sound transmission 

loss results for incident sound field cases 6, 12 and 13 (see table 7.2.1) are shown in 

figure 7.2.19. These results are for the sound transmission loss of a single panel excited 

by a single plane wave source at a constant angle of incidence of 45 degrees relative to 

the panel surface normal, but with various angles of rotation about the panel surface 

nOlmal as was illustrated in figure 7.2.12. 
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Figure 7.2.19 - The effect of plane wave sound source rotation about the panel normal on 

the calculated sound transmission loss of a single panel 
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The figure shows there is now no large-scale sound transmission loss curve translation. 

However, the result rotated 45 degrees around the z-axis does appear to be consistently 

below the other two results, especially at high frequencies. This is due to the additional 

modes which were excited by this source. 
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Figure 7.2.20 - The normalised difference In calculated sound transmission loss with 

source rotation about the panel normal 

The normalised difference between all three results and the calculated sound transmission 

loss result at normal incidence is given in figure 7.2.20. The figure illustrates that indeed, 

the calculated sound transmission loss at 45-degree rotation appears to have the most new 

modal peaks, especially at higher frequencies. The figure also illustrates that the modal 

responses of all three systems are quite different. The only major similarity is that at 
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frequencies over 600 Hz, the modes excited by the nOlmally incident plane wave are not 

excited by any of the systems (giving the troughs in the nOlmalised response of all three 

systems relative to the calculated result at normal incidence). 

In conclusion, the study of the effect on calculated sound transmission loss of plane wave 

source rotation about the panel surface normal has shown that differences arise due to the 

changed modal excitation, and therefore level of resonant transmission, of the panel. A 

plane wave incident at an angle of rotation about the z-axis, other than those which give 

sources with nOlmal vectors parallel to the x-axis or y-axis, appear to lead to slight 

degradations in the sound transmission loss of the panel. This is because such a source is 

capable of efficiently exciting more modes than a source parallel to an axis of the panel. 

However, overall the changes in transmission loss with rotation about the z-axis were 

small compared to those associated with the change in angle relative to the z-axis. 
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7.2.4 - Diffuse Field Approximation 

The previous section identified two methods by which the calculated sound transmission 

curve for a single panel may change with changes in the angle of incidence of a single 

plane wave. A near-linear shift in the entire transmission loss curve may occur and more 

subtle changes may occur with the dips in the curve due to the changes in resonant 

transmission of the panel. It was shown that both these changes were associated with 

changes in the angle of incidence relative to the panel surface normal, but only the fOlmer 

was associated with changes in the angle of incidence relative to the panel normal. 

Obviously, in terms of the sound insulation of systems in the built environment, the linear 

translation of the sound transmission loss curve with changes in angle of incidence is of 

extreme interest. A similar trend is predicted by the 'mass law' (see figure 7.2.19). If this 

phenomenon is in fact evident in reality, it would have very serious implications. It is 

suspected however, that this translation has more to do with the analytical and numerical 

techniques, and is not evident experimentally. This section seeks to verify this hypothesis. 

To do this, a step was taken back from the calculated sound transmission plots of the 

previous sections, and the incident and transmitted sound intensity data used to generate 

the sound transmission loss plots was compared. Figure 7.2.21 shows the transmitted 

sound intensity, calculated over the transmitting side of the panel, in a direction normal to 

the panel surface, as described in section 5.2.4 of chapter 5 for the first 11 cases gIven ill 

table 7.2.1. 
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Changes in Transmitted Intensity with Angle of Incidence 
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Figure 7.2.21 - Changes in transmitted intensity with variation in angle of incidence of a 

single plane wave source 

It is initially very obvious from the figure that there is little change in transmitted sound 

intensity, in a direction normal to the panel surface, with angle of incidence. Given the 

transmitted sound intensity is what a listener would hear; this result allays any fears about 

dramatic changes in wall sound insulation with angle of incidence. This figure is the first 

piece of evidence, which suggests that the phenomenon of 'dramatic linear changes in 

sound transmission loss with angle of incidence' is a by-product of the theoretical 

technique, and not a problem that is of any relevance to real life sound insulation. 

The figure also reveals another interesting finding - a result was obtained numerically for 

the case of a plane wave source incident at grazing incidence. This result is of the same 

magnitude as the results for all other angles of incidence, including normal incidence. In 



real life therefore, it seems the case of grazing incidence is not a special one. This result 

is shown, along with that for normal incidence, in figure 7.2.22. 
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Figure 7.2.22 - Transmission at grazing and nom1al incidence 
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This resu It clearly illustrates that the actual sound transmission loss of the panel is neither 

zero nor infinity for grazing incidence. The extreme nature of predicted results (both 

numerical and 'mass law') comes from the definition of sound transmission loss used, 

which clearly does not reflect the reality of the situation. 

The origin of the linear shifts in the transmission loss curve with change in angle of 

incidence is shown in figure 7.2.23. The figure shows the calculated incident sound 

intensity at varying angles of incidence. 
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Figure 7.2.23 - The change in incident sound intensity with angle of incidence 

As the figure shows, the incident sound intensity drops markedly with increase in the 

angle of incidence. Tills is because by definition, it is the component of the propagating 

sound field travelling in the direction of the panel surface normal, willch is of interest. 

Since the overall magnitude of the source stays the same, and it remains a constant 

distance from the sound transmission loss sample, the component of the sound intensity 

in the direction normal to the panel surface reduces as illustrated in figure 7.2.24. 
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Figure 7.2.24 - The component of the sound intensity reducing as angle of incidence 

Increases 

The figure also shows the change in sound transmission loss predicted by the 'mass law' 

with angle of incidence. As mentioned earlier, and as illustrated in this figure, the 'mass 

law' predicts a dependence of cos 2 
() on angle of incidence, and the method used in this 

study a dependence 0 f cos () . This means the predicted sound transmission loss using a 

numerical technique does not drop off as quickly at high angles of incidence, as had 

already been observed by comparison of the numerical results with the 'mass law'. 
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Figure 7.2.25 - The effect of the col dependence of the 'mass law' compared with the 

cos dependence of this prediction technique 

As was discussed in chapter 2, to get a measure of the diffuse field sound transmission 

loss, the predicted transmission loss must be integrated over all angles of incidence. 

Figure 7.2.25 shows the two functions of figure 7.2.24 numerically integrated over 

gradually increasing angles of incidence. 

The result shows that the 'mass law' based result is equal to the result from this study at 

78 degrees. This is evidence that the artificial "field incidence" limit which is imposed on 

the 'mass law' to make the results equal to those in experiment is made necessary 

because the 'mass law' predicts a relation between the angle of incidence and sound 

transmission loss of col. The results in figure 7.2.25 show that if the relation of only cos 

is used, the results integrated over all angles of incidence (0 to 90 degrees) will give a 

diffuse field result which will compare well with experiment. Proof of this is the fact that 
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the 'mass law' based result is equal to the result from this study at 78 degrees - the limit 

which historically has been applied 'arbitrarily' to obtain a good similarity between 

experimental results are those predicted by the 'mass law'. 

However, this analysis has shown that both methods (the 'mass law' and the method used 

in this study) give misleading results since they predict a dependence of sound 

transmission loss on angle of incidence which is not a physical reality. In reality, the 

amount of sound transmitted through the wall remains almost the same with changes in 

the angle of incidence, but a change in the apparent transmission loss of the system takes 

place due to the way in which transmission loss is defined theoretically. 

The fundamental nature of these findings is hard to deny and it appears that, even though 

the sound field in a reverberation room may not impact upon a sound transmission loss 

specimen at all possible angles of incidence [108], this is not the reason for the 

disagreement between the integrated 'mass law' and experimental results. The arbitrary 

angle limitation and the experimental evidence that appears to suppOIi it is nothing but a 

misleading coincidence. 

This analysis suggests that the overall sound power of the sound source or the sound 

pressure field over the panel surface may be a better measure of the incident sound on a 

finite transmission loss specimen. Any method which includes a vector parameter, or 

assumes a component of the source sound must be travelling in a direction normal to the 

panel surface measure will give incorrect results. Any oscillating pressure field over the 

panel surface will induce a response in the panel, and thereby radiate sound from each 

side of the panel. Having a travelling pressure field in the direction nOImal to the panel 

surface is not a prerequisite for transmission. 

In many regards the 'mass law' only differs from the method outlined in this project in 

that it includes an erroneous assumption about the effect of angle of incidence twice. 
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The 'mass law' assumes that the normal component of both the incident and transmitted 

sound wave must be found from the incident wave which impacts the panel at angle e 
and from the transmitted wave which departs from the panel at angle e. Hence the 

magnitude of the transmission loss becomes related to the angle of incidence by cos2 e . 

The method used here directly measures the nOlmal component of the incident wave, and 

conectly assumes it is related to the Oliginal plane wave magnitude and direction by 

cos e . It also directly measures the normal component of the transmitted wave. However, 

it incorrectly assumes that this level can be related to the magnitude of transmitted sound 

intensity in the direction of the original angle of incidence by cos e . The results of this 

project have shown that there is no such relationship between angle of incidence and 

magnitude of transmitted sound (see figure 7.2.21). 

This method will therefore produce a result where the relationship between predicted 

sound transmission loss and angle of incidence is given only by cos (). This method 

produces a different result from that which would be obtained by directly measuring the 

transmitted sound intensity in the direction of the angle of incidence, and then computing 

the component of this intensity travelling in a direction nOlmal to the panel's surface. 

Such a method would produce a dependence on angle of incidence of cos2 e, as the 

'mass law' does. 

Many of these same conclusions were reached by Rindel [104] by a totally different 

route. Rindel was concerned by the propensity of the 'mass law' to predict a result which 

was both infinite and zero at grazing incidence. He noted that the traditional measurement 

techniques also contain the same problems as the 'mass law', being "closely connected to 

the classical theory" and based on "short-wave-theory". Rindel concluded that the reason 

for these difficulties was that the incident sound power is calculated in the wrong way, 

and he narrowed down the Oligin of this enor to the way in which the radiation 

impedance is calculated in classical theory, namely: 

/1\ 
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pc z.=-
I cosO 

[7.2.1] 

Rindel pointed out that it was the tendency of this expression to tend to zero at grazing 

incidence which necessitated the limitation of the angles of incidence when the 'mass 

law' was used to generate a diffuse field sound transmission loss. Rindel expressed regret 

that, where Cremer [1] proposed this limitation as a practical solution to the problem, 

some authors used it as if it was a physical reality. 

Rindel then set about the formulation of a new expression, in which the radiation 

impedance was calculated, instead of assuming it was given by the expression of equation 

7.2.1. He eventually ended up concluding another measure of sound insulation was 

needed, and proposing the "external transmission loss" (Ex). This expression, which used 

the con'ect expression for the approximate radiation impedance of a finite panel, was 

given by 

Ex = Ro -1010g(2cosO) [7.2.2] 

where Ro is the sound transmission loss as given by the 'mass law'. It was shown that for 

a single wall, this expression produces a result which is dependent on cos 0 . In light of 

the results from this project, this is a very pleasing result indeed. 

The results from this study also demand the reconsideration of the traditional defmition of 

sound transmission loss. Whilst it is acknowledged that the definition of a parameter like 

sound transmission loss is ultimately rather arbitrary, it is suggested that there exists 

some responsibility to make such a parameter as intuitively representative of the physical 

situation as possible. For example, the results of this section suggest that both the 

traditional ISO 140 [85] method and the sound intensity method of experimentally 

determining sound transmission loss both underestimate the sound insulation 

perfOlmance of panel systems. As illustrated in figure 7.2.26, the sound transmission loss 

calculated with a plane wave source at close to normal incidence will be considerably 
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higher than the sound transmission loss calculated with a plane wave source, of equal 

magnitude and distance from the panel, at close to grazing incidence. 

I l 

Plane Wave Sound Source at Nonnal 
Incidence. 
Sound Power = 100 dBA. 

Located 2 metres from Panel Centre 

Plane Wave Sound Source at 
Oblique Incidence. 
Sound Power = 100 dBA. 
Located 2 metres from Panel Centre 

Figure 7.2.26 - The problem with using the nonnal component of an incident sound field 

However, to an observer on the receiving side of the panel, the audible sound level will 

be virtually the same in both cases. Since in building acoustics, measures of sound 

transmission loss are ultimately meant to assist people in detennining the sound 

insulation which various systems can provide, this situation is rather extraordinary - the 

predicted variation of sound transmission loss with angle has no connection with the 

practical situation, and is independent of the properties of the panel. 
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7.2.4.1 - Revised Calculation of the Diffuse Incident and Transmitted Sound Field in 

the Modelled Environment 

The method used to calculate the approximate sound intensity incident on the panel can 

now be reconsidered. Using the method outlined in chapter 4, the component of the 

incident and transmitted sound intensities in a direction nonnal to the panel surface has 

been calculated for each of the 11 source cases. 

To obtain an exact expression of the diffuse field sound transmission loss, it would be 

necessalY to calculate the incident and transmitted sound intensities at every possible 

angle of incidence, considering both the angle relative to the panel surface nonnal and 

rotation about it. The diffuse incident sound field could then be found by the addition of 

all the single plane wave incident intensity results. Similarly, the transmitted sound 

intensity for a diffuse field would be found by adding the various transmitted sound 

intensity components. The sound transmission loss would then be found by taking the 

difference between the total incident and total transmitted sound intensities. This 

procedure is described by the equation 

'" 
w: LW: 

TL _. = 1010g i,difjilSe = 1010g~ 
difjllse W co 

t ,difji/Se L w: 
[7.2.3] 

c=o 

where W;,d(ffilSe is the incident sound power on the sound transmission loss specimen for a 

diffuse incident field (Watts) and W;,difJ'lSeis the power transmitted from the panel for the 

case of a diffuse incident field (Watts). w~ is the cth component of the incident sound 

power field, as a result of the cth plane wave, which is one of an infinite number of plane 

waves which make up the incident diffuse field. w: is the C'h component of the 

transmitted sound power field, as a result of the ct" plane wave, which is one of an infinite 

number of plane waves which make up the incident diffuse field. 
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However, the procedure described by equation 7.2.3 is the equivalent of finding the 

diffuse field transmission loss by taking the difference between the average incident 

sound power and the average transmitted sound power, as shown in equations 7.2.4 and 

7.2.5. 

[7.2.4] 

00 00 

= 1010gLw; -lOlogL w; 
0=0 c=o [7.2.5] 

= lOlogwi,average -lOlogw1,average 

So therefore, the logarithmically averaged incident and transmitted sound fields may be 

used to fmd the diffuse field transmission loss. The preceding sections have shown that 

the incident sound field averaging will find the average value of the incident sound 

intensity as the component of the source plane wave in the direction normal to the panel 

smface varies from zero to one. The transmitted sound field averaging will find the 

average transmitted sound intensity level in the direction normal to the panel surface as 

the angle of incidence changes. It has been shown that the transmitted sound level in the 

direction normal to the panel surface only changes slightly with a change in angle of 

incidence. 

For the example shown above, it is possible to find the average incident sound intensity 

in the direction nomlal to the panel surface by finding the average of the 11 incident 

sound intensity levels calculated (see figure 7.2.23). This average value is shown in 

figure 7.2.27, along with the 11 cases from which it was calculated. 
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Figure 7.2.27 - The average incident sound intensity along with the incident sound 

intensity for the 11 cases from which it was calculated 

A possible problem with this estimate of the average incident sound intensity is that 

because of the large variation in the sound intensity level as the angle of incidence tends 

to grazing, an estimation based on a finite number of plane waves (11 in this example) 

may not be very accurate. However, an accurate measure of the average incident sound 

intensity for an infinite number of plane wave sources can be found by observing that the 

sound intensity variation with angle of incidence, such as that shown in figure 7.2.23, can 

be simply replicated. Since, as shown earlier, the incident sound intensity at any angle of 

incidence is simply the component of the plane wave source travelling in the direction 

normal to the panel surface, the incident sound intensity at any angle of incidence can be 

found using the equation 

[7.2.6] 
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where IN is the intensity of the plane wave source, e is the angle of incidence of the 

plane wave source relative to the panel surface normal and ( is the component of the 

incident sound intensity travelling in the direction normal to the panel surface. 

It follows that the average incident sound intensity can be calculated by multiplying IN 

by the average cose, as e varies from 0 to 90 degrees. This concept is illustrated in 

equations 7.2.7 and 7.2.8. 

90 

2JN cose 
I -"-.B=D--"----__ _ 

z,average - 90 [7.2.7] 

90 

Lcose 
= I -",B==O __ 

N 90 
[7.2.8J 

When equation 7.2.8 is numerically evaluated using a frequency step of 0.001 Hz, the 

average incident sound intensity is seen to be given by 

I Z,average = IN x 0.636618254 [7.2.9J 

The average incident sound intensity calculated using equation 7.2.9 is shown in figure 

7.2.28 compared to the approximation of the average based on the calculated sound 

intensity of only 11 plane waves. 
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Figure 7.2.28 - Exact average incident sound field compared with ll-plane wave 

approx imation 

The figure shows that in this case the approximation provided by the ll-plane wave 

calculation is very good. This is because the plane waves used were located at evenly 

distributed angles of incidence relative to the panel surface normal. 

This exercise has shown that it is not necessary to calculate the incident sound intensity 

for each plane wave source because a simple relation exists between the plane wave 

source magnitude and angle of incidence relative to the panel surface normal. Therefore, 

if the magnitude of the panel wave source is known, the average incident sound intensity 

can be calculated for the case of a completely diffuse field. 

No such simplification is available when computing the transmitted field. The transmitted 

sound intensity must be calculated for each individual plane wave source, and the average 

of the result taken. The variation observed in transmission for different angles of 
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incidence is small, and IS due to changes in the resonant transmission of the panel. 

Therefore, only a small sample of angles of incidence will give a fairly representative 

result. This fact will be emphasised even further in later sections, where the inclusion of 

damping in the model reduces the magnitude of the peaks in the panel response. Figure 

7.2.29 shows the difference introduced into the final sound transmission loss results by 

reducing the number of plane wave sources used to obtain the average transmitted field 

result. 

Errors Introduced by using a Reduced Number of Plane Waves to Calculated Average 
Transmitted Sound Intensity 
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Figure 7.2.29 - The errors introduced by USlOg a reduced number of plane waves to 

calculate the average transmitted sound intensity (compared to using 11 plane wave 

sources) 
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As the figure shows, the errors introduced are due to the fact that some panel modes are 

not excited by the remaining plane wave sources. These errors are of the order of 1 dB 

when the approximation is reduced from 11 to 6 plane waves. The average error over the 

entire frequency range is very small - 0.19 dB for the 6 source approximation, 0.29 dB 

for the 4 source and 0.73 dB for the approximation using only the plane waves at normal 

and grazing incidence. 

These results have therefore shown that sound transmission loss results are not as 

sensitive to variations in the incident acoustic field as the 'mass law' and traditional 

experimental techniques would suggest. Linear translation of the entire sound 

transmission loss curve with changes in angle of incidence does not occur in real life, and 

is only a symptom of the definition of sound transmission loss commonly used. Any 

variation in sound transmission loss due to angle of incidence is limited to very slight 

changes in resonant transmission as different modes of the panel are excited by the 

different incident sound fields. 

It is interesting to note that the method which has become standard for transmission loss 

prediction and measurement actually underestimates the sound insulation of a panel. It 

assumes that a source at normal incidence to the panel surface will produce the highest 

level of excitation in the panel, and as the angle of incidence is increased the panel will 

experience decreasing levels of excitation (since the component of the incident sound 

intensity in the direction normal to the panel surface is decreasing). This study has shown 

however, that the excitation experienced by a panel due to a plane wave source is almost 

independent of angle of incidence. This means that the panel is providing much higher 

levels of sound insulation at high angles of incidence than it is given credit for in the 

traditional sound transmission loss test. The 'mass law' is compromised still further by 

not only assuming that it is less excited by incident sound at high angles of incidence, but 

also that it's ability to transmit in these directions is reduced. 
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7.3 - Sound Transmission 

Whilst the previous section dealt with issues regarding the importance of the incident 

sound field, this section deals with what can be leamt about the transmission mechanisms 

at work in the panel itself using the numerical model described in the previous chapters. 

It should be noted that, as stated in the chapter title, all of the following discussion is only 

applicable to single panel systems at sub-critical frequencies. 

7.3.1 - Role of Panel Modes 

This section addresses what can be leamt about the role of the natural vibration modes of 

a panel using the unique environment provided by the numerical model. The observations 

so far have been that the numerically generated transmission loss curve consists of a line 

of virtually constant gradient (through the 'mass' region) which is interrupted by a series 

of dips. It has been shown that these dips conespond to natural vibration modes of the 

panel (see section 7.2.1). Which of these modes are excited, and to what extend they are 

excited depends on the source sound. The spatial and temporal pressure pattem which a 

source creates over the panel surface has been shown to affect the modal response of the 

panel. The spatial and temporal pressure pattem which a certain source will produce over 

the panel surface is a function of the source type (plane wave, point source) and its angle 

of incidence (angle relative to the panel surface nonnal and rotation about panel surface 

normal). It was shown that a plane wave at normal incidence will only excite panel 

modes with odd/odd incidences, a result which was analytically supported by the work of 

Guy and Bhattacharya [27J (see section 7.2.1). 

7.3.1.1 - Single Mode Analysis 

This section describes an investigation of resonant and non-resonant transmission using 

the unique capabilities of the numerical environment. A discussion of work and opinions 

of previous authors on the roles of resonant and non-resonant transmission is available in 
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section 2.2.3.2 of chapter 2. The main points of interest from this section can be 

summarised as follows: 

Bies and Hansen [15] stated that below the critical frequency modes would be excited in 

the panel at frequencies above their resonant frequencies. Since these low frequency 

modes are reasonably efficient, high levels of sound would be radiated. Moore [17] 

described a situation where the non-resonant transmission of a panel is given by the 

'mass law', and at frequencies corresponding to natural frequencies of the panel resonant 

transmission would occur causing degradation of the overall sound transmission loss. 

Lawrence [18] states that resonant effects should be obvious at low frequencies, but at 

frequencies above twice the natural frequency of the fundamental panel resonance, the 

panel would experience only non-resonant transmission. 

Utley [21] stated that for the frequency range between the fundamental panel resonance 

and the critical frequency, resonant transmission is not important. Price and Crocker [23] 

defined resonant modes as those modes with their natural frequencies inside the 

frequency band under consideration and non-resonant modes as those which are excited 

but their natural frequencies are outside that band under consideration. The non-resonant 

modes are responsible for the 'mass-law' transmission of the system, and any resonant 

transmission acts to degrade the non-resonant performance of the panel. 

This study focused on the definition of resonant and non-resonant transmission given by 

Price and Crocker [23]. This was done using the numerical environment which allowed 

the creation of panels with unique characteristics - panels could be defined in the usually 

way (see chapters 4,5 and 6) but only 'given' certain natural modes. 

In the first example, a panel was created which could only vibrate in its fundamental 

mode. The displacement pattern associated with this mode is shown in figure 7.3.1. 
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Figure 7.3.1 - The displacement associated with the first vibration mode of the panel 

The sound transmission loss of this panel was then calculated, and compared to the sound 

transmission loss of the panel defined in the usual way - including all the panel modes. 

The two resulting sound transmission loss curves are shown in figure 7.3.2. 
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Figure 7.3.2 - The transmission loss of a panel with only one mode compared to that of a 

panel with all modes 

The figure shows that, as might be expected, the sound transmission loss curve for the 

panel with only the fundamental mode only has one dip, which occurs at the fundamental 

natural frequency of the panel (30 Hz). According to the definition given by Price and 

Crocker, apart from frequencies around the fundamental natural mode of the panel, the 

curve represents the non-resonant transmission of the panel due to the fundamental mode, 

This is the definition of non-resonant transmission which will be adhered to in this report. 

As wil I be shown later, the major contributor to the non-resonant transmission in a panel 

is the fundamental mode of the panel. A high degree of similarity between this curve and 

the 'mass law' curve, which is usually used to approximate non-resonant transmission in 

finite panels, is evident. However, the numerical result does depart from the constant 6 

dB per octave slope predicted by the 'mass law'. 
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This same set of results is shown in figure 7,3.3 with a linear frequency scale (as opposed 

to the more traditional logarithmic scale used in figure 7.3.2). 

50 , 

Calculated Sound Transmission Loss of a Panel Including only the Fundamental 
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Figure 7.3.3 - The result for a panel with only a fundamental mode, displayed with a 

linear frequency scale 

The result shows that the sound transmission loss drops very quickly at low frequencies, 

to reach a minimum at the natural frequency of the fundamental mode. Then, as the 

excitation frequency increases above the natural fundamental mode of the panel, the 

sound transmission loss gradually rises again. 

Compalison with the sound transmission loss curve for the entire panel shows that the 

transmission loss associated with the fundamental mode defines a maximum possible 

transmission loss, and subsequent modes degrade this curve with troughs centred around 

their natural frequencies. This finding is very similar to the model of resonant and non

resonant transmission supported by most workers - the non-resonant transmission is seen 
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as the best-case situation and the transmission loss of the system is degraded further by 

resonant transmission. 

This study also illustrates the importance of the fundamental mode, and reveals a possible 

simplification which could be used to quickly obtain approximate results. It can be seen 

that if only the fundamental mode was included, a sound transmission Joss result could 

still be obtained which was accurate to within 2 dB of the complete solution. In practical 

situations, the effect of the resonant troughs is severely limited due to damping, so the 

results would show an even higher degree of similarity. 

Figure 7.3.4 shows the displacement patterns associated with the first four modes of the 

panel. As discussed in section 7.2.1, when such a panel is excited by a single, nonnally 

incident plane wave, the first and third modes are 'transmitting' modes, having odd/odd 

indices. 

·1,6c)d. 1l 11)t.lQ . Q8.1. I ~ ~. • oJ 1" :11 . , . 

Figure 7.3.4 - The first four modes of the panel, which were studied In single mode 

analysis 
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The second case which was investigated involved a panel with only the tlllrd mode (the 

second transmitting mode). A result was obtained using the same methods as described 

above - a panel was defined wlllch included only the mode at 104 Hz, and the sound 

transmission loss of the system was calculated, when excited by a plane wave at normal 

incidence. 

The resulting sound transmission loss curve is shown in figure 7.3.5, compared with the 

result for a panel with only the fundamental mode, and the results for a panel with all 

modes over the solution frequency range. 
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Figure 7.3.5 - A comparison of the transmission loss of a panel with only the tlllrd mode 

with a panel with only the first mode and a panel with all modes 

Figure 7.3.5 shows that the transmission loss curve is dominated by a minimum at the 

natural frequency of the third mode. For all other frequencies the transmission loss curve 

is significantly Illgher than that of the panel with only the fundamental mode. Tills is an 

illustration of the fact, mentioned earlier, that the fundamental panel mode is the only one 



which con tribu tes signi fican tly to the non-reso nant response of the panel. As the figure 

shows. the no n-resonant transmission du e to the third mode is consistently 20 dB lower 

than that du e to the fu ndamental mode. Gi ven the nature of the decibe l sca le, such a 

difference means the con tri bution of the third mode 10 the non- resonan t tra nsmiss ion will 

be insigni fica nt (approx imately 0.04 dB). The third mode then. only con tributes to the 

sound transmission loss curve prov idi ng some resonant transmission over a narro w 

frequency band cen tred around its natural frequency. 
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Figure 7.3.6 - T ransm ission loss of the fundamental and third mode panels wi th linear 

sca les 

Th is is illustra ted in fi gure 7.3 .6 whi ch shows the transmission loss curves for the 

fu nda menta l mode panel and the third mode p anel with complete ly li nea r scales. The 

figure re-emphasises that the transmission due to the thi rd mode is only signifi cant over a 

very narrow frequency band . T he fi gure a lso shows that the modes appea r to cont ribute 

less signi ficantl y to the respo nse of th e panel at frequenc ies be low thei r natural 

frequ ency, comparcd to frcq uencies above the ir n[l tural frequ ency. 
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Figure 7.3.7 shows that results for the fundamental and third mode panels, and also 

includes the sound transmission loss curves for panels which only have the 'non

transmi tting' second and fourth modes. It is important to note that these two new 

transmission loss curves use the right hand vertical axis on the plot. 

Calculated Sound Transmission Loss of Single Mode Panel, Compared to Panel with All Modes 
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Figure 7.3.7 - Single mode panel transmission loss curves, including non-transmitting 

mode results 

The figure shows that the second and fourth modes, when excited by a plane wave at 

nonnal incidence, cannot strictly be called 'non-transmitting' since they do have some 

contribution to the overall sound transmission though the panel. This contribution is 

however of such a small magnitude (resulting in a transmission loss of around 200 dB) 

that its effects are not measurable or significant in any practical application. 
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Figure 7.3.8 shows the sound transmission loss curves for the fundamental, second, third 

and fourth mode panels, displayed on a selection of different linear vertical axes. This 

figure illustrates the form of the sound transmission loss curve for each single mode 

panel. 

Comparison of Sound Transmission Loss due to Single Mode Panels 
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Figure 7.3.8 - The linear transmission loss curves for each of the 'single mode' panel, 

displayed with various linear vertical axis scales 

The results show that each 'single mode panel' transmission loss curve rises dramatically 

below the single modal frequency of the panel. The sound transmission loss curves for 

the 'transmitting mode' panels then rise exponentially with frequency. The sound 

transmission loss curves for the 'non-transmitting mode' panels have slightly different 

form which includes a point of inflection three octaves above the original minimum. 

In conclusion, this section has shown that the sound transmission loss curve for a single 

thin panel in the sub-critical frequency region is a combination of the transmission loss 

curves of each of the individual panel modes. The contribution of the fundamental mode 

456 



Chapler -- T 111 

is the most important and it can be viewed as providing the non-resonant transmission of 

the panel (using the definition of resonant and non-resonant transmission used by Price 

and Crocker [23]). The subsequent panel modes only contribute to the sound transmission 

of the panel by providing resonant transmission around their natural frequencies. In the 

special case of a plane wave at nOlmal incidence to a panel, the 'non-transmitting' modes 

do in fact contribute to the transmission through the panel, but this contribution is 

negligible over all frequencies. 
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7.3.1.2 - Panel Displacement and Modal Participation 

The munerical model also provides other avenues for the study of modal participation and 

the resulting panel displacement. The following section illustrates how these methods 

may be used to gain an understanding of the sound transmission mechanisms involved in 

creating the traditional sound transmission loss curve. This section uses the familiar case 

of a single thin panel excited by a single plane wave at nonnal incidence. The calculated 

sound transmission loss curve for this system is shown in figure 7.3.9 (a reproduction of 

figure 7.2.4), along with an insert of the area on the transmission loss curve, which will 

be studied in detail. 
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Figure 7.3.9 - The excerpt of the numerically generated sound transmission loss curve of 

a single panel excited by a plane wave at nonnal incidence to be studied in detail 

It is important to realise that the sound transmission loss result was calculated in 10 Hz 

steps - the smooth curve of figure 7.3.9 was generated using a curve smoothing function. 

The section of the sound transmission loss curve to be studied in detail stretches from 550 
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Hz to 590 Hz. There were therefore five distinct frequency results available over this 

frequency range. There are two transmitting modes in this frequency range, both of which 

are shown in figure 7.3.10. 

Figure 7.3.10 - The displacement patterns associated with the two transmitting modes 

located between 560 Hz and 590 Hz 

These modes occur at 567 Hz and 580 Hz respectively. The figure reveals that these 

modes have the prerequisite odd/odd indices . A third mode is also located within the 

frequency band of interest, at 587 Hz. This is a non-transmitting mode, and is shown in 

figure 7.3.11. 
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Figure 7.3.11 - The displacement pattern associated with the non-transmitting mode in 

frequency of interest 

The panel displacement at eachoffhe five calculation frequencies from 550 Hz to 590Hz 

was obtained from the numerical result. These results were exported from SYSNOlS~. 

processed in and are in figure 7.3.12 with a colour sea 



3< 
: 

: 
J, 

: 

~ '" 
i 2e .. 
1- f" ~ 

i ;:. 2' 

Il. 
n 

~ 
: \ V ~ 

: i\ l '\ . 
, ---' 

! \ /'\ il : 1 
y \:/ 

, 
1 

: \i 
10 

SOO 5'0 S20 SlO 540 5SO 5SO 570 500 ~ roo B1 0 61<l 6JO &00 650 

fr""'I~y l"l) 

Figure 7.3.12 - Panel displacements over the frequency range 

The plots show the displacement of the panel surface in metres and all have a colour scale 

which ranges from zero to 9 x 10-8 metres. 

The results show that at 550 Hz the panel has relatively low displacement over its entire 

surface, which leads to the high transmission loss at this frequency, as can be seen on the 

transmission loss curve in the bottom half of the figure. As the frequency is increased to 

560 Hz, the mode at 567 Hz becomes active, the panel displacement increases and the 

transmission loss drops. It can be observed that the displacement pattern of the panel is 

highly influenced by the modal displacement pattem of the mode at 567 Hz (see figure 

7.3.1 0), but also appears to be influenced by several other modes. The most obvious of 

these influences is the fundamental mode, which gives the centre of the panel a slightly 



higher average displacement than the edges. At 570 Hz the panel is transitioning between 

the two transmitting modes and the average displacement decreases slightly. At 580 Hz 

the panel motion is dominated by the mode at 580 Hz. 

The numerical model can also supply the contribution of the various panel modes to the 

total panel displacement at each calculation frequency. Figure 7.3.13 shows a comparison 

of the participation of the various panel modes at 550,560,570,580 and 590 Hz. 
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Figure 7.3.13 - The relative modal participation over the frequency range of interest 

The figure shows that at 550 Hz the panel displacement is dominated by the 567 Hz and 

580 Hz modes, but also has a major contribution from the fundamental mode at 55 Hz. 

The other modes which contribute to the overall panel displacement are the transmitting 

modes. At 560 Hz, the panel response is clearly dominated by the mode at 567 Hz. The 
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closest other transmitting mode - at 580 Hz, has the second largest contribution. At 570 

Hz and 580 Hz, the mode at 580 Hz has the highest participation, and the participation of 

the mode at 567 Hz drops off. Even when the panel is excited at 590 Hz, the result shows 

there is minimal pmticipation from the mode at 587 Hz, since it is a non-transmitting 

mode. 

The figure also shows the general behaviour of a mode as the frequency of excitation is 

increased from far below to far above its natural frequency. As the transmitting mode at 

661 Hz shows, as the excitation frequency approaches the natural modal frequency, the 

participation of the mode begins to rise rapidly. As the modes at 567 Hz and 580 Hz 

show, as the excitation frequency passes the natural frequency of the mode the 

participation rises exponentially to a maximum, then decreases rapidly. As the low 

frequency modes show, the participation of the modes, after initially dropping rapidly 

with the passing of the excitation frequency, continues to drop slowly. 

This section then, has supported the findings of the previous section with regard to the 

role of panel natural modes in the transmission of sound through a thin panel. It has 

shown that the participation of a mode ill the transmission of sound tlrrough a single panel 

is at a maximum for frequencies around the natural modal frequency and drops off slowly 

as the excitation frequency is further increased. The fundamental mode is always the 

most important non-resonant mode. 
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7.3.1.3 - Damping and Its Effect on Resonant Transmission 

None of the numerical results presented thus far have included any sort of damping. This 

is obviously a discrepancy with the real world situation, where the type of plasterboard 

panel being modelled in this study, is reasonably well damped. The difference produced 

in the modelled results when modal damping is included is shown in figure 7.3.14. 

Effect of Damping on Numerical STL Prediction 

50 --------------------------------------------------

- -- -- --- - --- -- - - - ---- --_ . . - . 
45 ~- - - - - - - - - - . - - -

40 __ -----------------------------------------------------------~L-

35 ------------~----------------------------------~ .. -------.F----

25 -----_ 

20 

15 ~~-----------------~~~~-~--~~·r--------------------------------.---.-----------------

5 ----~r_----.~--~----~----~----------------------

o ____________________ ~-U-----------------

10 100 1000 10000 
Frequency (Hz) 

-E)(penrrenI8! - ----==:=-UndtiTped Co"l>ull!lliional R&aJII 

_ CofTl>Ulelional Reeull wilh 0.01 Derrping Coellclenl -COrrpuI81ionai Re.auh with 0 1) Oenping Co.llcien!. 

Figure 7.3.14 - The effect of damping on numerically calculated sound transmission loss 

These numerical results are for the case of an approximate diffuse field, generated using 

42 plane wave sources, as discussed in chapter 4. The damping included in the model is 

hysteretic or solid-body damping. This is the type of damping which exists within a solid 

body when it undergoes small magnitude vibrations. It is not proportional to velocity like 

'dashpot' type damping. 
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Figure 7.3.14 shows that as the levels of modal damping increase the depth of the 

resonant dips in the transmission loss curve begin to abate. The figure shows results for 

constant damping over all panel modes of both 0.01 and 0.10. As will be shown in the 

next section, the damping included in the model can affect the accuracy of the predicted 

results. The figure shows that an increase in the level of damping in the model decreases 

the effect of resonant transmission. The sound transmission loss of the panel cannot be 

increased however, above the limit imposed by the non-resonant transmission. 

Smith [55] dedicated quite some time to experimentally detelmining the damping, or 

internal loss factor (1] ) of a plasterboard sheet. He used the decay method, given by Craik 

[105] to determine the reverberation time of the panel, and thereby calculate the total loss 

factor of the panel using the equation 

In(106) 
1] = 2!ifT [7.3.1] 

Where T is the time taken for the acceleration level to decay 60 dB, and f is the frequency 

of the vibration. 

The panel was freely suspended and struck with a hammer. Measurements were made at 

six positions on the plasterboard, in third octaves from 50 Hz to 6300 Hz. A typical result 

is shown in figure 7.3.15. 



Internal Loss Factor of a Plasterboard Panel (Smith) 
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Figure 7.3.15 - The internal loss factor of a plasterboard sheet as measured by Smith 

As the figure shows, the internal loss factor appeared to be around 0.01 over the 

frequency range of measurement. There were however significant changes observed In 

the damping when the panel was mounted as part of a wall. 
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Internal Loss Factor of a Plasterboard Panel (Smith) 
[Effect of Panel Boundaries] 
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Figure 7.3.16 - Change in intemalloss factor when panel fonns part ofa wall 

Figure 7.3.16 shows that there can be considerable variation In loss factor depending 

upon the mounting conditions of the panel. Figure 7.3.14 showed that the damping plays 

a crucial role in determining the accuracy of the prediction using the numerical method. 

The detennination of the damping for the systems modelled in this project was however 

deemed to be of secondary importance. The results show that, given the correct damping 

coefficients, an excellent comparison with experimental results could be achieved. 
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7.4 - Optimisation ofFrocedure 

This section desctibes a study which sort to detennine whether the numerical method 

developed and proven in the previous chapters could be used as a desktop design tool. To 

be used as such, the computational time involved with the calculations would have to be 

sufficiently low, so multiple cases could be quickly compared and optimum solutions 

found. To minimise computational time, this study sort to make the solution parameters 

as coarse as possible, whilst still maintaining sufficient accuracy of solution. 

Since increases in computational power in the future will most cel1ainly see the numerical 

method become common place as a sound transmission loss prediction tool, this study 

may seem unnecessary as it will quickly become out of date. However, it is important to 

establish what can be expected from this method with current computational restrictions, 

since parties may be very interested in using this method as a design tool as soon as it 

becomes viable, given the results this project has obtained using the numerical method. 

7.4.1- Measurement Reso]ution 

The major factor which controls the time taken to obtain a solution using the numerical 

method is the number of discrete frequencies points for which the solution is calculated. 

Most of the results presented to date have been calculated in 10Hz steps, from 10Hz to 

2000 Hz. This operation therefore required 199 separate calculations. Since the 

calculation time is related directly to the number of calculations (i.e. double the number 

of calculations, double the calculation time), it is important to establish the minimum 

number of calculations which still give sufficient accuracy. 

Figure 7.4.1 shows the numerically calculated sound transmission loss for a single 

plasterboard panel, calculated in 10 Hz steps. Also shown on figure 7.4.1 is the result for 

the same system calculated at the significantly higher frequency resolution of 1 Hz. This 

result therefore took ten times longer to generate than the original 10Hz step result. Both 

results are for a diffuse field approximated by 42 plane wave sources. 
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10 Hz Resolution vs 1 Hz Resolution for Single Plasterboard Panel 
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Figure 7.4.1 - Transmission loss curves for identical systems calculated using 1 Hz 

frequency step and 10Hz frequency step resolution 

The figure shows that a large amount of infolmation is lost when using the 10Hz step 

size. 



10Hz Resolution vs 1Hz Resolution for Single Plasterboard Panel· A Wide False Low 
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Figure 7.4.2 - An example of the type of error a 10Hz calculation step size may give 

Some resonance modal dips are missed altogether, while in other areas of the curve the 

10Hz calculation hits the trough of the dip a number of times in a row giving a false wide 

low, as shown in figure 7.4.2. 

By displaying the results calculated in 10Hz steps, and staling that what is displayed is 

the sound transmission loss of the panel, one is essentially implying that the 10Hz step 

results are representative of the sound transmission loss for the 10Hz band, of which they 

are the centre. Figure 7.4.3 shows the error in this statement by comparing the difference 

between the actual 10Hz band value (calculated using the 1 Hz step results) with the 

single value 10Hz step results. 
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Error using 10Hz Step, assuming to Represent Whole Band 
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Figure 7.4.3 - The error in assuming a 10Hz step value is representative of the average 

band value 

The figure shows that the error introduced is of the order of 2 dB over most of the 

frequency range. At low frequencies the error escalates to around 4 dB. Situations such as 

those illustrated in figure 7.4.2 are immediately obvious, typified by errors of up to 9 dB. 

These figures have shown that unless accuracy of +/- 2 dB is sufficient, with sporadic, 

unpredictable errors of up to 9 dB, then it is not acceptable to calculate the sound 

transmission loss in 10 Hz steps. 

The other complicating factor, however, is the level of damping defined in the model. As 

briefly mentioned in the preceding section, the majority of the results to date have not 

included any damping. This means that the troughs due to the panel modes are very deep, 

since no energy is lost within the system. However, when some modal damping is 

defined in the model, the trough depth is limited. 



Figure 7.4.4 illustrates the effect of adding modal damping. The sound transmission loss 

curves of a panel with a damping coefficient of 0.0 I for all panel modes, and of a panel 

with a damping coefficient of 0.10 for all panel modes are compared to the sound 

transmission loss curve for an undamped panel. 
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Figure 7.4.4 - The effect of damping on the calculated sound transmission loss 
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This phenomenon has an unexpected effect on the accuracy of using a 10Hz calcu lation 

step. A calculated sound transmission loss result using a 10Hz calculation step is shown 

in figure 7.4.5, compared with a calculated sound transmission loss calculated at 1 Hz 

step resolution. Both results include a damping coefficient of 0.0 1 for all system modes. 

472 



I 'i1 Ipl~1 7 r 1.1I1o.,1Il1S 11111 }' "I Uh-I . l 1111,;,11 1'1''.!1111l ,1 ' 1 <"' iw.'l· 1'111-' 

Effect of Damping on Sampling Rate Error 
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Figure 7.4.5 - The effect of damping on sampling rate error 
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The figure shows that the 10Hz step approximation now compares much more 

favourably with the high resolution result. This is because the damping has limited the 

extreme features of the sound transmission loss curve, so the error involved in hitting or 

missing a modal trough is now significantly reduced. This is illustrated in figure 7.4.6 

which shows the error in assuming the 10Hz step result is representative of the whole 

band, compared to the undamped case. 
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Change in Error with the Introduction of 0.01 Hysteretic Damping 
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Figure 7.4.6 - The reduction in error with the introduction of 0.01 hysteretic damping 

As the figure shows, the large unpredictable errors due to the coincidence of the 10Hz 

sampling point and an extreme event on the sound transmission loss curve have been all 

but eliminated. Figure 7.4.7 is a reproduction of the damped result of figure 7.4.6, but 

with absolute error on the vertical axis and logarithmic frequency on the horizonta1 axis. 
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Frequency Dependence of Error 
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Figure 7.4.7 - The frequ ency dependence of damped 10Hz step error 

As the figure shows, the 10 Hz step result is quite inaccurate at lower frequencies, and 

becomes increasingly more accurate at higher frequencies. This trend can be attributed to 

the number of sampling points per band. At very low frequencies, where the third octave 

bands only cover a small frequency range, a 10Hz calculation step only gives one or two 

calculation points in each band, from which the band average value is calculated. At 

higher frequencies, the frequency range spanned by a specific band increases greatly, so 

there are many sampling points in each band. 

By obtaining the number of calculation points in each third octave band of figure 7.4.7 

and studying the resulting error, it can be shown that to achieve a result with accuracy 

greater than 1 dB, a minimum of three calculation points per band is required. To increase 

this accuracy to within 0.5 dB of the high resolution result, a minimum of seven 

calculation points per band is required. 
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The results were therefore recalculated~ using a variable step size so as to give three 

evenly spaced calculation points in each third octave band. These results are shown in 

figure 704.8, compared with the high resolution~ 1 Hz step result. The results are 

presented in third octave bands~ since this is the fonn of the majority of the expelimental 

data~ with which they will be compared. 

The difference in calculation time between these two results is of the order of 22 hours (a 

91 % time saving). The three step per band result was also considerably faster to solve 

than the 10Hz step result. This is because although an increase in the number of 

calculations is required at low frequencies~ over high frequency bands the number of 

calculations is reduced by many orders of magnitude. For example in the 500 Hz third 

octave band the number of calculations is reduced from 112 to 3, which corresponds to a 

time saving of 97% for this band. 
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----- ---- ------ --- -- , ---------------------------------- -~------ . 

- -============= = = = = = = = ===============~ - = ====================== 

100 

Frequency (Hz) 

- I Hz Sleps 3 Slaps Per Band 

1000 

Figure 7.4.8 - The change in predicted sound transmission loss with a change from 1 Hz 

step calculations to three step-per-band calculations 

The figure shows that, as predicted, the maximum error associated with the change from 

the 1 Hz step, linear calculation spacing to the three steps per band, logarithmic 

calculation spacing is of the order of 1 dB. This maximum error is restricted to the 

medium low frequency area where panel modal behaviour dominates the transmission 

loss curve. At frequencies higher and lower than this the error is almost negligible. 

Figure 7.4.9 shows the additional accuracy which can be gained by conducting 

measurements at a rate of seven per third octave band. This method takes over twice as 

long as the calculation at three steps per third octave band, but still represents a time 

saving of over 78 % compared to the 1 Hz step calcu lation method. 
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Figure 7.4.9 - Comparison of the three calculation resolutions, shown in third octave 

bands with variable hysteretic damping (0.1 - 0.0 I) 

The figure shows the 7 calculations per band method gives a very similar result to the two 

other methods. It also illustrates an important point in the low frequency region - the 

figure shows that the increase in the number of calculations actually leads to a decrease in 

the accuracy for some third octave bands. This is because no intelligent process was used 

to select the frequencies for which the results were to be calculated in each band. The 

final result was therefore influenced by where these calculation points happened to occur. 

If half of the points landed at maximums on the sound transmission loss curve, and half at 

minimums, the net result would show a good similarity to the overall, high resolution 

result. If all of the calculation points happened to land on points of minima, then the 

overall result would underestimate the sound transmission loss in that band, compared to 

the I Hz step "accurate" result. This phenomenon can be observed to be at work in the 

comparison between the 3 steps per band and 7 steps per band results - the three steps per 
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band results appear to a more accurate result in the 100 Hz third octave band. This 

effect could be minimised by the introduction of higher damping into the model. 
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7.4.2 - Diffuse Field Representation 

The majority of the results presented to date have been calculated using a 42 plane wave 

diffuse field approximation. As described in section 7.2.4, these 42 plane waves allowed 

the calculation of 42 individual sound transmission loss curves wruch are then 

logaritlunically averaged to obtain the diffuse field approximation. These 42 sound 

transmission loss curves are shown in figure 7.4.10, for a model with zero damping, 

calculated in 1 Hz steps. 

42 Sound Transmission Loss Curves which form the Diffuse Field Approximation 

30 t--.------------

25 1--------~--------------------~~IIDI 

1000 

Frequency (Hz) ---- -------~---

Figure 7.4.1 ° -The 42 sound transmission loss curves which make up the diffuse field 

approximation 

In order to further optimise the calculation procedure the effect of reducing the number of 

sound transmission loss curves used to construct the diffuse field approximation was 

investigated. 

480 



( 11 1[ 11..:r ' 1'111 Illi I l lll I'J In .. I !! 'S mi ll' S lI h·l I l ti l,lil \.' 1111111 ' I ~i llgk 1',Imi 

This was achieved by removing a number of the sound transmission loss curves from the 

logaritlunic average. As a result, sound transmission loss curves were generated in third 

octave bands using only 22, 15 and 11 plane waves. The results are shown in figure 

7.4.11 compared to the original 42 plane wave approximation result. 
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I 

The Error in Calculated Sound Transmission Loss Introduced by Reducing the Number 
of Plane Waves in thfl Diffuse Field Approximation 
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Figure 7.4.11 - The effect of reducing the number of plane waves used in the diffuse field 

approximation 

The figure shows that the number of plane waves in the approximation has only a small 

effect on the overall result (see section 7.2.4 for further discussion), Any small 

differences are disguised by the use of a third octave result. The largest deviations are 

visible at higher frequencies. Over the coincidence region it is expected that the diffuse 

field approximation will be more important. 

It is also important to realise that the number of plane waves used in the model does not 

have as dramatic effect on the calcu lation time as the number of calcu lation points 
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(frequency resolution / step size). The numerical program used in this project can 

accommodate multiple plane waves rather efficiently, This means the time saving 

associated with halving the number of plane waves used in the approximation is of the 

order of 3 or 4 percent. For this reason, it was decided to use 22 plane wave sources in all 

future calculations. It was observed, however, that the distribution of the plane wave 

sources could be improved. 

It was noted that the all of the panel systems which had been studied, and all systems 

which would be studied in the remainder of the project, were symmetrical in the two 

lateral directions. It was also observed that the sound transmission loss results yielded by 

a plane wave incident at a 45 degree angle to the x axis is the same as that for a plane 

wave at 135 degrees, 225 degrees or 315 degrees if the panel is symmetrical in both the x 

and y directions. 

It was found therefore, that the plane distribution scheme which had been used contained 

some redundancy. As result, a new scheme was designed which restrained the orientation 

of the plane wave sources to one quadrant of the x-y space, therefore optimising the 

usefulness of the results. This new plane wave distribution scheme yielded 22 distinct 

transmission loss results which, when averaged, gave a better diffuse field representation 

than the original scheme, which yielded only 13 distinct results. The new scheme 

therefore made better use of the calculation time. 

482 



Transmission in tbe Sub-Critical 

7.4.3 ~ Final Rcsu1ts, Error Analysis and Restriction of Application 

The calculation procedure was optimised, as described in the previous sections, so as to 

obtain sufficiently accurate results in a highly reduced calculation time. The error in 

these results was calculated using a standard error analysis, and compared to that in the 

experimental results. 

If three calculation steps per third octave band were used, section 7.4.1 showed that errors 

of up to 1 dB could be expected in the results. The reduction in the number of plane 

waves in the diffuse field approximation from 42 to 22 was shown to introduce an 

uncertainly of around 0.1 dB. Other sources of error include errors in the material 

properties used in the model, along with discrepancies between the modelled and 

experimental boundaI)' conditions. It was decided that an uncertainly of +/- 1 dB would 

cover these factors. 

In experimental sound transmission loss tests the variation between successive sound 

transmission loss measurements on the same specimen in the same measurement facility 

by the same operator have been shown to be less than 1 dB (Trevathan [106]). Some error 

is introduced by flanking and uncertainty in the manual sound intensity averaging over 

the transmitted side of the panel. There is also uncertainty in the assumption of diffusivity 

of the reverberant receiving room. It is hard to quantify these factors, but it was felt that 

the experimental results to which the numerical calculations were compared probably had 

an unceliainty of around +/- 1 dB also. 

The final result is shown in figure 7.4.12 for a 10 rum plasterboard panel, compared with 

an equivalent experimental result. The approximate uncertainties of each of the results are 

shown using error bars on the figures, with magnitudes as discussed above. 
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Experimental and Numerical Sound Transmission Loss Results for a 0.95 m by 1.55 m, 
10 mm Plasterboard Panel 
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Figure 7.4.12 - The final result using the optimised calculation procedure, with 

appropriate error bars 

As the figure shows, the final modelled result is in very close agreement with the 

experimental result. Over all the third octave bands considered, the error bars show that 

the two results are within plausible agreement. In addition, the modelled result provides 

information as to the very low frequency performance of the panel. At these low 

frequencies, it IS very difficult to assess experimentally the panel's transmission loss 

performance. 

It should be noted the 'optimised calculation parameters' arrived at in the above sections 

are only strictly applicable for the 10 mm plasterboard panel system. This is because 

other systems may contain heightened sensitivity to any of the parameters. The use of 

these parameters to predict the transmission loss behaviour of an arbitrary system 

therefore may be unwise. It would be highly advisable to conduct at least one high 
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resolution calculation for a new system, so as to establish the form of the transmission 

loss curve. 
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7.5 - Conclusions 

This section has seen the application of the numerical model to the problem of a single 

panel at sub-critical frequencies. It showed that the model could be used to gain an 

appreciation of the transmission mechanisms at work in a single panel. 

The incident field has been studied, along with the effect of various angles of incidence 

on the sound transmission loss of the panel. The study showed that Guy's theory 

regarding the reaction of odd-odd panel modes to normally incident plane waves was 

correct. It also showed that there was minimal change in transmitted sound levels with 

variation in the angle of incidence. Rather, the large changes which appear to occur with 

changes in angle of incidence when using various theoretical methods are due to the 

methods themselves and do not reflect the reality of the situation. 

The validity of representing a plane wave with a point source at great distance was also 

investigated. It was revealed that even at close proximity to the panel a point source was 

fairly representative of a plane wave source, in terms of the sound transmission loss of 

the panel. 

The 'single mode analysis' of the panel illustrated the importance of a panel's 

fundamental mode in determining the sound transmission behaviour of the panel. It was 

shown that the sound transmission loss curve produced by a panel with only the 

fundamental mode is a very good approximation of the sound transmission loss of the 

panel with a full modal database. This transmission was deemed to be non-resonant, and 

formed a maximum transmission loss curve. Resonant transmission from subsequent 

panel modes saw the further localised degradation of the sound insulation of the panel. 

These findings were supported by Price and Crocker's assertions regarding resonant and 

non-resonant transmission. 

The optimisation of the procedure showed that the calculation time could be significantly 

reduced by carefully selecting the number and resolution of calculation frequencies. It 
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showed that for results accurate to within 1 dB in third octave display, only three 

calculation points per third octave band were required. The diffuse field approximation 

was shown to be relatively independent of the number of plane waves used to construct it. 

A predicted result was obtained for a 10 mm plasterboard sheet which compared very 

well with an equivalent experimental result. 
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8.1 - Introduction 

This chapter extends the study of chapter 7 to include the high frequency 'coincidence' 

region of a single panel. At these higher frequencies the solution time for the numerical 

model is very large. 

The phenomenon of coincidence was introduced in section 2.2.6 of chapter 2, along with 

current theory and opinions on the subject. It was found that many workers still consider 

Cremer's [l] infinite panel explanation of coincidence to be a satisfactory description of 

the phenomenon. Cremer postulated that coincidence occurs when travelling incident 

sound waves match up with travelling bending waves in an infinite panel. Workers who 

SUppOlt this theory include Hies and Hansen [15], Moore [17], Lawrence [18], Beranek 

[22], Marsh [34], Grehart [35] and Schaudinischky [36]. 

Several experimental studies of coincidence have been undeltaken (Marsh [20], 

Eisenberg [37] and Oosting [38]). However, as was the case in the experimental study 

described in section 3.2 of chapter 3 of this report, such studies generally failed to reach 

any finn conclusions regarding the nature of coincidence. Such studies are traditionally 

plagued by the presence of experimental uncertainties of unknown influence. The results 

(for example, those of Oosting shown in figure 2.2.21) seem to show that the coincidence 

frequency is not dependent on angle of incidence, however it was eventually concluded 

that the experimental uncertainties prohibited the formulation of any definite conclusions. 
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Several other authors, unhappy with the widespread application of Cremer's infinite 

panel theory to real situations, sort to constlUct an analytical model which explained 

coincidence in finite suuounds. Bhattacharya and Guy [39] were the primary instigators 

of this movement. Their method showed that coincidence would occur in a finite panel 

backed by a rigid cavity when standing waves excited within the panel matched with 

standing waves excited in the cavity. Such an explanation predicts no correlation between 

incident angle and coincidence frequency, and does not explain coincidence in a panel 

not backed by a cavity. Yaneske [42] showed that the approaches of Cremer [1] and 

Bhattacharya and Guy could be seen as parts of the same governing theory by 

considering the coincidence of both spatial and temporal effects. Yaneske showed that a 

condition for optimum coupling between a travelling incident sound field and the 

standing displacement pattem of a finite plate could exist, along with a condition for 

optimum coupling between a finite plate displacement and a cavity sound field. 

Given the problems which anse when studying coincidence experimentally, the 

numerical modelling environment seemed like an excellent one in which to study this 

phenomenon. As was shown in the previous chapter, since plane wave sound sources can 

be easily defined, conclusive studies can be conducted in the numerical environment with 

regard to the effect of angle of incidence on sound transmission loss. Also, since the 

coincidence mechanism is theoretically a simple case of optimum coupling between the 

incoming sound field and the panel vibration, there is no reason to think a coupled 

boundary element, finite element model will not correctly simulate such an effect. The 

validity of Bhattacharya and Crocker's [39] ascertation that coincidence frequency is not 

dependent on the angle of incidence could also be tested. The significance of a backing 

cavity on the coincidence effect was not directly studied, as none of the numerical models 

included a receiving room (see chapter 4). However, it was felt that the dominating 

coincidence mechanism concemed the coupling of the incident sound field and panel 

motion. The role of the panel motion coupling with the cavity sound field was expected 

to be minor since in practice the coincidence effect is observed to occur with great 

consistency in a wide variety of situations - even with anechoic backing cavities. 
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Section 2 of this chapter describes the specialised modelling procedures which were used 

during this study, and how they differed from those used in the preceding sections (as 

described in chapters 4, 5 and 6). Section 3 outlines and discusses the results obtained 

using these methods. 
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8.2 - Specialist Computational Procedures for High-Frequency Finite Element, 

Boundary Element Analysis 

A numerical study of coincidence in a thin panel must occur at frequencies far beyond the 

"low frequency area" for which this type of analysis is recommended. Such an analysis 

must therefore be conducted with some care and thought. 

The fIrst possible restriction on such an analysis was the error involved in such a high 

frequency study. As described in section 5.3.2.3 of chapter 5, at very high frequencies 

when using high resolution meshes, round-off errors in the numerical calculations may 

become signifIcant leading to erroneous results. A study of the accuracy of the results 

produced using the finite element method to calculate the natural frequencies of a single 

panel was conducted in section 5.3.2.2 of chapter 5. This study showed a logarithmic 

increase in error with increase in frequency. This error was however very consistent and 

therefore predictable. However, there was no evidence of any particular frequency 

beyond which round-off errors began to produce erroneous results. 

The second possible restriction to using a coupled finite element, boundary element 

analysis at very high frequencies was the validity of modelling the panel using shell or 

plate elements at these very high frequencies. However, the experimental study described 

in section 4.4.1.1 of chapter 4 showed that it is valid to use these elements for frequencies 

below the 10,000 Hz third octave band. Since the critical frequency in the plasterboard 

panels of interest in this project normally occurs around 3 kHz, this high frequency limit 

was not an issue. If results in the 10 kHz third octave band had been required, the model 

would have to have been made fully three dimensional, with solid-body elements used to 

represent the panel. This development would have been accompanied by an extreme 

increase in computational time. 

The final restriction to the implementation of a high frequency fInite element, boundary 

element analysis was simply the computational time involved. This increase in time was 

two-fold - (i) the resolution of all the meshes used had to be increased to deal with the 
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shorter wavelengths of the high frequency sound, (ii) because of the logarithmic nature of 

the audible frequency range, high frequency bands cover a much wider frequency range 

than lower frequency bands. Because of this, even if the mesh resolution was kept the 

same for all calculations, the time taken to solve to the upper limit of the 1000 Hz third 

octave band was only one tenth of that taken to solve to the upper limit of the 10kHz 

third octave band. Therefore, there was an extreme law of diminishing returns in 

operation as illustrated in figure 8.2.1. 
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Figure 8.2.1 - The law of diminishing returns for high frequency numerical calculations 

The figure illustrates that a solution to 2000 Hz took around 3 days, a solution to 2500 Hz 

took 6 days and a solution to 5000 Hz took over 100 days. The times shown in the figure 

are valid for an analysis using the computational facilities described in section 5.3.1.1 of 

chapter 5. 

These solution times were generated assuming that a mesh of sufficiently high resolution 

to solve to the highest calculation frequency was used in the calculations at all 



frequencies. It was noted that this approach would lead to solutions with 'excess 

accuracy' at all calculation frequencies less than the maximum frequency. An alternative 

approach was therefore to use different resolution meshes for different parts of the 

frequency range. In determining how many individual meshes to use, a balance had to be 

struck between the time savings available from using more meshes and the additional 

time spent creating the new meshes. Figure 8.2.2 illustrates the computational time 

savings available using this approach compared to the single mesh approach, for a 

calculation to the upper limit of the 5000 Hz third octave band. 
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Figure 8.2.2 - The computational time savmgs available usmg the variable mesh 

technique 

The result shown in figure 8.2.2 used a constant mesh resolution to the upper limit of the 

2000 Hz third octave band, and then separate meshes for the 2500 Hz, 3150 Hz, 4000 Hz 

and 5000 Hz third octave bands. These meshes each had sufficient resolution so as to 

provide accurate results to the upper Iimi t of each third octave band. As the figure shows, 

considerable time savings were available using this method. There was no loss in 
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accuracy associated with these time savings. The solution time was reduced by 69 days, 

an overall time saving of 64 %. The increase in total process time as a result of using the 

variable mesh method was of the order of 10 minutes - the time taken to create four new 

meshes. 

The solution time to solve to the upper limit of the 5000 Hz band was still around 38 

days. This time was deemed to be unacceptable, when viewed in tenns of the overall 

project time line. The decision was therefore made to limit the calculation to the upper 

limit of the 4000 Hz third octave band. Furthennore, it was decided that the calculations 

over the 3150 Hz and 4000 Hz third octave bands would be conducted in 2 Hz steps (as 

opposed to 1 Hz steps). This measure reduced the calculation time for those bands by 50 

percent (since the number of calculations required was reduced by 50 percent). 

Final Solution Timellne • 2Hz Steps in 3150 Hz and 4000 Hz Bands 
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Figure 8.2.3 - Solution options and times 

Figure 8.2.3 shows the time which the calculation actually took, compared with the 

prediction using the basic variable mesh scheme and the modified variable mesh scheme. 



Chapter 8-- Analysis of Coincidence in a Single 

The figure shows that the actual solution time was 4 days quicker than predicted, due to 

the pessimistic nature of the prediction calculations. Overall, the modified variable mesh 

method yielded very satisfactory results in a reasonable time. 

In conclusion, this study has shown that, in the case of a single 10 mm plasterboard panel 

with dimensions of 0.95 metres by 1.55 metres, there is no insurmountable restriction 

which would prevent a highly accurate numerical solution being obtained up to and above 

the critical frequency. There was no evidence of round-off errors in the high frequency 

results when compared to an exact solution. The continued use of plate or shell elements 

was justified up to the 8000 Hz third octave band. By using the modified variable mesh 

method, it was shown that a solution could be obtained in a reasonable time using the 

computational facilities available. 

A numerical approach suitable for high frequency sound transmission loss prediction is 

therefore made possible. 
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8.3 - Results of a Nume.ricai Study of Coincidence in a Single Panel 

This section contains details and discussion of the results obtained from the numerical 

study of coincidence in a single panel. The methods used to obtain these results were 

those described in chapters four and five, along with the modifications described in the 

proceeding section. The first part of this section contains a brief outline of the 

information which is traditionally available with regard to the OCCUlTence of coincidence 

in a plasterboard panel- from experimental and analytical results. 

8.3.1 - Coincidence Results for a 10 mm Plasterboard Panel Obtained by Other 

Methods 

The panel used in both the modelled and experimental analyses was, as described in 

previous chapters, aID mm thick plasterboard sheet measuring 0.95 metres by 1.55 

metres with a clamped periphelY. The experimental third octave transmission loss for this 

panel is shown in figure 8.3.1. 



E.perimental Sound Transmleslon Loss Curve for a 10mm Plasterboard Panel 
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Figure 8.3.1 - The experimental sound transmission loss of a 10 mm plasterboard panel 

(0.95 m by 1.55 m) 

The figure shows that the panel exhibited a coincidence dip which dominated the 3150 

Hz and 4000 Hz third octave bands. The result indicates that the critical frequency of the 

panel was in the 2500 Hz third octave band and the coincidence frequency was within the 

upper range of the 3150 Hz band or the lower range of the 4000 Hz band. 

The analytical expression for the critical frequency in an infinite plate, derived by Cremer 

[1] and reproduced by Bies and Hansen [15] is 

[8.3.1 ] 

This equation was discussed in more detail in section 2.2.6.1 of chapter 2. Using this 

expression the critical frequency of an infinite 10 mm plasterboard panel was calculated 
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to be 3068 Hz. This frequency is located towards the lower range of the 3150 Hz third 

octave band, and so is somewhat lower than that observed in the experimental study 

(using the definition of critical frequency as being the frequency at which coincidence 

can begin to occur). 



8.3.2 - Coincidence Results for a 10 mm Plasterboard Panel Obtained by the 

Numerical Method 

This section describes the results obtained in the coincidence region of a plasterboard 

panel using the numerical method. These results are compared to the experimental and 

analytical expressions for coincidence outlined in the previous section. 

8.3.2.1- Transmission Loss Results at Coincidence 

Using the method descrjbed in chapter four, implemented as described in chapter five and 

with the modifications described in the first section of this chapter, the sound 

transmission loss of a single plasterboard panel was numerically calculated up to 4479 

Hz. A diffuse field approximation was obtained using 22 plane wave sources. The 

overall, approximate diffuse-field result js shown in figure 8.3.2. 

Modelled Result, Including Coincidence Region 
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Figure 8.3.2 - Modelled result for a 10 mm plasterboard panel, including the coincidence 

region compared to an equivalent experimental result 
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As the figure reveals, a section of the modelled curve is missing from 750 Hz to 1400 Hz 

since it was not included in the sub-critical analysis or the coincidence analysis. It was 

considered reasonable to assume that the linear trend visible on either side of this 

intenuption would continue through it. 

The figure shows that a coincidence dip is most definitely predicted by the numerical 

model. This result automatically invalidates any theories which conclude that a backing 

cavity is required for a panel system to experience coincidence [39]. Furthelmore, the 

coincidence dip occurs over the same frequency range and is of the same order of 

magnitude as that predicted experimentally. 

Since the possibility existed that the coincidence effect was highly dependent on angle of 

incidence, careful consideration was given to the manner in which this result was 

obtained - especially to the way in which the diffuse field approximation was treated. 

As was discussed in chapter seven, 22 plane wave sources were used to approximate the 

diffuse incident field. A sensitivity study (see section 7.4.2 of chapter 7) showed that in 

the sub critical region there was very little dependence of predicted sound transmission 

loss on the number of plane wave sources used in the diffuse field approximation. 

Accordingly, it was shown that the error introduced when reducing the number of planes 

waves in the approximation from 43 to 11 was less than one decibel. It was concluded 

that this was because the orientation of an incident plane wave source only affected the 

level of resonant transmission which was produced in the panel. Since resonant 

transmission was of secondary importance over most sub-critical frequencies, changes in 

the incident field only resulted in slight changes in the overall sound transmission loss 

curve. Any such changes were also minimised because the diffuse field sound 

transmission loss was calculated by taking the average of the sound transmission loss 

results for each individual plane wave source. 

Therefore, for calculations in the sub-critical region of a single panel, a well-distributed 

sample of angles of incidence is not needed since the results do not display a strong 
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dependence on the angle of incidence. This point IS illustrated 10 figure 8.3.3, a 

reproduction of figure 7.4.10, which shows the sound transmission loss curves for 42 

different plane wave sources. 

42 Sound Transmission Loss Curves which form the Diffuse Field Approximation 

36 

30 

25 

20 

a; ,5 

~ 

~ 
CJ) ,0 

.5r---------~~~---~----~~--~7_--~~-----~------------------__. 

·,0 J __________ ....... __________ _"__ 

F,.quoncy (Hz) 

Figure 8.3.3 - Sound transmission loss curves for 42 different plane wave sources 

It should be noted that the numerically calculated results displayed in figure 8.3.3 do not 

included damping, which would further eliminate variation between individual sound 

transmission loss results. 

However since, according to conventional wisdom, a different transmission mechanism is 

at work in the coincidence region, it was deemed wise to consider the possibility that 

there was a higher level of angle of incidence dependence in this region. The individual 

sound transmission loss results for each of the 22 plane wave sources, which make up the 

diffuse field approximation shown in figure 8.3.2, are shown in figure 8.3.4. 
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Figure 8.3.4 - Variation of calculated sound transmission loss with angle of incidence in 

the coincidence region for 13 plane wave sources 

In retrospect the choice of the 22 plane wave sources used in the analysis was not made 

particularly wisely (see section 7.4.2 of chapter 7 for an initial discussion of this issue). 

As figure 8.3.4 shows, although calculations were undertaken for 22 cases, only 13 

distinct sound transmission loss results were obtained (,double' results have been omitted 

from the figure for clarity). Figure 8.3.5 shows the normal vectors of the plane wave 

sources which were used. 



Figure 8.3.5 - The vector nonnals for the 22 plane wave sources used, showing their 

angle of incidence relative to the panel surface nonnal and their rotation about it 
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Figure 8.3.6 - A plan vIew showing the rotational distribution of the 22 plane wave 

sources used in the initial calculations 
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A plan view of the arrangement of the plane wave sources is shown in figure 8.3.6. Tills 

figure shows that at each of the four angles with respect to the panel surface nonnal, there 

are a number of plane wave sources orientated at different rotations around the nonnal 

axis. However, it can be seen that in some cases, the rotations about the axis are such that 

symmetrical pattems are formed. For example, this was an issue for the set of plane wave 

sources with angles of incidence of 11.25 degrees relative to the panel surface normal. 

There are only two sources in this set, and the second source is simply rotated 180 

degrees about the axis. 

Because the panel was symmetrical, the sound transmission loss results for sources which 

were mirror images of each other were identical. This relation can be proved by 

comparing the distribution of plane wave sound sources shown in figure 8.3.6 with the 

sound transmission loss curves obtained in figure 8.3.4. Tills was no major problem - the 

results obtained using such a source distribution were still valid. It simply meant that by 

re~arranging the distribution of the plane wave sources, 22 distinct results could be 

obtained, in the same computational time. Therefore, for subsequent calculations, the 

sources were arranged so as to cover only one quadrant of the surface of the notional 

hemisphere shown in figure 8.3.5. 

There was however, sufficient infonnation available from the 13 distinct results shown in 

figure 8.3.4, to draw some useful conclusions. The figure showed that the sound 

transmission loss curve results occurred in four distinct groups. These groups were shown 

on the graph by using conunon colours. These groups correspond to the four different 

angles of incidence of the plane wave sources, with respect to the panel surface nonnai. 

Each group, on average, displayed a different overall 'trend' to the other groups. Within 

each group there was variation between the results, as they represented sound sources 

with different rotations around the panel nonnal, whilst maintaining the same angle 

relative to the panel surface nonnal. The magnitude of these variations was similar to that 

between the sound transmission loss curves produced with plane wave sources at any 

angle of incidence and rotation at sub~critical frequencies. 
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Figure 8.3.4 also shows that the coincidence phenomena was the most dramatic, and had 

the lowest frequency of onset, in the set of results representing the group of plane wave 

sources at the greatest angle of incidence (78.75 degrees, relative to the panel surface 

nonnal). Then, with successive reduction in the angle of incidence, the figure shows that 

the sevedty of the coincidence effect was reduced and the frequency at which it began 

increased. These results generally supp011 Cremer's theory of coincidence [1 J and the 

wider framework which includes finite coincidence suggested by Yaneske [42]. The 

results at high angles of incidence experienced the onset of coincidence at lower 

frequencies since the larger angle leads to a sh011er projected wavelength in the direction 

of the panel surface, allowing it to coincide with the bending wavelength in the panel at 

lower frequencies. 

One issue arising from these results, which are 'grouped' according to angle of incidence 

relative to the panel surface normal, is the manner in which the diffuse field 

approximation is calculated in the coincidence region. As discussed earlier, at sub-critical 

frequencies, the diffuse field result is simply an average of the individual plane wave 

results. This method was deemed acceptable since the sub-critical sound transmission 

loss results were largely 'random' with respect to angle of incidence and angle of 

rotation. However, as figure 8.3.4 shows, the results in the coincidence region are no 

longer independent of angle of incidence. Therefore, to get a correct diffuse field 

approximation, the average sound transmission loss due to changes in angle of rotation 

should be found at each angle of incidence, and then the average of these results over 

many angles of incidence found. Therefore, to obtain as good a diffuse field 

approximation in the coincidence region as was obtained in the sub-critical region with 

22 plane wave sources, 484 plane wave sources would be required. This level of analysis 

is not possible with current computing power and storage space. 

Figure 8.3.7 shows how the grouping of the results in the coincidence region affects the 

way in which the diffuse field result must be calculated. It shows the diffuse field 

approximation when a grouped average result of changes due to rotation is found at each 
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angle of incidence before the results at each angle of incidence are averaged, compared to 

the incorrect method where all the results are averaged together. 
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Figure 8.3.7 - The difference in approximate diffuse field sound transmission loss when a 

grouped average is used, compared to a general average 

The figure shows that the two results are very similar at frequencies before the on-set of 

coincidence. This is because at sub-critical frequencies there is virtually no average angle 

of incidence dependence, so the same result is obtained no matter which way the results 

are averaged. In the coincidence region however, the overall average produces an 

incorrectly low result. This is because the overall average gives an incorrect weight to the 

results at high angles of incidence, since there are a larger number of these results (see 

figure 8.3.6). As noted earlier, even by using the band average method, the result may not 

be a very good approximation of the diffuse field result. This is because the angle of 

incidence dependence of the results has effectively reduced the approximation to four 
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samples, which seek to represent average the transmission loss over a range of angles of 

incidence of 90 degrees. 

The results for figure 8.3.4 are now studied in more detail by plotting, in separate figures, 

the group of results for each of the four distinct angles of incidence. 

Figure 8.3.8 shows the one distinct result for the sound transmission loss of a 0.95 metre 

by 1.55 metre panel which was obtained for a plane wave sound source with an angle of 

incidence of 11.25 degrees relative to the panel surface normal. The result is 

representative of a plane wave source with a rotation of 90 degrees about the panel 

normal relative to the x-axis, and a rotation of 270 degrees about and relative to the same 

axes. Also displayed in the figure is a result obtained earlier in the project, for a plane 

wave sound source at normal incidence to a slightly smaller panel (0.64 metre by 1.20 

metre). As the figure clearly illustrates, this result was only calculated in 10Hz steps (as 

opposed to the 1 or 2 Hz steps used in all the results of this chapter). 
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Figure 8.3.8 - The onset of coincidence with a plane wave sound source orientated at 

11.25 degrees incidence for a 0.95 metre by 1.55 metre panel and a plane wave sound 

source at normal incidence for a 0.64 metre by 1.20 metre panel 

Overall, the figure shows that the transmission loss of both panels is very similar. It is 

difficult, in either case, to confirm whether or not a coincidence dip is visible. In both 

cases there appears to be a change in form of the transmission loss curve around 3000 Hz. 

The curve moves away from the sharp modal dips which characterise the sub-critical 

region, to a less regular form, with wider troughs and peaks. This change is emphasised 

in the linear display of figure 8.3.9. 



Coincidence at 11.25 Degrees Incidence and Normal Incidence, Linear Display 
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Figure 8.3.9 - The onset of coincidence with a plane wave sound source orientated at 

11.25 degrees incidence for a 0.95 metre by 1.55 metre panel and a plane wave sound 

source at normal incidence for a 0.64 metre by 1.20 metre panel, with a linear frequency 

display 

As discussed in previous sections, in the sub~critical region a panel excited by a plane 

wave sound source at normal incidence has fewer active modes than a panel excited at 

oblique incidence. However, in the coincidence region for both normal and 11.25 degree 

incidence, the number of active modes appears to be significantly reduced. While there is 

no obvious coincidence dip, in both cases the sound transmission loss curve appears to 

become more random at around 3000 Hz, departing from the constant gradient trend 

obvious at sub~critical frequencies. 
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Figure 8,3, I ° shows the five distinct results calculated for plane wave sound sources at an 

angle of incidence of 33,75 degrees and angles of rotation of 20, 100, 180, 220 and 300 

degrees. 

Coincidence at 33.75 Oegees Incidence Relative to the Panel Surface Normal 
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Figure 8.3.10 - The onset of coincidence with a plane wave sound source orientated at 

33.75 degrees incidence and at various angles of rotation for a 0,95 metre by 1.55 metre 

plasterboard panel 

Figure 8,3, I 0 clearly shows the onset of coincidence, The uniform gradient of the mass 

region ends at around 2200 Hz, but the form of the sound transmission loss curve stays 

the same until just above 3000 Hz, At this point, the form changes from sharp troughs 

representing contributions to the resonant transmission from every mode of the panel, to 



wider troughs. These troughs are caused by spatial and temporal coupling of some panel 

modes with the incident sound field, which can occur partially at frequencies slightly 

higher and lower than the exact optimum coupling frequency. As the sub-critical region 

shows, the effect of temporal coupling only is much more localised. 
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Figure 8.3.11 - The onset of coincidence with a plane wave sound source orientated at 

33.75 degrees incidence and at various angles of rotation for a 0.95 metre by 1.55 metre 

plasterboard panel, with a linear frequency display 

This is shown very clearly in the linear frequency display of figure 8.3.11. The onset of 

the coincidence effect appears to be fairly independent of angle of rotation. However, 

there is some variation in the severity of the effect with angle of rotation. Overall, the 
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sound transmission loss result for the plane wave source at 100 degrees of rotation seems 

to be the lowest over the entire coincidence frequency range .. The sound transmission loss 

result for the plane wave source at 180 degrees of rotation appears be the highest over the 

majority of the coincidence frequency range .. 
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Figure 8 .. 3..12 - The onset of coincidence with a plane wave sound source orientated at 

56 .. 25 degrees incidence and at various angles of rotation 

Figure 8 .. 3 .. 12 shows the onset of coincidence for plane wave sources at various angles of 

rotation, with a constant angle of incidence of 56 .. 25 degrees .. The fonn of the sound 

transmission loss curves is similar to the previous results .. However, the dips in the 

coincidence region are now more severe .. This is consistent with the higher degree of 
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spatial coupling which is available at large angles of incidence, since a larger angle of 

incidence leads to a shorter wavelength of incident sound resolved in the direction of the 

panel surface. The result for the plane wave source at 180 degrees of rotation is clearly 

the most severely effected by coincident coupling, with two very large dips occurring at 

3615 Hz and 4375 Hz. The spatial coupling appears to not be as effective for the other 

angles of rotation. 

Coincidence at 78.75 Degees Incidence Relative to the Panel Surface Normal 
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Figure 8.3.13 - The onset of coincidence with a plane wave sound source orientated at 

78.75 degrees incidence and at various angles of rotation 

Figure 8.3.13 shows the coincidence region for the sound transmission loss curves 

corresponding to the plane wave sources with the largest angle of incidence considered 

(78.75 degrees). It is clear that this situation has yielded the most extreme result. This is 
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also the only result where the end of the coincidence region is evident. The transmission 

loss curves for all of the three angles of rotation are seen to increase dramatically, after 

several deep troughs. This is because at high frequencies the resolved wavelength of the 

incident sound in the direction of the panel becomes too ShOli to match up with the 

bending patterns in the panel. To lengthen it and revive the possibility of spatial coupling, 

the angle of incidence must be decreased. 

Over the frequency range where the results are affected by coincident coupling, the 

results for the plane wave sources at 90 and 180 degrees of rotation appear to be affected 

almost equally. The result for the plane wave source at 225 degrees of rotation is not 

affected as severely. This result does however exhibit more troughs than the other two 

sound transmission loss results, as can be clearly seen in the linear frequency display of 

figure 8.3.14. 
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Figure 8.3.14 - The onset of coincidence with a plane wave sound source orientated at 

78.75 degrees incidence and at various angles of rotation, with a linear frequency display 

This figure clearly illustrates the change in the transmission loss curve form as a result of 

the change in transmission mechanism when going from the sub-critical to coincidence 

frequency regions. Sharp troughs in the sound transmission loss curve are clearly evident 

to 3100 Hz. At higher frequencies coincidence sets in and only a few large, wide troughs 

are seen to occur. The sound transmission loss result for the plane wave source at 180 

degrees of rotation exhibits four such troughs, each over 10 dB deep. The sound 

transmission loss result for the plane wave source at 90 degrees of rotation has 6 troughs 

over the same frequency range, but they are not as severe, averaging around 7 dB in 

depth. The sound transmission loss result for the angled plane wave source at 225 degrees 

of rotation is quite different from the other two results and has 10 troughs over the same 

frequency range which are much smaller, averaging less than 5 dB in depth. 
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Figure 8.3.15 - The onset of coincidence with a plane wave sound source orientated at 

various angles incidence, averaged over angle of rotation 

Figure 8.3_15 shows the results from each of the four different angles of incidence 

averaged over the angle of rotation. Therefore, the result for the plane wave sources at 

11.25 degrees of incidence is from the one result and the result for plane wave sources at 

33.75 degrees of incidence is the average of five results. The result for plane wave 

sources at 56.25 degrees of incidence is the average of four results and the result for plane 

wave sources at 78.75 degrees of incidence is the average of three results. 

The comparison of these results shows that even at frequencies significantly below the 

critical frequency the angle of incidence is important. This transition appears to 

commence at about half the critical frequency (around 1500 Hz in this case). 
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Figure 8.3.16 - Results for different angles of incidence, averaged over angle of rotation 

Figure 8.3.16 illustrates this point dramatically. It can be seen in the figure that there is no 

distinguishable difference between the results for each angle of incidence through the 

lower sub-critical region. At very low frequencies there is some difference, caused by the 

inability of sound at near-to-normal incidence to excite many modes in the panel. It can 

be seen that as the frequency approaches half the critical frequency the results begin to 

diverge. The result for plane wave sources at 11.25 degrees of incidence is not 

significantly affected by coincidence over the calculated frequency range. The result for 

plane wave sources at 78.75 degrees of incidence is the most severely affected, but only 

over a limited frequency range. The trend lines on the figure show that for decreasing 

angle of incidence, the 'dip' caused by coincident coupling increases in width and 

decreases in depth. 
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8.3.2.2 - The Coincidence Mech{mb;m 

The most powerful aspect of a numerical model is that the physical mechanisms behind 

the transmission loss results can be investigated. This is because the calculated solution 

includes the motion of the panel at all points and velocity potential in the fluid medium at 

any point. In this case, this functionality allows the investigation of the sound field 

incident on the panel and the motion of the panel which leads to coincident coupling. 

This section focuses on the three sound transmission loss results which were obtained for 

plane wave sources at 78.75 degrees of incidence. This set of results was chosen since the 

coincidence phenomenon has been shown to be at its strongest at large angles of 

incidence. As discussed previously, the three sets of sound transmission loss results 

correspond to plane wave sound sources with rotations of 225, 90 and 180 degrees about 

the panel surface normal. A thorough investigation was conducted of the mechanisms 

leading to one trough in the coincidence region of each sound transmission loss result. 

The troughs which were studied are shown in figure 8.3 .17 . 
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Figure 8.3.17 - The troughs which were studied in detail in the coincidence mechanism 

study 

The study focused on the incident sound pressure field and the panel motion. To obtain a 

representation of the incident sound pressure field the reflected portion of the incoming 

sound wave had to be removed. This was done by running a model, identical in all 

aspects to the model used to obtain the results in this chapter, but with no structural mesh. 
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8.3.2.2.1 - Plane wave source at 78.75 degrees of incidence relative to the panel surface 

normal and 90 degrees of rotation about the panel surface normal, relative to the x-axis 

Figure 8.3.18 shows the panel displacement and incident sound pressure field for this 

case. 

.... 

,'j l -- ,-.-

Figure 8.3.18 - The panel displacement and incident sound pressure field for the case of a 

plane wave sound source incident at an angle of incidence of78.75 degrees and an angle 

of rotation of 90 degrees 

As can be seen in the upper left-hand comer of figure 8.3.18, both the sound pressure 

field and panel displacement are shown for 3555 Hz. The scale on the right side of the 

figure indicates that the maximum panel displacement is 3.271 x 10.9 metres. The scale 

for the sound pressure shows the pressure ranges from + 1 Pa to -1 Pa. This pressure 

variation corresponds to a sound pressure level of 91 dB. The angle 0 f the sound pressure 

wave fronts, relative to the panel normal shows that the plane wave is incident at an angle 

of 78.75 degrees. This is illustrated on the figure. A section through the incident sound 



pressure field is displayed. This is taken in the direction of sound propagation which is at 

a rotation of 90 degrees about the panel surface nonnal, relative to the x-axis. This is also 

illustrated in figure 8.3.18. 

As has been discussed previously, the actual displacement of the panel at any given 

frequency can be described by a summation of the affects of many panel modes. This is 

evident in the complex panel displacement pattern visible in figure 8.3.18. However, at 

this particular frequency, one mode dominates the panel motion. The natural frequency of 

this mode is 3554.283 Hz and it is shown in figure 8.3.19, along with the incident sound 

field at 3555 Hz. 

Figure 8.3.19 - The panel mode with a natural frequency of 3554.283 Hz which 

dominates panel motion at 3555 Hz 

Comparison between figure 8.3.18 and 8.3.19 shows that this mode can clearly be seen 

dominating the calculated panel displacement. From this point on, only the shape of the 
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mode which dominates at a given frequency will be considered. This was done because 

the results were much clearer than when the actual panel displacement is used, and since 

coincidence is a highly localised resonant affect, the influence of other modes is minimal. 

The result in figure 8.3.19 clearly demonstrates the spatial coupling aspect of the 

coincidence mechanism at a specific point in time. It can be seen that areas of high 

incident sound pressure in the air adj acent to the panel surface coincide with areas of high 

negative panel displacement. Areas of low incident sound pressure in the air adjacent to 

the panel surface coincide with areas of high positive panel displacement. It is easy to see 

that this situation will excite the panel mode rather efficiently. The areas of the panel 

surface which are travelling upward encounter low pressure levels, whilst the areas which 

are moving down are driven by high pressure levels. Since the incident sound pressure 

field extends in both directions, normal to the section shown, this spatial coupling occurs 

across almost the entire width of the panel. The effect is reduced at the edges of the panel 

however where the panel motion is restricted by the clamped boundary conditions. In this 

area the incident sound field is unable to transfer high levels of energy into the panel, and 

the situation departs from infinite panel, Cremer-like coincidence. 

The second aspect of the coincidence mechanism is the time or frequency coupling (see 

section 2.2.6.3 of chapter 2). Since the frequency of the incident sound wave and the 

natural frequency of the mode excited in the panel are very close, the panel mode will be 

excited to high levels. This effect is not unique to the coincidence region - this is the 

phenomenon which causes the sharp troughs through the entire sub-critical region. 

What is unique to the coincidence region is that the matching excitation and modal 

frequencies allow the spatial coupling of the sound pressure field over the panel surface 

and the dominant panel mode, to be maintained. To understand this concept, one should 

first note that the sound pressure field incident on the panel surface does not stay as 

shown in figure 8.3.19 As time is advanced forward, applying the hypothesis ofYankese 

[42] (see section 2.2.6.3 of chapter 2), the sound field propagates to the right, meaning 

that lines of high and low pressure move across the surface of the panel, from left to right. 
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The panel surface is also in constant motion - the areas of high positive displacement of 

the panel shown in figure 8.3.19 reach maximum displacement, and then travel in the 

opposite direction, through zero displacement to reach a maximum negative 

displacement. Since the incident sound pressure field propagates to the right at the same 

speed as the bending waves propagate in the panel, a situation of maximum possible 

spatial coupling is always maintained. 

This space and time coupling is most easily illustrated using an animated senes of 

images. It is difficult to recreate this illustration in a static medium. However, figure 

8.3 .20 shows a set of images which, if viewed in succession, form such an animation. In 

this case the illustration shows the spatial and temporal coupling which produces the 

'coincidence' dip at 3555 Hz for the case of a plane wave sound source at 78.75 degrees 

of incidence and 90 degrees of rotation. 
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Figure 8_3.20(a) - An illustration of the spatial and time coupling at coincidence for a 

plane wave source at 78.75 degrees of incidence and 90 degrees of rotation 
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Figure 8.3.20(b) - An illustration of the spatial and time coupling at coincidence for a 

plane wave source at 78.75 degrees of incidence and 90 degrees of rotation 

Successive images in the figure are separated by 2.34 x 10.5 seconds, and so the 12 

images together illustrate one complete cycle at 3555 Hz. 

The figure shows that at the beginning of a cycle, the high pressure lines fonned by the 

incident sound pressure wave coincide with the antinodes of the panel mode. As the 
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incident sound field propagates to the right, the panel anti-nodes begin to recede, towards 

zero displacement. At the point where the panel instantaneous displacement is zero the 

lines of high and low incident sound pressure lie over the panel nodes. The incident 

sound pressure field continues to proceed at sufficient speed so that as the anti-nodes of 

the panel mode begin to reach maximum displacement, they again coincide with the lines 

of maximum high and low pressure created by the incident sound field. 

This combined space and time coupling is what degrades a panel's perfonnance so 

severely at coincidence. The incident sound field can transfer very high levels of energy 

to the panel since it is not only exciting the panel at a frequency to which it responds 

well, but it is also exciting it in just the right places to drive that displacement. 

Concerns about the tendency of Yankese's hypothesis to imply that a single travelling 

wavefOllli can excite a stationary resonance in the panel can be addressed by recalling 

that the stationary resonance in the panel is, in fact, the product of the interference of two 

waves, travelling in opposite directions. Yankese-type coincidence can be thought of as 

describing a situation where the incident travelling wave couples with one of these 

travelling waves in the panel. The result will be heightened excitation of the panel. 

However, this excitation will be of lower levels than in the infinite panel case, due to the 

interference of the wave in the panel which travels in the opposite direction. 

As illustrated in figure 8.3.21 using a simple string analogy, in infinite panel coincidence 

the incident sound field couples with a free bending wave in the panel, not a modal 

vibration. This means maximum energy transfer can take place all the time since the 

spatial and time coupling is complete. In the finite case the spatial coupling is complete 

less than half of the time, as the figure illustrates. 
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Figure 8.3.21 - The difference in maximum possible spatial coupling between finite and 

infini te coincidence 

Furthermore, the spatial coupling in a three-dimensional case will never be entirely 

complete, as the figure shows is possible for the vibration of a string. Since, in a three

dimensional case, the edges of the panel are restrained and so it cannot deform in 

response to the incident sound field. The coincidence dip of a finite panel can therefore 

never reach zero as can that of a theoretical infinite panel. 

Also it is worth noting that, because in a finite case the incident sound field must couple 

with a modal vibration, the temporal coupling may not be perfect. The degree of temporal 

coupling possible will depend on the natural frequency of panel modes which are suitable 

for spatial coupling with a particular incident pressure field. This is why a real 

coincidence 'dip' is not just a single 'dip' as infinite theory suggests, but is made up of a 

succession of troughs. These troughs form around modes which lend themselves to high 

degrees of spatial and temporal coupling for the incident field under consideration. 

528 



C!wpter g - An Analysis ofC()incjdeIK~~in II Sill2,le 

Finally, it should be observed that in a diffuse field, it is likely that a second wave, with 

an of rotation off-set from the first by 180 degrees, will couple with the 'second' 

trave11ing wave ill the panel, further exciting the resonance mode in the panel. 

The results of this study can be viewed as proof of Yankese's hypothesis [42J, as they 

show that, in the numerical model, panel modes are excited to high levels by 

travelling incident waves. 



8.3.2.2.2 - Plane wave source at 78.75 degrees of incidence relative to the panel surface 

normal and 180 degrees of rotation about the panel surface normal, relative to the x-axis 

The second case studied in this section was the trough on the sound transmission loss 

curve representative of the plane wave sound source at 78.75 degrees of incidence and 

180 degrees of rotation. This trough reaches a minima at around 3609 Hz. The mode 

which dominates at this frequency has a natural frequency of 3618.453 Hz. This 

therefore, is a good example of incomplete temporal coupling due to a finite system. 

The incident sound pressure field and panel modal displacement are shown in figure 

8.3.22 for this case. 
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Figure 8.3.22 - The dominant panel mode (3618.453 Hz) and incident sound pressure 

field (3609 Hz) for the case of a plane wave sound source incident at an angle of 

incidence of78.75 degrees and an angle of rotation of 180 degrees 
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Once again, the section of the incident sound pressure field is taken in the direction of the 

wave motion and consequently the sound field is one-dimensional in the positive and 

negative directions normal to the section plane. 

The spatial coupling which causes the dip in the sound transmission loss curve is 

immediately evident. The figure shows that a different type of panel mode is suited to 

coupling with a wave propagating in this direction. This is why in the coincidence region 

of a finite panel there is not a trough corresponding to every mode of the panel- there are 

only some modes whose spatial displacement couples sufficiently with the incident sound 

field. There may be other modes nearby whose frequency couples with the incident sound 

field, but the coupling provided by temporal similarity alone is many orders of magnitude 

inferior to that provided by both temporal and spatial coupling. 

The spatial and temporal couplings in this situation are illustrated by the series of images 

in figure 8.3.23. 
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Figure 8.3.23(a) - An illustration of the spatial and time coupling at coincidence for a 

plane wave source at 78.75 degrees of incidence and 180 degrees of rotation 
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Figure 8.3.23(b) - An illustration of the spatial and time coupling at coincidence for a 

plane wave source at 78.75 degrees of incidence and 180 degrees of rotation 

The figme shows that the spatial coupling is high along the length of the panel, until the 

edges where the boundary conditions restrict the displacement of the panel. It is 

interesting to note that the dip in the transmission loss curve caused by this situation is 

not as severe as that caused by the plane wave at 90 degrees rotation. This is most likely 

caused by the larger difference between the excitation frequency and the modal frequency 



in this case. In the previous case the difference was less than 1 Hz. In this case it is 9 

This means that the temporal coupling is not as complete as in the previous example. 
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8.3.2.2.3 - Plane wave source at 78.75 degrees of incidence relative to the panel surface 

normal and 225 degrees of rotation about the panel surface normal, relative to the x-axis 

The final case study involved the plane wave sound source at 78.75 degrees of incidence 

and 225 of degrees rotation. The trough in the transmission loss curve at 3609 Hz was 

studied. This trough is shown in figure 8.3.17. The panel mode which dominates the 

panel response over this frequency range has a natural frequency of 3625.593 Hz. A 

section of the incident sound pressure field and the modal displacement are shown In 

figure 8.3.24 in the same maIUler as in the previous examples. 

Figure 8.3.24 -The dominant panel mode (3625.593 Hz) and incident sound pressure 

field (3609 Hz) for the case of a plane wave sound source incident at an angle of 

incidence of 78.75 degrees and an angle of rotation of 180 degrees 

Once again the section of the incident sound pressure field is shown in the direction of 

sound propagation. It can be seen that the spatial coupling between the incident sound 



pressure field and the panel displacement is less complete In this example than in the 

previous two. The lines of maximum incident sound pressure only coincide with points of 

maximum panel displacement at selected points. At other points, the areas of high 

pressure encounter points on the panel with zero or negative displacement. This concept 

is illustrated in figure 8.3.25. 

High incident pressure is adjacent to 
areas of high panel displacement over 

most of the panel's projected width 

Rotation at 0 or 90 degrees, a section through 
the panel in a direction nonnaJ to the 
transmission direction 

High incident pressw-e is adjacent to 
alternating areas ofhigb and low panel 

displacement over the panel's projected width 

Rotation at45 (or 225) degrees, a section 
through the panel in a direction nonnal to the 
transmission direction 

An illustration of the lessened efficiency of spatial coupling with a plane wave 
source at a rotation of 45 degrees, compared with a rotation of 0 or 90 degrees 

Panel 
Displacement 

Figure 8.3.25 - The lessened spatial coupling with a plane wave source at 45 (or 225) 

degree rotation, compared to one at zero or 90 degree rotation 

This result can be used to explain the fonn of the sound transmission loss curve for the 

plane wave sound source at 225 degrees of rotation (see figure 8.3.17). There are more 

troughs in the coincidence region because there are more panel modes with which this 

incident sound pressure field can achieve some level of spatial coupling. The degree of 

spatial coupling which it can achieve in any particular case is, however somewhat 

reduced because of the nature of the higher order modes with which it can couple. For 

incident sound waves which are orientated at rotations of 90 or 180 degrees, there are 

fewer panel modes with which efficient coupling can be achieved. However when this 
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coupling does occur it is far more efficient due to the low order of the mode m one 

direction (either the m or n index will be low). 

The spatial and temporal coupling of this arrangement IS illustrated m the Images m 

figure 8.3.26. 
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Figure 8.3.26(a) - An illustration of the spatial and time coupling at coincidence for a 

plane wave source at 78.75 degrees of inc!dence and 225 degrees of rotation 



"'l I TIME = T/2 

, I TIME = 2T/3 
y\ 

lE:-: :::JI=-:"'-
'iE' t l:: 

" I TIME = ST/6 

-1 I TIME = 7TI12 

1I=~'=::::.a'
u~ _ mI: 

... I TIME = 3T/4 
" 

Figure 8.3.26(b) - An illustration of the spatial and time coupling at coincidence for a 

plane wave source at 78.75 degrees of incidence and 225 degrees of rotation 

The temporal coupling of this system is not as complete as was seen in the previous two 

examples, since the incident sound field is operating at 3623 Hz and the relevant panel 

mode has a natural frequency of 3609 Hz. 
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8.4 - Conclusions 

This section studied the coincidence phenomena in a finite single panel using a numerical 

model. 

The validity of using such a model for a high frequency analysis was considered, and it 

was concluded that the model would produce valid results but would take a long time to 

nm at such high frequencies. In response to this problem, a decision was made to use 

several different resolution meshes during each calculation. This approach reduced the 

computational times to acceptable values. 

The results showed that a coupled finite element, boundary element model was capable of 

predicting coincident behaviour. In doing so, it was observed that a backing cavity is not 

required to produce coincident behaviour in a finite panel. Analysis of the results showed 

that, as opposed to the situation in the sub-critical region, at frequencies close to and 

above the critical frequency the response of the panel was highly dependent on the angle 

of incidence. The dependence on angle of rotation in the coincidence region had also 

changed in nature, compared to the sub-critical region. This dependence meant it was no 

longer valid to average results for plane wave sources at a variety of angles of incidence 

and rotation to create a diffuse field approximation. Rather, an average over angle of 

rotation at each angle of incidence must be found, and these results must then be 

averaged. Consequently, to obtain a good approximation of a diffuse field result in the 

coincidence region, many more plane wave sources are needed than in the sub-critical 

regIOn. 

A change in the fonn of the individual sound transmission loss CUlves was observed as 

the transmission mechanism changed when entering the coincidence region. At sub

critical frequencies, the main feature of the sound transmission loss curve was a series of 

sharp troughs, conesponding to resonant transmission due to each mode of the panel. In 

the coincidence region there were fewer, much wider, deeper troughs. No significant 

coincidence was observed at nonnal incidence. However at larger angles of incidence the 
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wavelength of the sound wave 'matches up' much more with the displacement pattern of 

the panel. 

Study of the incident sound pressure field and panel displacement and dominant modes 

showed that the large dips which formed the coincidence dip corresponded to frequencies 

at which there was a high degree of spatial and temporal coupling between the incident 

sound field and the panel. For a paI1icuiar angle of rotation, only some modes provide a 

high degree of spatial coupling, and produce dips in the sound transmission loss curve. 

The most efficient spatial coupling was available when the angle of rotation was parallel 

to one of the panel axes. For other angles of rotation, although more modes exist that can 

exhibit some degree of spatial coupling, the spatial coupling is never as complete. 

The study was therefore very successful and completely explains the phenomenon of 

coincidence in single finite panels. 
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9.1 - Introduction 

This chapter is concerned with the presentation and discussion of results generated using 

the numerical method which was developed in the preceding chapters. However, unlike 

the previous three chapters, this section does not seek to validate the model, or 

understand the mechanisms which work to form the sound transmission loss curve. 

Rather, it compares the sound transmission loss curves produced when panel parameters 

are varied, much like a traditional experimental study. 

Some of the comparisons made in this chapter could be made easily in an experimental 

study (and many have been) and therefore simply serve as further proof that the model is 

working correctly. Other studies could not be easily attempted experimentally and clearly 

demonstrate the power of a conectly functioning model. 
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9.2 - The Effect of Mass on the Sound Transmission Loss of a Single Panel 

This study is concerned with a widely known affect in building acoustics - the 'mass 

law'. The 'mass law', as discussed at length previously, is said to govern the region of the 

transmission loss curve between "low frequencies" and the critical frequency. In this 

region, the sound transmission loss curve has a slope of 6 dB per octave. It has been 

observed that doubling the mass of the panel increases the sound transmission loss in this 

region by 6 dB, and halving it reduces the sound transmission loss by 6 dB. 

The procedures used to produce the results presented in this section were those outl ined 

in chapter 7. The results are presented in third octave bands, allowing direct comparison 

with traditional experimental results. 

iii' 
~ 
II> 
II> 
0 

..J 

r:: 
0 
II> 
'iii 
'E 
II> 
r:: 
'" ;: 
u 
r:: 
:::I 
0 

en 

35 -, 

30 

25 

20 -

15 

10 

Predicted Variation in Sound Transmisison Loss with Panel Mass 
(+/- 5%) 

o ~ ______ ~L-________________ ----------______ ~ ________________ __ 

'I') 13 lIS 20 25 32 40 .50 &3 80 1:)0 125 '60 200 250 3'6 400 500 6JO 800 tlOO 1250 

1/3 Octave Band Centre Frequency (Hz) 

l.=-surface Mass = 6,6 kg/m"2 _ Mass plus 5 % __ Mass minus 5 % 

Figure 9.2.1 - The modelled effect of a five percent variation in panel mass 
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Figure 9.2.1 shows the modelled effect of a plus or minus five percent variation in the 

panel mass. As shown in the figure the original panel surface mass was 6.6 kg/m2, so the 

variation cOlTesponded to a change in surface mass from 6.27 kglm2 to 6.93 kg/m2
• For 

the specific panel under consideration, which measured 0.95 m by 1.55 m and was 10 

rom thick, this change conesponds to an absolute variation of plus or minus 486 grams. 

The figure shows that, as expected, this small change has very little effect on the sound 

transmission loss in the sub-critical region. The increase in mass does lead to a linear 

shift upwards over almost the entire curve, and the decrease leads to a drop. There is 

some variation in the low frequency region. This is because the change in mass affects 

the natural frequencies of the panel's vibrational modes. By the time the results are 

processed and displayed in third octave bands, the effect of such shifts can be bhm·ed. If 

the shift means a paJticular mode moves within a band there may be little change in the 

third octave sound transmission loss result. However, if the mode moves from one band 

into another, the form of the curve may change considerably. It is affects such as this 

which can be used to explain the increase in predicted sound transmission loss in the 50 

Hz band when the mass of the panel is reduced. 
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Figure 9.2.2 - The modelled effect of a ten percent variation in panel mass 

Figure 9.2.2 shows the modelled effect of a ten percent variation in panel surface mass. In 

this case, a ten percent variation con'esponds to a change of plus or minus 972 grams. The 

figure shows that there is now a more pronounced change in sound transmission loss. 

Through the upper half of the frequency range of interest there is a linear rise or faU in 

transmission loss of around 0.8 dB. There is once again some variation at lower 

frequencies, in the area between the fundamental mode of the panel and the onset of the 

constant gradient mass region. 

A change of plus and minus 50 % of the panel mass was studied next. The minus 50 % 

case halves the mass of the panel and so, it is predicted using the 'mass law' that the 

sound transmission loss curve will shift down 6 dB. 
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Figure 9.2.3 - The modelled effect of a 50 percent variation in panel mass 

The figure shows that the panel reacts in ~xactly the manner predicted by the mass law, 

and verified by many experimental results. The reduction of the panel mass by 4.86 kg or 

50 % resulted in an average drop over the constant gradient 'mass' region of6.1 dB. 

These dramatic changes in panel mass are now also clearly affecting the modal response 

of the panel. It can be observed that the fundamental panel mode shifts from the 20 Hz 

band for the minus 50 % result, to the 25 Hz band and eventually ends up in the 31.5 Hz 

or 40 Hz band for the plus 50 % result. This means that at low, inaudible frequencies, 

there is actually an increase in sound transmission loss with decrease in panel mass. For 

example, in the 20 Hz third octave band, [he sound transmission loss improves from 2.5 

:4. 
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dB when the panel has a surface mass of 6.6 kg/m2, to 8.3 dB when the surface mass 

decreases to 3.3 kg/m2. 

The final result shows the numerically calculated sound transmission loss for a 6.6 kg/m2 

panel and that for a panel of twice tills surface mass. For the panel size used in this study, 

this change corresponds to an increase in the absolute panel mass from 9.72 kg to 19.44 

kg. The calculated results are shown in figure 9.2.4. 
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Figure 9.2.4 - The modelled effect of a 100 percent increase in panel mass 

The result shows the 6 dB increase which is predicted by the mass law in such a situation. 

This numerical study of the affect of mass on the sound transmission loss of a single 

panel has therefore suppolted traditional theoretical and experimental results. These 
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results confinn that a simple way to increase the sound transmission loss of a single panel 

is to increase its mass. 
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9.3 - The Effect of Stiffness on the Sound Transmission Loss of a Single Panel 

The variation in the sound transmission loss of a single panel caused by changes in the 

stiffness of the panel was also studied numerically. This was a study which is difficult to 

conduct experimentally, since it is hard to vary the stiffness of a material without 

changing other material propel1ies. 

The study was concerned with a 10 mm plasterboard panel measuring 0.95 metres by 

1.55 metres with a Young's modulus of2.4 x 109 Pa, Poisson's ratio of 0.22 and a surface 

mass of 6.6 kg/m2• The panel stiffness was varied and the sound transmission loss 

calculated at sub-critical frequencies and compared to the base case. 

9.3.1- The Effect of Stiffness at Sub-Critical Frequencies 

Figure 9.3.1 shows the calculated sound transmission loss for the base case, compared 

with that for a variation in the Young's modulus of plus and minus five percent. This 

corresponded to a variation in Young's modulus from 2.28 x 109 to 2.52 X 109 Pa. 
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Figure 9.3.1 - The effect of a variation of five percent in Young's modulus 

The figure shows that a variation of five percent in Young's modulus produces very little 

change in the sound transmission loss of a single panel at sub-critical frequencies. Some 

small changes are seen at very low frequencies due to slight frequency shifts in the 

natural modal frequencies of the system. 

Figure 9.3.2 compares the sound transmission loss for the base case with that for panels 

with a Young's modulus which is varied by plus and minus ten percent. This corresponds 

to moduli of2.16 x 109 and 2.64 x 109 Pa. 
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This result confinns that changes in panel stiffness have litt le effect over the ' mass 

region' . Some variation is once again evident at very low frequencie s, due especially to 

the movement of the fundamental mode. Overal l, there is little variation in sound 

transmission loss with panel stiffness, especially when compared to [he variation with a 

ten percent change in panel mass (see figure 9.2.2). 

The final case, a varialion in Young 's modulus o f plus and minus 50 percent, is shown in 

figure 9.3.3. This variation co rresponds to moduli of 1.20 x 109 and 4.80 x 109 Pa. 
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Figure 9.3.3 - The effect of a variation of 50 percent in Young's modulus 

The figure above shows that even for the extreme case of a change of fifty percent in the 

panel stiffness, there is very little variation in computed sound transmission loss. The 

affect of changes in stiffness on the location of the fundamental mode are now clearly 

evident, along with some additional low frequency changes due to the repositioning of 

the panel low-frequency modes. 
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9.3.2 - The Effect of Stiffness above the Critical Frequency 

Due to the increased computational time, successive cases were not run to numerically 

establish the effect of variations in panel stiffness on the sound transmission loss of a 

single panel above the critical frequency. 

The numerical study of coincidence in a single, fmite panel (see chapter 8) did however 

provide a more complete understanding of the occurrence of the coincidence 

phenomenon. Although it was shown that this phenomenon did not involve the matching 

of free incident waves with free travelling waves in the panel, it can be observed that the 

onset of the effect will occur around the frequency predicted using the infinite-panel 

formula. This is because modes of sufficient order to participate in finite panel 

coincidence will begin to occur at frequencies around where the wavelength of sound in 

air is equal to the free bending wavelength in the panel. 

This means that the approximate location of the critical frequency in a single, finite panel 

can be given by the expression [1] 

[9.3.1] 

where c is the speed of sound in air (m/s), m is the panel surface mass (kg/m2) and B is 

given by 

[9.3.2] 

where E is the Young's modulus (Pa), h is the panel thickness and f..l is the Poisson's ratio 

of the material. 
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According to equation 9.3.1, the location of the critical frequency and therefore the 

coincidence dip, will not only vary with panel stiffness, but with panel mass and 

thickness. 

Figure 9.3.4 shows the variation In critical frequency which could be expected with 

changes in panel stiffness. The variation in critical frequency with panel mass and 

thickness are also provided for reference. 

The Effect of Various Panel Parameters on Critical Frequency 
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Figure 9.3.4 - Changes in critical frequency due to change in panel stiffness, mass and 

thickness 

The values of the various parameters used in the base case are shown in figure 9.3.4. The 

figure shows that increases in the panel stiffness slowly decrease the critical frequency 
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and decreases in panel stiffness increase the critical frequency. A very large change in 

stiffness is required to significantly change the critical frequency. 

The same nature of relation is visible between panel thickness and critical frequency. A 

very thin panel (5 mm) is required to move the critical frequency toward the upper limit 

of the audible frequency range. This result would only be valid if the surface mass and 

the panel stiffness could be kept the same (or the panel stiffness reduced). 

It can be seen that changes in the panel surface mass have the opposite effect on the 

critical frequency - increases in the mass lead to increases in the critical frequency and 

decreases in the mass lead to rather rapid decreases in the critical frequency. 

The culmination ofthe numerical model and traditional theory therefore allow a complete 

description of the effect of the stiffness of a single panel over the entire audible frequency 

range. 
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9.4 - The Effect of Size on the Sound Transmission Loss of a Single Panel 

During the course of the study, the numerical sound transmission loss of a large number 

of panels with the same nominal properties, but of varying lateral extent, was obtained. 

Comparison of this data allowed a study of the effect of the panel size on sound 

transmission loss to be conducted. Such a study is difficult to conduct experimentally 

because it requires variation of the opening size between the two test facilities in the 

standard ISO 140 [85J test. 

The sound transmission loss for a large number of panels of varying size was computed 

using the numerical method described in the previous sections. Figure 9.4.1 presents the 

computed results for a single, simply supported panel with constant width of 0.3 metres, 

and a varying height. 
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Figure 9.4.1 - The numerically computed sound transmission loss of single panels with a 

constant width of 0.3 metres and varying height 

The figure shows that the changes in sound transmission loss with panel size are due 

prim31ily to the changes in the fundamental frequency of the system. Smaller panels have 

a much higher fundamental frequency, and therefore some of the audible frequency range 

may be below this frequency, and fall into the 'stiffness controlled' region. 

Figure 9.4.2 shows the numerically generated sound transmission loss for a number of 

single plasterboard panels all with a width of 0.6 metres, but with varying heights. 
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Numerically Computed Transmission Loss of Single Panels of Varying 
Size 
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Figure 9.4.2 - The numerically computed sound transmission loss of single panels with a 

constant width of 0.6 metres and varying height 

The same trends are visible in this case. These results also show that the sound 

transmission loss in the 'mass' region is higher for very small panels. 
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The above trend is clearly ev ident in the resul ts displayed in figure 9.4.3, for single 

plasterboa rd pane ls with a conSlant width of 0.9 metres and a variet)' of heig hts. The 

largest panel (0.9 by 1.2 metres) has Ihe lowest sound transmission loss of the entire 

frequency range, due 10 an increase in resonan t transmission. Successively smaller panels 

provide increases in sound transmission loss ove r the ' mass ' region . 

Figure 9.4.4 shows a comparison of Ihe numerically generated sound Iransmission loss 

curves of a number o f single plasterboard panels with a constant width of 1.2 metres, and 

a number of different heights. 

558 



40 

35 

II I' I II 

Numerically Computed Transmission Loss of Single Panels of Varying 
Size 

iii' 30 +---- .--
~ 
<II 
<II 
.3 25 

<:: 
o 
.~ 20 +----',,-
'E 
<II 
<:: 
~ 15 .[-------'1, 
I-
'0 
<:: 

5 "(l 
en 

I I' I . I J1 I 

O ~~_L~ ___ _U~U-_~L_~~'~_~_L_LA~_~_!~ ____ _____ __ 

"(l '()o 

Frequency (Hz) 

"(l00 

-- Single Panel. 1.2 by 0.3 metres -_Single Panel, 1.2 by 0.6 metres _ _ Single Panel, 1.2 by 0.9 metres l 

__ Single Panel. 1.2 by 1.2 metres - _ Single Panel, 1.2 by 1.8 metres 
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The trends visible in the results shown in figure 9.4.4 are of the same fonn as those 

presented in the previous figures. These results suggest that considerable improvements 

can be made in sound transmission loss both at low frequencies and over the 'mass' 

region by the use of small panels. 

The final set of results in this series is shown in figure 9.4.5, for several single panels 

with widths of 1.8 metres and a variety of heights. 
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Figure 9.4.5 - The numerically computed sound transmission loss of single panels with a 

constant width of 1.8 metres and varying height 

These results again illustrate the low and mid-frequency transmission loss improvements 

which result when panel size is decreased. 

It can be concluded therefore, that theoretically sound insulation can be improved by 

decreasing the size of the panels used. However, it should be noted that this is rarely 

possible in real life, especially in applications common to building acoustics. In practice, 

many 'single' panels are usually coupled together to form a complete wall. Unless the 

framework which supports these panels is completely rigid, the fundamental resonance of 

the entire system will be at a lower frequency than the fundamental resonance of the 

panels individually. Any improvements due to the increased fundamental frequency of 
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the small panels will then be lost. Small, finite systems (the casing of a hand-held radio 

for example) may be able to take advantage of this effect however. 

These results appear to support the findings of Sewell [24] and Price and Crocker [23] 

who were of the opinion that resonant transmission increases with increasing panel size 

(see section 2.2.7.1 of chapter 2 for a more detailed discussion). The results also show 

that non-resonant transmission increases with increasing panel size, a result which 

disagrees with both Sewell (non-resonant transmission decreases with increasing panel 

size) and Price and Crocker (non-resonant transmission is independent of panel size). 



Chapter 9 Spedfic ResulLs from tlw FElvf!BEM l\nalysis of n Single Pauel 

9.S - The Effect of Boundary Conditions on the Sound Transmission Loss of a 

Single Panel 

As was discussed briefly in chapter 2 (see section 2.2.7), analytical workers have 

indicated that the boundaty conditions which constrain a single panel are very important 

in determining the fmal sound insulation of the paneL Both Nilsson [44] and Sewell [24] 

have shown that a 3 db increase in sound transmission loss at sub-critical frequencies is 

expected for the case of a simple supported panel, compared to a clamped panel. 

Figure 9.5.1 shows the computed sound transmission loss for a single plasterboard panel, 

measuring 0.6 metres by 0.9 metres for the cases of clamped and simply-supported 

boundary conditions. 
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Figure 9.5.1 - The effect of boundary conditions on the sound transmission loss of a 0.6 

metres by 0.9 metres, 10 mm plasterboard panel 

The result shows that in this case the simply-supported panel does appear to give an 

improved sound transmission loss over the majority of the calculation frequency range. 

An increase in resonant transmission does appear to increase the overall transmission 

through the clamped panel, a finding which supports the work of Sewell [24] (as 

discussed in section 2.2.7.1 of chapter 2). 
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Figure 9.5.2 - The effect of boundary conditions on the sound transmission loss of a 1.8 

metres by 1.8 metres, 10 mm plasterboard panel 

The same trends are evident in figure 9.5.2, which shows the computed sound 

transmission loss for a 1.8 metre by 1.8 metre panel with both simply-supported and 

clamped boundmies. Over the majority of the frequency range an increase in resonant 

transmission appears to degrade the sound transmission loss of the clamped panel. 
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9.6 - The Effect of Damping on the Sound Trausmission Loss of a Single Panel 

The effect of damping on the sound transmission loss of a single panel has been discussed 

previously (see chapter 7, section 7.4.1). It was seen that over the 'mass' region the 

resonant vibration of the panel was damped, allowing non-resonant transmission to 

dominate. The levels of damping in the plasterboard required to give a good comparison 

with experimental results through this region ranged from 0.1 to 0.01, and were in line 

with the experimental measurements of Smith [55]. 

It should be observed that since the damping levels are already relatively high, allowing 

non-resonant transmission to dominate, any fu11her increase in the damping will not lead 

to significant increases in the sound transmission loss through this region. The most 

useful result, therefore, is to observe that dramatic decreases in damping must be avoided, 

since they may be enough to allow resonant transmission to dominate over a wide 

frequency range and thereby decrease the sound transmission loss. 

It has been observed by other workers that the level of damping in a material will govern 

the depth of the coincidence dip. The analysis presented in this report suppo11s such a 

theOlY, showing that coincident transmission is resonant in nature. The relation between 

level of resonant transmission and damping level for any particular mode is a simple 

logarithmic one. 

Observation that medium to high levels of damping are inherently present in a 

plasterboard panel once again leads us to the conclusion that there are very limited 

returns available when attempting to increase damping and thereby lessen the coincidence 

dip. Again, this observation is probably best seen as a warning against creating systems 

with lower inherent damping, since the coincidence dip will be enhanced. 

When attempting to minimise the effect of coincidence in a single, plasterboard panel, the 

best solution is clearly to investigate changing the critical frequency of the material by 

changing the stiffuess, mass and thickness as illustrated in figure 9.3.4. Attempts to 
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control the transmission loss at coincidence, or indeed over any of the audible frequency 

range, by changing the system damping, lateral extent or support conditions will not 

achieve any useful effect. 
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9.7 - Conclusions 

In this chapter a number of numerically-generated results have been presented for the 

ease of a 10 mm plasterboard panel. 

The variation of the panel mass was seen to affect the predicted sound transmission loss 

in the same manner as suggested by traditional analytical (the 'mass law') and 

experimental results. A doubling of panel mass therefore leads to a 6 dB increase in 

sound transmission loss. Changes in panel mass were also seen to change the frequency 

of the fundamental panel mode, thereby modifying the low-frequency sound transmission 

loss of the panel. 

Changes in panel stiffness were seen to have only a small efTect at sub-critical 

frequencies. Even large changes in stifTness (50 %) were seen to result in only a small 

change in the sound transmission loss of the panel over the majority of the sub-critical 

frequency range. Changes in panel stiffuess had the largest effect at low frequencies due 

to the modification of the system modes. 

The effect of changes in panel stiffuess above the critical frequency was seen to be 

approximated by the relation analytically describing the infinite panel critical frequency. 

Accordingly, increases in panel stiffuess result in a decrease in the critical frequency. The 

analysis also showed that increases in the panel thickness and reductions in the panel 

mass lead to decreases in the critical frequency. 

Decreases in panel size were shown to increase the predicted sound transmission loss. 

This means that it is the largest panels that limit the overall sound transmission loss of a 

system. These results suppor1 the findings of previous workers with respect to the 

relationship between resonant transmission and panel size, but disagree with respect to 

the relationship between non-resonant transmission and panel size. 



The study of the effect of panel boundary conditions on predicted sound transmission loss 

showed that clamped boundaries produced higher levels of transmission than simply

supported boundaries. This finding was in line with those of Sewell [24] and Nilsson 

[44], although the constant 3 dB difference between the simply-supported and clamped 

cases predicted by Nilsson was not evident. 

Finally, a discussion of the effect of damping on the sound transmission loss of finite 

panels noted that relatively high levels of damping were already present in the panel, 

indicating that minimal improvement is available as a result of increasing the panel 

damping. 
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10.1- Introduction 

This chapter discusses the revised teclrniques and methods required to conduct the 

coupled finite element, boundary element analysis of a double panel system. These 

revisions became necessary due to the increased size and complexity of the system, 

compared to a simple single panel system. 

The increased complexity of the system meant that simplifications to the geometry had to 

be introduced. These simplifications were primarily concerned with the modelling of the 

studs and their connection to the cladding. The system also required much care in the 

definition of the element surface nOlmal vectors, for both the structural and acoustic 

models. This was an important point to note, since the orientation of the element surface 

nOlmal vectors is traditionally thought to be of little importance in a structural finite 

element model. 

To keep computational times within reasonable limits it became necessary to use a large 

number of meshes to produce a sound transmission loss prediction over a reasonable 

amount of the audible frequency range. It was found that the only way to manage such a 

system was to create a program to automate the mesh creation and numerical calculation. 



('Il'lPlo .. " I II I I 

10.2 - Double Panel Mesh Creation 

This section discusses the issues surrounding the creation of structural finite element and 

boundary element meshes for the case of a double panel. These issues arose due to the 

complexity of the geometry of a double panel, compared to the simple geometry of a 

single panel. It is obvious that, whereas a single panel can be represented by a simple 

rectangle in one plane, a double panel with connections is considerably more complex, 

10.2.1 - Geometry Modelling and Simplification 

In order to create a model which could be solved with some efficiency usmg the 

resources available, the double panel geometry had to be simplified, 

10.2.1.1 - Modelling of Studs 

Several decisions regarding the modelling of the connections between the panels were 

required. The two physical situations which were modelled are shown in figure 10.2.1. 

Wooden Studs 
90 x 45 nun 

Rolled Steel Studs 

Plasterboard 
Cladding 

Connection Points ~ tH1 
Figure 10.2.1 - Two arrangements modelled 
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Experimental results have shown that, especially in the case of a steel stud wall, the 

cross-sectional profile of the stud has an influence on the overall sound transmission loss 

of the system. It is also obvious from the figure above that the thickness of the wooden 

studs is significant, compared to their width (typically 45 mm compared to 90 mm). 

The simplified modeJ, used to represent both the wooden and steel stud arrangements, is 

shown in figure 10.2.2. 
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Figure 10.2.2 - Physical situation compared with the modelled simplification 

As figure 10.2.2 shows, in both the case of a wooden stud wall and a steel stud wall, the 

actual anangement has been simplified considerably in the model. 

For the case of the wooden stud wall the model assumes that the thickness of the studs is 

insignificant, compared to the wavelength of sound in the material. This assumption is 

clearly inconect at higher frequencies. For the case of the steel stud wall, the model 

ignores the effect of the cross-sectional geometIy of the stud. 
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10.2.1.2 - Modelling of Connections 

For the cases studied in this project, the connection between the studs and cladding in a 

double panel is assumed to be continuous, that is, demanding a continuity of 

displacement and rotation. This is an obvious deviation from the actual case where the 

cladding is commonly attached to the studs at discrete points. 

Several authors have investigated the effect of continuous fixation, compared with 

discrete fixation. Smith [55J, using an experimental approach showed that point 

connections can be assumed to be line or continuous connections at frequencies below 

where the bending wavelength in the cladding material is half the distance between the 

connections. 

For the case of 10 mm plasterboard, this transition will occur at around 100 Hz, meaning 

that any results obtained for frequencies above 100 Hz will not correctly represent the 

cladding motion. At frequencies below 100 Hz the cladding motion is the same as the 

stud motion, implying the connection type (point or line) is irrelevant. The experimental 

investigation of this project showed that the transition, in fact, occurs at around 160 Hz 

(see figure 3.5.75 of chapter 3). 

For the case of the steel stud the situation is somewhat more complex since the stud 

cross-section is not rectangular. The change in location of the connection, relative to the 

stud's cross-sectional centroid must also then be considered a simplification. As figure 

10.2.3 illustrates, the physical situation creates a bending moment in the stud, which is 

not present in the simplified model. 
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Figure 10.2.3 - Physical situation compared with the modelled simplification for the 

connection of the steel studs to the cladding 

As the above figure illustrates, the transmission of force through the physical system is 

more complex than in the modelled case. This means there will be higher losses in the 

physical case. This difference is not considered further in this work. 

It is worth noting that this aspect of the system could be handled more correctly by 

including the cross-sectional shape of the steel stud in the model (which would be highly 

computationally intensive) or by experimentally measuring the overall stiffness of the 

'steel stud and connection' system, and using this stiffness in the simpl ified model 

(which, since this stiffness will be situati,on-specific, would introduce an experimental 

step into the modelling procedure for ead new situation modelled). 

The results presented in the following sec~ ions, must therefore be viewed as a prel iminary 

investigation of the problem, rather than a rigorous solution. 
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10.2.2 - Meshing 

Several issues arose during the meshing process that were unique to the case of a double 

panel system. These issues are discussed in this section. 

10.2.2.1 - Succe,,,,dve Meshing compared with Constant Meshing 

During the finite element modelling of the double panel systems, the use of a variable 

resolution meshing approach became imperative. This approach used meshes with 

different resolutions to solve over different frequency ranges. 

Since there were a large number of elements in the model, using a mesh of sufficient 

resolution to solve to the highest frequency required was simply not practical. Figure 

10.2.4 illustrates this by showing the time to complete a single frequency calculation for a 

small double panel, with meshes sufficient to solve to a number of different frequencies. 
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Figure 10.2.4 - The time taken to complete a single frequency calculation with mesh 

resolutions required for solutions up to the 'solution frequency' 

The figure shows that the solution for a single frequency, usmg a mesh resolution 

sufficient to solve to 1000 Hz, will take over 90 minutes. This solution time could not be 

accommodated into the project schedule. 

Figure 10.2.5 shows the time savings available using a variable mesh resolution scheme, 

applied to the same double panel system. 
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Figure 10.2.5 - The difference in solution time for a double panel using both constant and 

variable mesh resolution schemes 

The figure shows that the variable mesh resolution scheme leads to a time saving of about 

50 days (64 %)_ This time saving is very significant. 

However, the figure also shows that a variable resolution solution to the upper limit of the 

1000 Hz third octave band wi II still take over 28 days. This solution time was sti II too 

large to manage, within the bounds of the project. The two methods considered to reduce 

solution time were (i) to reduce the calculation frequency resolution and (ii) to reduce the 

calculation frequency range. 

Reduction of the calculation frequency resolution (from 1 Hz steps) was discussed in 

section 7.4.1 of chapter 7. The analysis showed that it is unwise to reduce the calculation 

frequency resolution for systems where little is known about the damping or detailed 

modal behaviour. 
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Therefore, the only method which could be employed to make the double panel systems 

solvable within an acceptable time, was to reduce the calculation frequency range. As 

will be shown in the following chapters, calculations were typically carried out up to the 

upper limit of the 315 Hz third octave band. This restriction reduced the solution time to 

around 9 hours for small models, and hou.rs for larger models. 
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10.2.2.2 - Element Surface Normal Vector Considerations 

As noted previously, the creation of the mesh for a double panel system was considerably 

more complex than that for a single, rectangular panel. However, quadrilateral elements 

could still be used for all of the systems studied, since they were made up from a series of 

interconnected rectangular surfaces. This meant that the mesh creation was still fairly 

straight forward. 

However, a problem worthy of discussion arose with regard to numbering the nodes on 

the structural, finite element mesh. 

As mentioned in previous sections every finite element has a surface normal vector, the 

orientation of which is determined by the order of the numbering of the element nodes 

(using a 'right-hand screw rule' type definition). In an acoustic boundary element model 

the orientation of the element surface normal vectors is very important, being used to 

differentiate between the two sides of the mesh. In the case of an enclosed volume, the 

orientation of the surface normal vectors must be consistently in or out. Any 

inconsistency creates a mathematical non-sensibility. 

Such precautions are not traditionally thought necessary for a structural finite element 

model. An example is the SYSNOISE® Instruction Manual [103] which advises that in a 

boundary element analysis the "direction of the element normal vector is of crucial 

importance". No mention is made of the case of a finite element analysis. 

A complete coupled FEM/BEM analysis of a double panel reveals that, although the 

orientation of the element surface n011nal vector is not important in the case of an isolated 

finite element analysis, it does become significant when the finite element model is 

coupled to a boundary element modeL 

This is illustrated in figure 10.2.6, which shows a structural model with inconsistent 

element surface nonnal vector orientations coupled to a boundary element model with 

" ' ) ,j 



( 1I;lpl" r til I . I I I 1 IllIpl '!tldl! Itll'l\ I,q th' .. ,\ ,I I 1'\1 hk P Illi 

consistent element surface nonnal vector orientations. A model in which the element 

surface nonnal vectors have been corrected is also shown on the right hand side of the 

figure. 
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Figure 10.2.6 - A double panel coupled FEMIBEM model with inconsistent (a) and 

consistent (b) structural model element surface nonnal vectors 

The blue arrows in the figure indicate the direction of the structural element surface 

nonnal vectors. As can be seen, in figure 10.2.6(a) the nonnal vectors over the top half of 

the structural mesh have the opposite orientation to those over the bottom half. 

The displacement results, from the coupled solution of each of the systems, are shown in 

figure 10.2.7. 
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Figure] 0.2.7 - The displacement of the surface of a double panel system, with and 

without consistent element surface normal vectors in the structural model 

The figure clearly shows the erroneous results which are obtained for the case of the 

structural model with inconsistent element surface normal vector orientations. The 

solution appears to be correct over the top half of the panel, where the element surface 

normal vectors point outwards. The lower half of the panel, however, shows very high 

levels of displacement. This result is a mathematical non-sensibility, with the surface 

effectively being 'inside out'. 

This sort of result severely degrades the apparent sound transmission loss of such a 

system, since the high displacement sections of the panel transmit high levels of sound. 
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Since SYSNOISE® is not equipped to automatically solve this problem (an automated 

system for checking and correcting inconsistent element surface nOImal vectors is 

provided for boundary element models only) a 'work around' solution was fOImulated. 

Each new mesh which was created was initially imported into a boundary element model 

(see chapter 5) where the automated checking function was used, and any corrections 

made (it is impractical to perform this correction by hand for a large mesh). Any changes 

to the mesh were then saved, and the mesh was exported. The mesh was then suitable for 

use in a structural finite element model. 



10.2.3 - Automation of Procedure 

The number of meshes involved and the complexity of the geometry for the double 

panels required the automation of the geometry and mesh creation process. This was done 

using an Excel® spread sheet to write command files which could be run in Gambit® to 

create a large number of meshes very quickly. 

Figure 10.2.8 shows a portion of the command file required to create geometry and 

meshes in Gambit®. The entire command file contains over 300 lines. 

AS ~~~ 

t , J ... t III III j .. 1 I. ,., 0"" WI j 

~ ,..f, .,1 •• ' 'I' "I ~ I. I .. , Jill ., 10 I! •• 2ao .. 
• " ~ ... •• 4 •• , ·A .... 'l.· 
't . , 1 

., I 
• III t I '" 0 Q , :II I " .. I 

I II. C CI II' din I' 

(' •• r d I " • I 

"' , r I • • • • I. C IJ II r d I " • I , • 

• r 1 ~' • I • d I r _ I 

10 t t ' r , I • I' l: 0 • r d I " • I 

11 r. I I A.I. t o. r ell n ill I 

1"1 'f • I , •• I • din I I , 1 

l :i I • I , I • I • d I /I 10 I 
,. 'I i' ( I , • I c e 0 , f d I II • I 

IE. j ... I I • • I II CO g I d t ~ • I , " 

16 'f t; I I •• ~ I t . I ' I: 0 .; , din _ I • • 

17 -f • I I , I I leo 0 , d I (\ • I 

, 6: ,. • fl •• I din I I • , 

19 ~ • r I (; I ... I' C! IJ, • I d 1 r\ • , 

20 "' • r I I • • I .: C " I d I III • I •• 

JI " • , I • I .. a I teo 0 I d I 1'1 • I , I 

12 't • , I I i I II' d i " .. I 

23 ... . , I II I I • di n ~ I 

204 'J • ( I • I I • is I r· I I 

•. I ' 
G. J I 
G, • I 

•• Q I I 

G, GO. 

G, G G 0 

1.'~ 0.000 
1, '" FO ~ • t '8" 

8 I G, I 8 • 
2 I 0, \I. 
00 0, '" o 0 ·O~ '!I'8', 
2 I ., 9 8 , 

• I 0, a 8 • 
I , 0, a 8 • 
,.. " ~ "'8" 

8 1 1. 1 a I 
2 1 1. 1 a I 
o • I. I.' 
00 '1. 'i',', 
2 I I, 9 I • 

8 1 1. Ii 1 ti 
1. ,.a t. 91ti 

' .. " , B' • 'I' , I- . y • r , 411. , 0' 

!. - I • I , ... 1 I ' 'I' • r I • r I. -

, 2' 'I' " r I •• 5 ' 'I' • f t ' I • ~ 

• h I • y t r "ll ' • y • I , 

• (I I • I I Q n I , .. r I g' ,. r I 

• a • • • I g h I I • I a' • 'I' II I I 

~ • eli g ., ,. It " " , . 4 9 l'! , t I r I ,' • ." I I 

S4' d'lO C I, It '" i Il l Qh' 'I' I r I 3" y • fie. 

"~4 't .. ~\R..cu\Mft.1~_Cam"'kWKi_i7~~r · 
, , ' 

C(,no . .. ...",.~... . ... . . ..:. . Q. ' . r: 
... ..., 

• 

• G 

o 0 

o • 
o 0 

o 0 

o 0 

Q 0 

o G 

o 0 

o Q 

o 0 

o 0 

o 0 

o 0 

o 0 

o 0 

o Q 

o 0 
o 0 

o 0 

, . 
, i 'I 1 9-

I , ' 

9' . ... . I I •• 1 Ii' . 'I' • I I • 

2 ' • r I l ' \ 
it , , . .. J 0' • 'I' • fl. II 1 3' 

, 5' • ~ • I I • .11 ,. • • ..... I I • "' , j' 

I 2' I 0 ' , I II: , l ' y • r I • ~ 

7' Y .. I I . " 6 • • y • r I I 1 S' 
~ ' 

" 

±I ~ ~ ~ t:lO 
----------~----------------

.. _ • x 

'" 

Figure 10.2.8 - A portion of the command file need to create multiple meshes with 

different mesh resolutions in Gambit® 
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Figure 10.2.9 shows the command window, which controls the adjustable parameters In 

the command file. 
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Figure 10.2.9 - The command window which controls the adjustable parameters In the 

command file 

As the figure above shows, details of the geometry and mesh can be easily changed. The 

size and the thickness of the panels can be adjusted, along with the location of any 

horizontal or vertical 'studs'. The number of meshes to be created can be specified, along 

with the maximum element dimension for each mesh. 

This command file system allowed the multiple mesh resolution scheme to be 

implemented expediently since a large number of meshes could be created in the time it 
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would normally take to create one manually. The use ofthis automation was the only way 

in which the meshes required to solve the double panel case over a wide frequency range 

could be created in a reasonable time. This innovation was therefore critical to the 

successful completion of the project. 
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10.3 - FEMIBEM Solution 

After a succession of meshes had been created for a double panel system, a solution for 

the stmctural modes of the system had to be found, as in the single panel case. The 

structural model was then coupled with a boundary element model which utilised the 

same mesh, and the response of the coupled system to airborne excitation calculated. 

This section discusses the additional factors which must be considered when solving for 

the case of a double panel system. 

10.3.1- Calculation Considerations 

Overall, the calculation procedure and solution method were the same as those used for 

the single panel. The main additional factor to consider was the increase in solution time 

due to the increased complexity of the system. Contributing to this increase in solution 

time was the fact that shell elements had to be used in all double panel cases, as opposed 

to the plate elements which were used in the single panel studies. 

When defining the structural model, and solving for the system structural modes, the 

procedure was identical to that described in section 5.2.2 of chapter 5. Material 

parameters and system boundary conditions were defined. The natural system modes 

were then be found, such that all modes with natural frequencies up to twice the 

maximum frequency of interest were accounted for. This step took considerably longer 

than in the single panel case since double panel systems typically contain many more 

modes than single panel systems. 

The procedure for solving the coupled system was also the same as for the case of the 

single panel. As discussed in section 10.2.2.1, the main factor to consider was the number 

of discrete jl'equency calculations required. It was shown that the overall solution time, 
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even using a variable mesh scheme, was prohibitive. Therefore, the upper fi'equency limit 

of the calculation range was restricted to the upper limit of the 315 Hz third octave band. 
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10.3.2 - Automation of Procedure 

It became necessary to completely automate the solution procedure for solution of the 

stl1lctural model and the coupled boundary element/finite element system since the use of 

the variable mesh resolution scheme meant that the stmctural and boundary element 

models had to be created and solved many times, over many different frequency ranges. 

Fortunately, SYSNOISE® processes can be controlled using command files, and the 

calculations thereby automated. As in the case of the command file used in Gambit® to 

create meshes of different resolutions, Excel® was used to create a command files which 

could be executed in SYSNOISE® and could be edited easily using a command window. 

Figme 10.3.1 shows a podion of the command file which was created in Excel®, expOlted 

as a * .pm file and executed in SYSNOISE®. 
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Figure 10.3.1 - A portion of the command file used to create and solve the structural and 

coupled finite elementlboundary element models using a number of different mesh 

resolutions, over a wide frequency range 

The complete command file required for a solution to the upper limit of the 315 Hz third 

octave band contained over 3000 lines. Without this command fLle, each of these 

commands would have had to be entered by hand. This would obviously have made the 

task impractical. 

It is also important to note that without the control window shown In figure 10.3.2, any 

changes to the solution parameters would have required the manual search and 

amendment to the relevant lines in the (3000 line) command file. 
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Figure 10.3.2 - The control window which allowed the alternation of solution parameters 

The use of the command window was therefore critical in the process of creating 

command files which allowed the automation of the SYSNOISE® solution process. As 

can be seen in the figure, the command window allowed all major solution parameters to 

be varied. This included the material properties of the cladding and frame, the solution 

range and the location and resolution of the notional plane over which the transmitted 

sound intensity would be calculated. 

The use of this command file system, along with the one described in the previous section 

meant that the solution of a double panel system was reduced to a very simple process, as 

illustrated in figure 10.3.3. It is interesting to note that this process does not require the 

user to have any experience with the operation of either Gambit® or SYSNOISE® and 

l) 
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could almost be used as a 'black box' tool for the prediction of sound transmission loss in 

double panels. 

Create GambitQi) command file by 
adjusting parameters as required in 
Excel® command window, and saving 
command file as a *.prn file .. ... 

Execute command file in Gambit®. 

The result will be a series of meshes 
with geometry, resolutions and file 
names as specified .. ... 

Create SYSNOISE® command fi Ie by 
adjusting parameters as required in 
Excel<l9 command window, and saving 
command file as a *.prn file 

Execute command file in SYSNOISE®. ... 
The result will be a set of results for the 
sound intensity at each point on the field 
mesh, for each frequency specified, for 
each of the 22 plane wave sources to 
approximate the diffuse incident field 

... 
Run appropriate MatLab® routine to 
process data, and produce sound 
transmission loss curve. 

Figure 10.3.3 - The procedure for the solution of a double panel system usmg a 

FEMIBEM analysis 

As the figure above shows, a final step was required to produce anything useful from the 

analysis. The data generated from the numeIical analysis had to be processed in Matlab® 

in order to produce a sound transmission loss result for the system. 
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10.4 - Conclusions 

This chapter has discussed the additional factors which must be considered when 

conducting a FEMIBEM analysis for the case of a double panel system, compared to a 

similar analysis for a single panel system. 

The creation of the mesh which was used to represent the physical system was discussed. 

It was seen that this was a much more complex a task than in the case of a single panel. In 

both the case of wooden and of steel studs, significant assumptions were required to 

simplify the system enough to allow a reasonab ly expedient solution. It was seen that 

some of these assumptions may have had an effect on the results, since they represented a 

significant deviation from the physical situation. Consequently, the results obtained 

needed to be viewed with caution, and the entire analysis was considered an initial 

approach to what is a complex problem (see section 12.3 of chapter 12). 

The concept of a variable mesh resolution scheme was then discussed, and demonstrated 

the time savings which such a system could offer, compared to a fixed resolution scheme. 

It was seen that only the use of such a scheme, along with the restriction of the 

calculation frequency range, would reduce the calculation time sufficiently to make such 

a study feasible. 

The imp011ance of element surface normal vector orientation was also discussed. It was 

demonstrated that although the element surface normal vector orientation is not important 

for a structural finite element model, it does become significant when the structural 

model is coupled to a boundary element model. This fact is not discussed in any current 

literature, and should be noted by future workers. 

Finally, the automated geometry and mesh creation and solution procedures, which make 

the use of the variable resolution mesh scheme viable, were discussed. As summarised in 

figure 10.3.3, the fmal result was a process which was almost fully automated, thereby 
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allowing the relatively expedient solution for the sound transmission loss of a wide range 

of double panel systems. 
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Chapter Sound Transmission 

11.1 - Introduction 

This chapter discusses the results obtained from the numerical modelling of double panel 

systems. The modelling arrangements and methods used were those described in chapters 

4 and 5, with the modifications described in chapter 10. 

It was hoped that the double panel modelling would allow a detailed investigation of the 

effect of various elements of a double panel system on sound transmission loss. As in the 

case of the single panel, it is possible to undertake many studies in the numeric 

environment which could not be attempted easily using traditional analytical or 

experimental methods. Therefore, it was the aim of this study to use innovative numerical 

methods to investigate the effect of connections between the leaves of a double panel 

system. It was also hoped that size effects could be investigated - a phenomenon which, 

as discussed at length previously, is difficult to investigate by any other method. 

This chapter also compares the sound transmission loss results obtained usmg the 

numerical method with traditional experimental results. Such comparisons are crucial, 

since they provide evidence that the model is indeed functioning correctly. A reasonable 

correlation between the predicted and experimental results was expected, despite the 

assumptions contained in the model (see chapter 10). 
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11.2 - Numerical Results Compared with Experimental Results 

This section compares the results obtained using the numerical model with experimental 

results, for two different systems. The first of these systems is referred to as the 'wall 

cell', and is illustrated in figure 11.2.1. 

10 nun 
plasterboard - -t-,., 

Screws at 
-----< 

300 mm centres 
(TYP) 

950mm 

/ 

I 
I 

I , 

Figure 11.2.1 - The construction of the 'wall cell' double panel system 

10mm 
p las terboard 

1550 nun 

As the figure illustrates, the 'wall cell' was a very simple double panel system, consisting 

of two 10 mm plasterboard sheets attached to either side of a rectangular timber frame. 

The plasterboard was attached to the frame with screws at 300 nun centres. 
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The experimental sound transmission loss of the wall cell was established by mounting it 

in an opening between a reverberation and an anechoic room. The wall cell was clamped 

into the opening around its perimeter, preventing any motion in the timber frame. The 

sound transmission loss was then established using the intensity technique, in third octave 

bands. 

The second system, which was assessed both experimentally and numerically, is refelTed 

to as the 'Clancy wall'. The wall was so named because the design and experimental 

testing for the wall were carried out by Clancy [107]. Figure 11.2.2 shows the structure of 

the 'Clancy wall'. 



10mm 
plasterboard ~ 

Screws at 
282 mm centres 
(TYP) 

1185 mm 

~-5~~ mm_ :-1 

90 by 45 mm 
ti mber frame 

10mm 
..-- plasterboard 

Figure 11.2.2 - The construction of the 'Clancy wall' used In the numerical and 

expelimental studies 

As the figure illustrates, the 'Clancy wall' was somewhat larger and considerably more 

complex than the wall cell - the two plasterboard panels were joined by not only a 

peripheral frame, but by two vertical studs and three horizontal dwangs. Clancy chose 

this configuration since it gave a nominal spacing between the two central studs of 600 

mm. This is a stud spacing which is commonly used in residential framing systems. 



II 11'''':1 t I I , lIll I 11,111 III I. 1\.11 I . , . ul I ".111·1 

The sound transmission loss of the Clancy wall was measured experimentally using the 

intensity teclmique. The experimental sound transmission loss of the Clancy wall is 

shown in figure 11.2.3, compared with that of the wall cell. 

Experimental Sound Transmission Loss 

70 ~ ____ ----------~ ______ ---------------------------------------, 

00 50 -u 
In 
In 
0 

...J 

c: 40 
0 
'00 
In 

E 30 In 
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-u 
c: 
::J 
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CIl 

10 

o L-__________________ ------________ --______ --____ --____________ __ 

1/3 Octave Band Centre Frequency (Hz) 

[ Oancy wall --Wall cell" 

Figure 11.2.3 - The experimental sound transmission loss of the Clancy wall and the wall 

cell 

The figure shows that the largest difference in experimental sound transmission loss 

between the two systems is in the region of the Lower London frequency (LLf) (see 

section 2.3.1). Over the two octaves above the LLf the experimental sound transmission 

loss of the wall cell was considerably higher (10 dB) than that of the larger, more 

complex Clancy wall. 
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At low frequencies the wall cell result shows higher levels of variation between adjacent 

third octave bands than the measured sound transmission loss result for the Clancy wall. 

The wall cell also appears to suffer an earlier onset of coincidence than the Clancy wall. 

This results in the wall cell having a slightly better performance at very high frequencies, 

where the coincidence effect cannot function efficiently for many angles of incidence. 
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11.2.1- Wall Cell Numerical Results Compared with Experiment 

The sound transmission loss of the wall cell was generated using the methods and 

procedures outlined in the previous chapters of this thesis. It was also subject to the 

assumptions discussed in section 10.2.1 of chapter 10. However, it is important to note 

that, of all the double panel systems modelled, the wall cell system was expected to give 

the best results, compared with experiment. This was because the only 'framing' in the 

system was a peripheral frame connecting the edges of the panels (see figure 11.2.1), and 

this frame was rigidly fixed to mimic the experimental situation. The effect of the 

fi-aming or any assumptions contained in the definition thereof should therefore have 

been minimal. 

The numerically predicted results for the sound transmission loss of the wall cell are 

shown in figure 11.2.4. The result was calculated in 1 Hz steps over a frequency range 

from 9 Hz to 449 Hz. This calculation took approximately 8 hours to complete. The 

experimental result for the wall cell is also presented in third octave bands. 

599 
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Experimental Wall Cell Sound Transmission Loss Compared with 
Modelled Wall Cell Sound Transmission Loss 
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Figure 11.2.4 - The predicted and measured sound transmission loss of the wall cell 

The figure shows that there is a reasonable correspondence between the modelled and 

experimental results and that the modelled result is characterised by a series of large, 

resonant dips. 

It appears that, to obtain a good level of similarity between the modelled and 

experimental results when the modelled results are integrated into third octave bands, a 

relatively low level of system damping will be required (~ 0.01). This is quite different 

from the case of a single plasterboard panel, where a relatively high level of damping (~ 

0.1) was required to obtain a good comparison with experimental results. As was 

discussed in section 7.3.13 of chapter 7, there is experimental evidence which suggests 

such a level of damping exists in practice. 

II 
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Predicted and Measured Sound Transmission Loss for a Single 
10 mm Plasterboard Panel 
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Figure 11.2.5 - The predicted and measured sound transmission loss of a single 

plasterboard panel 

The difference in damping level required to make the two systems compare well with 

their respective experimental results is illustrated by the comparison of figures 11.2.4 and 

11.2.5. It can be seen that the predicted sound transmission loss for the waJJ cell is both 

higher and lower than the experimental sound transmission loss over the frequency range 

considered. In contrast, the predicted sound transmission loss for the single panel lS 

almost always lower than the experimental sound transmission loss. 

It is also obvious that, above the LLf, the predicted result for the wall ceJJ is much more 

'irregular' than that for the single panel - which looks 'orderly' in comparison. This 

irregularity was also visible in the expelimental result for the waH cell. 
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11.2.2 - Clancy Wall Numerical Results Compared with Experiment 

The numerical result for the Clancy wall was also generated uSing the methods and 

procedures outlined previously in this thesis. The assumptions discussed in chapter 10 

also apply to the Clancy wall. The effect these assumptions would have on the predicted 

result was not known. 

The result is shown in figure 11.2.6, compared to the equivalent experimental result. The 

numerical calculation was conducted in 1 Hz steps from 9 Hz to 353 Hz. The calculation 

took approximately 48 hours due to the size and complexity of the system. 
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Figure 1] .2.6 - The predicted and experimental sound transmission loss of the Clancy 

Wall 
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The figure shows that there is once again a good level of similarity between the modelled 

and experimental results. However, the frequency range of the modelled results is not 

sufficient to be sure of the accuracy of the prediction over a wide frequency range. 

There are however some problems with the comparison. The first is the fact that the 

fundamental mode of the system is predicted to occur at around 67 Hz. Below this 

frequency the predicted sound transmission loss increases rapidly with decreasing 

frequency. The experimental result shows no evidence of this trend, with the sound 

transmission loss still appearing to drop with decreasing frequency at the lowest 

measured third octave band. There are a number of possible explanations for this 

discrepancy, such as low frequency facility limitations and errors in low frequency sound 

intensity measurement. Since the experimental measurements were made by another 

author, it is difficult to investigate further. 

Overall the result is even more irregular than that for the wall cell. This result would be 

expected however, since the modal response of the system is much more complex. 

In conclusion, the level of similarity between the numerical and experimental results for 

both the double panel systems studied was good. The comparison was more favourable 

for the simple wall cell, with some more significant discrepancies visible for the case of 

the Clancy wall. 



ll- Los~; a Panel 

11.3 - Wall Size and Stud Spacing Affects 

This section discusses the results obtained using the numerical model to study the impact 

of various size changes on the sound insulation of double panels. As noted when 

addressing size affects in single panels, such a study is very difficult to conduct by any 

other method, experimental or analytical. 

Such a study is also wan-anted, as there is some confusion as to the significance of size 

affects in double panels. Some workers have found that, when conducting ISO 140 [85] 

standard sound transmission loss measurements, the spacing of the studs within a double 

panel system has appeared to affect the final result. It has been proposed that having a 

final stud too close to the frame of the wall section will significantly degrade the sound 

insulation of the entire structure. This proposal implies that the sound insulation of the 

end section of the wall was so low that the overall sound transmission loss of the double 

panel system was reduced. This issue is of practical significance since, in many 

situations, the stud spacing of double walls is very irregular due to practical restrictions. 

11.3.1 - The Effect of Cell Size 

This study of cell size was concerned with wall cells, like that illustrated in figure 11.2.1. 

Such cells, of many different sizes, were modelled and the results compared. If the 

statements above regarding the effect of small cells on transmission loss are correct then 

lower sound insulation results would be expected for the smaller cells. 

Since the cells have no framing except the peripheral frame shown in figure 11.2.1, and 

this frame is kept rigid, this study is effectively that of two unconnected panels of various 

sizes. 

To illustrate the changes in sound transmission loss with change in cell size, the first set 

of results in this study investigated the effect of a succession of very small size increases 
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on the predicted sound transmission loss of a wall cell. The five wall cell sizes studied are 

illustrated, to scale, in figure 11.3.1. 

#1-
0.6 m x 0.9 m 041 m 

Figure 11.3.1 - The five wall cell sizes studied to establish the effect of small changes in 

cell size 

Since the width of the wall cells was maintained at 600 mm, the variation in height of the 

cells could be thought of as being representative of the commonly occurring practical 

situation where the horizontal dwang localion varies. 

Figure 11.3.2 shows the numerically calculated sound transmission loss curves for the 

five different wall cells. 
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Figure 11.3.2 - The effect on sound transmission loss of small variations in wall cell size 

The figure clearly illustrates that, as expected, an increase in cell size moves the natural 

modes of the system to lower frequencies. This means the resonant troughs in the sound 

transmission loss curve move to the left. Whether this increases or decreases the sound 

transmission loss depends on the non-resonant behaviour of the system and the proximity 

of each mode to other modes. 

The effect becomes more pronounced, in terms of absolute frequency shift, at higher 

frequencies. It would seem apparent that the method by which the sound transmission 

loss curve of one wall cell transforms to the sound transmission loss curve of a different 

size wall cell is simply by a series of frequency shifts in the natural modes of the system. 

Such changes would not dramatically reduce the sound transmission loss of a small cel I. 
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A wider range of wall cells sizes were then considered. Figure 11.3.3 shows the effect on 

sound transmission loss of changing the height of a very narrow wall cell. 

The Effect of Variations in Wall Cell Size 
X dimension = a.3m, Y dimension = a.3m - 1.2m 
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Figure 11.3 .3 - The effect on sound transmission loss of changes in height of a wall cell 

which is 0.30 metres wide 

The figure shows that the most dramatic change in sound transmission loss is a result of 

the movement of the fundamental mode of the system. In fact, the 0.30 m by 0.30 m wall 

celJ has only one mode below 449 Hz. With each successive decrease in cell size, at 

frequencies above the fundamental mode of the system, a decrease in the number of 

resonant modes, and therefore the level of resonant transmission, appears to lead to an 

increase in sound transmission loss. 

, , 
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This finding is supported by the results shown in figure 11.3.4, for a series of wall cells 

with a constant width of 0.60 metres, and of various heights. 
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Figure 11.3.4 - The effect on sound transmission loss of changes in height of a wall cell 

which is 0.60 metres wide 

The sound transmission loss results presented in the figure are again affected by large 

decreases in the fundamental resonance of the system as the height of the wall cell is 

increased. 

Figure 11.3.5 shows the numericaJiy generated sound transmission loss curves for a series 

of wall cells 0.9 metres in width and of varying heights. 
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The Effect of Variations in Wall Cell Size 
Y dimension;:: O.3m • 1.2m, X dimension;:: O.9m 
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Figure 11.3.5 - The effect on sound transmission loss of changes in height of a wall cell 

which is 0.90 metres wide 

The figure shows that the fundamental resonance of the 0.90 by 1.20 metre system is very 

low. At higher frequencies, the smaller wall cells appear to offer slightly improved levels 

of sound insulation. 

Figure 11.3.6, the final figure in this series, shows the calculated sound transmission loss 

curves for a succession of wall cells wi th a width of 1.20 metres, and of various heights. 
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Figure 11.3.6 - The effect on sound transmission loss of changes in height of a wall cell 

which is 1.20 metres wide 

The figure again appears to show a slight increase in the high frequency sound insulation 

of the smaller panels. This affect appears to be due to a decrease in the number of modes 

occurring in the frequency range of interest. The resonant transmission associated with 

such modes is therefore reduced. 
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11.3.2 - The Effect of Stud Spacing 

Whereas the prev ious section sought to investigate the effect of s ize on the sound 

transmission loss of ' wall ce ll s', tltis section investigates the effect of stud spacing within 

a double panel system of cons tant lateral extent. Figure 11 .3.7 illustrates this difference, 

along with the various cases which were studied. 

Sect ion 11.3. 1 - ' Wall cells' of varying sizes , peripheral frame only 

DoD oQO 
Sect ion 11.3 .2 - Wall s of constant s ize, varyi ng internal frame arrangement 

Cas~ (A) Ca~ (8) 

AIiCases - WaliSize - I.14mbyI.916m 
Wall Th;clmes~ E 90 mm 
Fl4ming = 90 mm by 45 mm PiDe 

Case (C) C ase (D) Case (E) 

Figure 11.3.7 - T he di ffe rence berween this and the prev ious sec tion, and the five cases 

studied 

As indicated in the figure, all the walls studied in this sec tion measured 1.14 metres by 

1.976 met res and were 90 mm thick and clad in a single sheet of 10 mm plasterboard 

each side. The da rk li nes on the figure show the position of the framework within each of 

the double panel constructions. 

hi t 
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It can be seen that 'Case (A)' contains no internal framing, making it a simple wall cell 

which measures 1.14 metres by 1.976 metres. 'Case (B)' contains one horizontal, 

centrally located dwang. 'Case (C)' contains one horizontal and one vertical member 

which divide it into four equal parts. 'Case (D)' contains the same horizontal member, 

but also contains two vertical studs. These studs are 600 mm apart, and are symmetrically 

placed within the wall. The final system, 'Case (E)', is identical to 'Case (D)', with the 

exception of the horizontal member, which has been removed. 

For each of the cases shown the sound transmission loss was calculated usmg the 

techniques outlined earlier in this report. The results were then compared to assess the 

effect ofthe various stud spacings and orientations. 

Figure 11.3.8 shows the calculated sound transmission loss for cases (A) and (B). The 

difference in predicted sound transmission losses represents the change caused by the 

addition of the horizontal stud to the basic wall cell of case (A). 
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The Effect on Calculated Sound Transmission Loss of the Addition of a 
Single Horizontal Stud to a Wall Cell 
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Figure 11.3.8 - The effect of a horizontal stud on the sound transmission loss of a double 

panel 

It is clear from the figure that the fundamental frequency of the system increases with the 

addition of the horizontal stud. This char,ge is to be expected since the stud stiffens the 

system considerably. It is also evident that the lower London frequency of the system 

remains the same in both cases. Traditional theories would predict that the stud would 

either degrade the sound transmission loss of the system by acting as a 'direct 

transmission path' between the leaves, or that it would increase the sound transmission 

loss by adding mass into the system. 

In an attempt to reveal any trends in the data presented in figure 11.3.8, the difference 

between the two transmission loss results is shown in figure 11.3.9. This difference can 

.J 



be thought of as the improvement in sound transmission loss which is associated with the 

addition of the single horizontal stud_ 

Improvement in Sound Transmission Loss with the Addition of a Single 

Horizontal Stud 
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Figure 11.3.9 - The improvement in sound transmission loss with the addition of a single 

horizontal stud 

The figure shows that although there are localised effects due to the relocation of system 

modes, there appears to be no overall trend over any part of the calculation frequency 

range. The modelled systems do not contain any damping, the inclusion of which would 

further reduce the localised resonant differences between the two sets of data. 

Figure 11.3.10 shows the calculated sound transmission loss curves for the case with no 

internal framework (case A) and that with a single horizontal and single vertical stud 

(case C). 
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figure shows that, once again, the fundamental system resonance is affected by the 

addition of the studs. The Lower London frequency again appears to be unaffected. 

11.3.11 the sound transmission the double with a 

horizontal stud (B) compared to that of the double panel with a sjngle horizontal stud and 

a single vertical stud. 
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stud 

Major trends are d ifficu lt to distinguish in the figure, except for the change in 

fu ndamental frequency and the consistency of the Lower London freq uency. 

The di fferences between the sound transmission loss curves shown in figures 11.3.10 and 

11 .3.11 are shown in figure 11.3. 12. The fi rst curve therefore represents the change in 

sound transmission loss if a s ingle horizontal stud and single vertical stud are added to a 

dou ble panel. The second curve represents the change in sound transmission loss which 

results the addition of a single vertica l stud to a double panel which already contains a 

single horizomal stud . 
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Figure 11.3.12 - The improvements in sOlU1d transmission loss achieved by adding a 

vertical stud to a double wall with a horizontal stud, and by adding a horizontal and 

vertical stud to a system containing no studs 

The figure clearly shows that considerable low frequency improvement can be acrueved 

by adding a vertical stud to a double wall with a horizontal stud, or by adding a horizontal 

and vertical stud to a system containing no studs. This improvement is far greater than in 

the situation where a single horizontal stud is added to a system containing no studs (see 

figure 11.3.8). 

However, above the Lower London frequency the changes in sound transmission loss 

introduced are of the same order and fonn as those shown in figure 11.3.9. Again, there 

appears to be no 'net' effect visible over this frequency range due to 'bridging 

transmission' or the increase in the overall mass of the system. 
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Figure 11.3.13 shows the calculated sound transmission loss curves for the final two 

systems studied - the system with two vertical studs (case C), and the final system with 

two vertical studs and one horizontal stud (case D). Since the spacing between the two 

vertical studs was set at 600 mm (a stud spacing commonly used in practice), trus 

comparison is essentially a study of the effect on sound transmission loss of adding a 

horizontal dwang to a double wall system. 
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Figure 11.3.13 - The sound transmission loss of a double wall with 600 mm stud spacing, 

with and without a horizontal dwang 

The figure shows the changes in fundamental frequency which were expected. It also 

appears to show some improvement in the sound transmission loss of the wall upon the 

removal of the horizontal stud, at frequencies above the Lower London frequency, 
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Finally, to further illustrate the similarities and trends which are visible in the results, the 

sound transmission loss results for all of the cases are shown in figure 11.3.14. 
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Figure 11.3.14 - The calculated sound transmission loss results for all five cases 

'000 

The figure clearly illustrates the important features of the sound transmission loss curve 

of a double panel with internal framework. Below the fundamental system resonance the 

system response is stiffness controlled and the sound transmission loss rises rapidly with 

decreasing frequency. Between the fundamental system resonance and the Lower London 

frequency the sound transmission loss is relatively low, and dominated by resonant 

transmission troughs. The extent of this region is governed by the frequency difference 

between the fundamental resonance and the Lower London frequency. Above the Lower 

London frequency, the sound transmission loss appears to be relatively independent of 



I J Transmission Panel 

stud configuration. Localised irregularities occur due to differences in the resonant 

response of each system. 
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11.4 - The Effect of Stud Properties 

This section presents and discusses the results obtained using the model to investigate the 

effect on sound transmission loss of various srud properties. The wall geometry which 

was used in all of the cases is shown in figure 11.4.1. 

I-- 1.14m 

\ 

I 

I 
I 
j 

I 1.98 m 

Figure 11.4.1 - The framed double panel used in the srudy of srud properties 

As the figure illustrates, a framed double panel system measuring 1.14 metres by 1.98 

metres was modelled. The panels were 90 mm apart, separated by a peripheral frame and 

contained a single, centrally located, horizontal and vertical srud. 

The nwnerical modelling was carried out as described previously. Several different cases 

were srudied, with the 'frame' having different material properties in each case as 

described in Table 11.4.1. 



( ' It:lpt'/ II 

Table 11.4,1 - The cases studied to assess the effect of stud material on sound 

transmission loss 

Case Density 
Young's 

Thickness Description Modulus 
Number (kg/m3) (GPa) (m) 

1 Riqid Stud ~ ~ 0.01 
2 Wooden Stud 440 11 0.045 
3 Steel Stud 7870 200 0.002 
4 Heavy, Limp Stud 7800 11 0.02 

5 Light, Stiff Stud 440 200 0.02 

Five different cases were studied. In the first, the framing was defined as rigid meaning 

all elements which formed part of the framework could not move or rotate. The second 

two cases studied wooden and steel studs respectively. Results for the wooden stud with 

the wall configuration had already been obtained as part of the previous section. The final 

two cases did not correspond to any real material, but sought to explore the effects of 

taking the stud properties to extremes. In case 4, the effect on sound transmission loss of 

studs with the mass of steel but the low stiffness of wood, was investigated. In case 5, a 

light stiff stud, with the mass of wood but the stiffness of steel, was modelled. 

Figure 11.4.2 shows the nwnerically calculated sound transmission loss for the framed 

double wall with rigid studs (case 1), compared to that for the same wall with wooden 

studs (case 2). 
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Figure 11.4.2 - The calculated sound transmission loss of a framed double panel with 

rigid studs, and that of the same panel with wooden studs 

The figure shows that the sound transmission loss for both cases is very similar, 

indicating that over the calculation frequency range the properties of the studs have little 

effect, so long as they are at least as heavy, stiff and thick as wooden studs. In places 

however, the sound transmission loss of the rigid stud wall appears to be slightly higher. 

It is obvious that tills difference is due to slight differences in the modal response of the 

two systems. Between the fundamental frequency of the system and the Lower London 

frequency the rigid stud performs more poorly than the wooden stud. Above the Lower 

London frequency however, the levels of resonant transmission in the rigid stud wall 

appear to be lower, leading to some slight increases in sound transmission loss. 

Figure 11.4,3 compares the calculated sound transmission loss curves for cases 2 and 3 -

the wooden stud double panel compared to the steel stud double panel. 
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Frequency (Hz) 
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Figure I 1.4.3 - The calculated sound transmission loss of a framed double panel with 

steel studs, and that of the same panel with wooden studs 

The figure shows that the differences between a wooden stud double panel and a steel 

stud double panel are more significant than those between a wooden stud double panel 

and a rigid stud double panel. The steel stud wall appears to have a higher number of 

resonant modes. It is interesting to note however, that when these results are viewed in 

third octave fonnat, this increase in resonant transmission does not lead to a decrease in 

sound transmission loss in the relevant third octave band. Rather, the wooden stud wall 

has fewer modes, but these are more active in transmitting sound, and the steel stud wall 

has more resonant modes, which are less active in transmitting sound. 

Figure 11.4.4 shows the two most extreme cases studied - case 5 (light, stiff studs) and 

case 4 (heavy, limp studs). 
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Figure 11.4.4 - The calculated sound transmission loss of a framed double panel with 

light, stiff studs, and that of the same panel with heavy, limp studs 

The figure shows that, as expected, there is quite some difference between the sound 

transmission loss curves for these two cases. Case 4, with the heavy limp studs, has a 

lower fundamental system resonance than case 5, with the light stiff studs. This is quite a 

remarkable change in overall system response when it is remembered that the studs are 

only a small part of the complete framed double panel system. The Lower London 

frequency of the systems appears to remain the same, and their sound transmission loss 

above this frequency appears to be fairly similar. The resonant responses of the two 

systems are however now quite different. 



It is interesting to note that the change in the sound transmission loss of the systems when 

going from light, stiff studs to heavy, limp studs is very similar to the changes seen in the 

previous section when going from a wall cell with no internal framework to a system with 

horizontal or vertical studs. 

Figure l1A.5 compares the calculated sound transmission loss of the double wall with 

wooden studs to that of the double wall with light, stiff studs. These walls both therefore 

contain studs of the same mass, but of different stiffness. There is also a difference in the 

thickness of the studs between the two cases (20 mm compared to 45 mm). 
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Figure l1A.5 - The difference in sound transmission loss resulting from a change In 

stiffness of studs with a density of 440 kg/m3 
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The results appear to be fairly similar, indicating that the stiffness of wooden studs has 

little influence on the smmd transmission loss of the double wall of which they are a pati. 

This is a pleasing finding, since the stiffness of real wooden studs is highly variable, both 

with direction within a piece of timber, between different pieces of timber and over time. 

A detailed discussion of some of these variations can be found in [55]. 

There does appear to be some slight increase in sound transmission loss at low 

frequencies associated with the increase in stud stiffness. However, to counteract these, 

there appears to be some slight decreases above the Lower London frequency. It should 

be noted that a more dramatic effect would be expected if the thickness of the studs was 

the same in both cases. However, the thickness of the limper studs (case 2) is the greatest, 

suggesting their reduced stiffness may be partially compensated for. 

Figure 11.4.6 shows the sound transmission loss curves for cases 3 and 4. These curves 

represent the change in sound transmission loss which results from a change in the 

stiffness of a heavy stud. Once again the change in stiffness is accompanied by a change 

ill thickness, and once again the thickness of the limper stud is increased, re-stiffening the 

system to some extent. 
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Figure 11.4.6 - The difference in sound transmission loss resulting from a change In 

stiffness of studs with a density of 7800 kg/m3 

The effect of the change in stiffness in this case is much more dramatic, leading to the 

conclusion that changes in the stiffness of very heavy studs are much more critical to the 

overall sound transmission loss of the structure of which they fonn a part. Again, this 

finding is pleasing since the stiffness of studs made from dense materials (commonly 

steel) can be strictly controlled. 

The figure shows that the influence of the heavy studs is such that a change in stiffness of 

the studs will significantly affect the stiffness of the entire wall system, thereby changing 

the fundamental system resonance. The limp studs appear to give superior sound 

insulation above the Lower London frequency. 
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11,5 - The Effect of Cladding Propertie~ 

This section addresses the effect on sound transmission loss of changes in the properties 

of the cladding of double wall systems. The framed double panel system used in this 

study is the same as that used in the previous section, and shown in figure 11.4.1. The 

study was restricted to assessing the effects 0 f changes in the thickness (and therefore the 

mass) of the cladding. The material density (660 kg/mJ
), stiffness (2.4 GPa) and 

Poisson's ratio (0.22) of the Cladding were always kept constant. 

Table 11.5.1 - The various double panel systems for which the sound transmission loss 

was calculated 

Case 
First Panel Thickness Second Panel Total Wall Thickness 

(mm) Thickness (mm) (mm) 

A 10 10 110 
B 10 18 118 
C 10 24 124 
D 10 26 126 
E 14 22 126 
F 18 10 118 
G 18 18 126 

These seven cases allowed a number of aspects of the problem to be studied, each of 

which will now be discussed. 

Figure 11.5.1 shows the sound transmission loss curves for cases C and D. As table 

11.5.1 shows, both of these systems have a front panel which is 10 nun thick. The back 

panel in case C is 24 mm thick, and in case D is 26 mm thick. The figure is therefore a 

study of the effect on sound transmission loss of changing by a very small amount (2 

nun) the thickness of one of the panels, which clad a framed double system. 
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Figure 11.5.1 - The effect on calculated sound transmission loss of a change of 2 mm in 

the thickness of one panel in a framed double panel system 

The figure shows that the change in sound transmission loss associated with a small 

increase in thickness of one of the panels is very slight. The sound transmission loss of 

the system with the thicker panel appears to have increased linearly at frequencies below 

the Lower London frequency. At frequencies above this the change in the panel has 

altered the resonant response of the system, leading to improvements in the sound 

transmission loss of the majority of the range. 

Figure 11.5.2 shows three sound transmission loss results representing systems with more 

dramatic changes in the thickness of the back panel. The thickness of the second panel is 

increased, from 10 mm in case A, to 18 mm in case B and finally to 24 nun in case C. 
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Figure 11.5.2 - The effect on calculated sound transmission loss of changes In the 

thickness of one panel in a framed double panel system 

The figure shows that the sound transmission loss of the system appears to be simply 

increasing due to the mass which is added as the second panel becomes thicker. It is 

difficult to draw any conclusions about the effect of the 'mismatching' of the front and 

back panels since the overall system mass is not staying the same. 

Figure 11.5.3 therefore, shows the changes in sound transmission loss associated with 

having cladding of different masses on the front and back of a framed double panel 

system, whilst maintaining constant overall mass. The sound transmission loss curves for 

cases D, E and G are shown. 

1 1 
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The Changes in Sound Transmisison Loss Asscociated with Changing 
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Frequency (Hz) 

__ Case D - Front Panel 1 0 rrm, Back Panel 26 rrm 

_ _ Case G - Front Panel 18 rrm, Back Panel 18 rrm 

__ Case E - Front Panel 14 rrm, Back Panel 22 rrm 

Figure 11.5.3 - Changes in the sound transmission loss of double panels with constant 

total mass 

The figure shows there are clearly some improvements in sound transmission loss for the 

case of the double wall with very different cladding masses on each side. The dip 

associated with the primary structural resonance of the system not only moves to lower 

frequencies, but is not as severe as the difference in mass between the front and back 

faces of the system is increased. The major advantages are in the vicinity of the Lower 

London frequency - at higher frequencies the results appear to converge. 

It should be noted that, according to conventional wisdom and validated by experiment, 

having cladding of different masses on each side of a double wall will also lead to 

significant improvements in the coincidence region. It commonly accepted that this is due 

to the different coincident frequencies of the front and back panels. 
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The results from this project support this theory. Even through the results obtained were 

limited to relatively low frequencies, they show that there are higher levels of resonant 

transmission for the cases where the double wall has the same cladding on each side. The 

two cases which illustrate this (case A and case G) are shown in figure 11.5.4. 
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Figure 11.5.4 - The severe resonant effects in the cases with symmetrical cladding 

The transmission loss curves for the two cases illustrated show a reduced number of 

resonant troughs, compared to the asymmetrically-clad systems shown in previous 

figures. The depth of the resonant troughs is however significantly greater. 

Since coincidence is a resonant affect a similar, but more pronounced, relationship 

between symmetrical cladding and high levels of transmission would be expected. 
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The final figure in this section compares the calculated sound transmission loss of a 

double panel system with 10 mm front and 18 nun back cladding (case B) to one with 18 

mm front and 10 mm back cladding (case F). The systems in these two cases are therefore 

the same, except with the transmission direction through the wall reversed. Traditional 

reciprocity theory suggests that the sound transmission loss must be the same in both 

these cases. 
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Figure 11.5.5 - The sound transmission loss of two identical walls, with opposite incident 

sound transmission direction 
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The figure clearly shows that the transmission loss is different depending on the 

transmission direction. The reason for this is not clear since the two systems were 

identical in all other ways. 
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11.6 ~ Conclusions 

The aim of this chapter was to model a variety of double panel systems in order to obtain 

a better understanding of how changes to various system parameters affect the sound 

transmission loss of the overall system. Areas of interest included the arrangement of the 

framing connecting the two panels, the size of the systems and the symmetry of the 

system cladding. 

The first section compared numerically calculated sound transmission loss results with 

equivalent experimental results. Good correspondence was seen, especially for the case of 

a simple 'wall cell' with minimal internal framework. 

The second section investigated system size and stud spacing effects. It was found that 

the size of individual 'wall cells' had a significant impact on their sound transmission 

loss. Smaller cells had a higher fundamental system resonance, and higher sound 

transmission loss above the Lower London frequency. Changing stud spacing whilst 

maintaining constant overall wall size was seen to have a similar effect on the 

fundamental system resonance. However it produced no significant changes in sound 

transmission loss above the Lower London frequency. 

The effect of the material properties of the framework was also investigated. The results 

showed that the sound transmission loss results for a system containing rigid studs and 

for a system containing wooden studs were very similar. The response of systems 

containing wooden studs and systems containing steel studs were somewhat different 

however. Changes in stud stiffness were seen to have minimal effect in light-weight 

studs, but to have a significant effect for heavy studs. 

The final section investigated the influence of symmetry in the cladding of a double panel 

system. The results showed that a system with extremely different cladding masses on 

each side had a higher sound transmission loss than a symmetrical system. Symmetrical 

systems were seen to suffer from heightened levels of resonant transmission. 



Chapter 12 - Conclusions 

12.1 - Introduction 

The aim of the first section of this chapter is to draw together the important results and to 

summarise the significant findings of this research. The second section of the chapter 

proposes and discusses some avenues for future research, in light of the conclusions 

drawn from this work. 

12.2 - Conclusions 

The first chapter of this thesis discussed the aims of the project, the foremost of which 

was to develop a fundamental understanding of how sound is transmitted through double 

leaf walls. This was to be done by accurately modelling the sound transmission loss of a 

lightweight wall using finite element techniques. 

The second chapter reviewed past work which investigated sound transmission through 

single and double panels. It was concluded that much work had been done, especially in 

the less complex area of sound transmission through single panels. However, the overall 

theme of the literature review was that although a lot is understood regarding the 

transmission of sound through both single panels and double panel constructions, a 

method of accurately predicting the sound transmission loss of these constructions does 

not exist. The methods which do exist typically give reasonable estimates over a 

restricted frequency range. 

The third chapter discussed experimental work which was conducted in an effOli to study 

in detail various aspects of sound transmission through framed and unframed single and 

double panel systems. Initially, a study of the effect of angle of incidence on sound 

transmission loss was undertaken. However, no conclusions could be drawn from the 

i,; " 



resul ts obtained due to the likelihood that significant experimental errors had 

compromised the results. 

The rest of the study focused on measurements of various parameters for a panel system 

hanging in an anechoic environment. It was found that for a panel of the size used in the 

experiment (0.64 metres by 1.20 metres) diffraction or sound around the panel was much 

more significant than transmission through it. Complex patterns exist in the sound field 

behind the panel, and these could be visualised using sound pressure and sound intensity 

measurements. Acceleration measurements showed that the vibration of a single panel 

was dramatically effected by the addition of an unconnected second panel, a frame or a 

connected second panel. Sound pressure measurements within the cavity of the double 

systems provided insight into the role of cavity modes in enhancing and inhibiting the 

transmission of sound. 

Chapter four discussed, in broad tenns, how a combined finite element and boundaty 

element analysis was used to simulate a sound transmission loss test. The requirements 

for the incident sound field were discussed at length, and a decision made to approximate 

the diffuse incident field using a collection of plane wave sources. It was also detelmined 

that the transmitted sound intensity would be calculated directly, using the sound 

intensity transmitted into a semi-anechoic receiving environment. The final section of the 

chapter discussed the way in which the sound transmission loss specimen would be 

numerically represented, and concluded that the use of two-dimensional elements was 

acceptable over the majority of the audible fi-equency range. 

The first half of the fifth chapter outlined how the numerical modelling was implemented, 

using the resources available for the project. It was seen that Gambit®, SYSNOISE./[9 and 

Matlab® were the most heavily used programs. The second half of the chapter discussed 

some of the restrictions which applied to the numerical analysis. It was seen that the 

range of application of the modelJing was detemlined by the computer power available, 

and that there seemed to be no high-frequency limit to the application of the technique. 



The results presented in chapter six sought to establish the ability of the numerical model 

to reproduce various experimental results relating to the transmission of sound through, 

and diffi'acrion around, Iiamed and unfi'amed single and double panel systems in an 

anechoic environment Despite some minor differences between the modelled and 

experimental situations, a high level of agreement was seen between the results. This 

agreement was seen over a wide range of parameters, including sound pressure, panel 

displacement and sound intensity. The modelled results proved very useful when seeking 

to understand the detail of what was occuning, since a far greater depth of data was 

available from the model than was available from the experimental results. 

Chapter seven discussed the application of the numerical model to single panel sound 

transmission loss specimens at sub-critical frequencies. It was concluded that the model 

could be used to gain an appreciation of the transmission mechanisms at work in a single 

panel. Issues surrounding the sound incident on a single panel were investigated, and 

Guy's theory [27] regarding the reaction of odd-odd panel modes to nOlmally incident 

plane waves was shown to be conect. It was also concluded that large changes in sound 

transmission loss which appear to occur with changes in angle of incidence when using 

various theoretical methods are due to the methods themselves and do not reflect the 

reality of the situation. The sound transmission loss of a single panel allowed to vibrate in 

its fundamental mode only was shown to be a measure of the non-resonant transmission 

of a finite panel. 

Chapter eight extended the analysis of the prevIOUS chapter to frequencies above the 

critical frequency. The results showed that a coupled finite element, boundary element 

model was capable of predicting coincident behaviour. The model clearly illustrated the 

coincidence mechanism, showing that it was based on the optimisation of both spatial and 

temporal conditions. The detail of how the mechanism operated was investigated. The 

study was therefore very successful and completely explained the phenomenon of 

coincidence in finite panels. 



Chapter nine presented a senes of numerically-generated results based on a 10 mm 

plasterboard panel. The variation of predicted sound transmission loss with changes in 

mass was shown to be in agreement with that predicted by the 'mass law' and provcn by 

experiment. Changes in panel stiffness were shown to only have a minor effect. 

Decreases in panel size were shown to increase the predicted sound transmission loss. 

The study of the effect of panel boundary conditions on predicted sound transmission loss 

showed that clamped boundaries produced higher levels of transmission than simply

supported boundaries. 

Chapter ten discussed additional factors which had to be considered to extend the 

numerical analysis to include double panel systems. It was seen that several assumptions 

had to be made when defining the mesh, in order to simplify the problem sufficiently to 

allow an expedient solution. Additional schemes for fUlthcr reducing the calculation time 

wcre also discussed. Thc most advantageous method proved to be the 'variable mesh' 

approach. The final sections of the chapter discussed how the calculation procedure was 

automated, since the modelling process was now so complex that automation was the 

only way to make its implication practical. 

Chap tel' eleven aimed to provide a better understanding of how changes to various doublc 

panel system parameters affect the sound transmission loss of the overall system by 

presenting a series of computcd results for double panel systems. In order to establish the 

validity of the double panel model, the first section of the chapter compared several 

modelled results with their experimental counterpat1s. It was concluded that the model 

could reproduce the experimental result with reasonable accuracy. An investigation was 

then undertaken of system size and stud spacing effects. It was found that smaller systems 

exhibited higher sound transmission losses. Changes to stud spacing, whilst maintaining 

constant overall system size, did not have a significant effect on the sound transmission 

loss over the frequency range considered. 

The acoustic significance of the material from which the internal framework of a doublc 

waH system was constructed was investigated. 1t was found that changes in stud stiffness 



are relatively unimpOltant for light studs, but are rather significant for systems with heavy 

studs. The final section of the chapter investigated the effect of having cladding of 

different masses on each side of a double pane] system. It was found that a system with 

cladding of different masses on each side offered some acoustic insulation advantages 

over a symmetrical system. 

The project therefore illustrated that a numerical approach can be used to predict sound 

transmission loss, for systems relevant to building acoustics, with great accuracy. The 

project was successful in applying a numerical model to develop a fundamental 

understanding of how sound is transmitted through single panels. The results were seen to 

explain every aspect of the 'finite single panel' problem with a greater degree of ce11ainty 

than any other known approach, experimental or analytical. 

The project went some way towards developing a fundamental understanding of how 

sound is transmitted through double leaf walls, however this investigation was limited by 

computational and time restlictions. There is evelY reason, however, to believe that the 

numerical method will be able to explain every aspect of sound transmission through 

double walls, given sufficient resources. 



H.3 Future Work 

As discussed in the section above, and in many of the preceding chapters, this project 

used a numerical model to completely explain sound transmission through a thin finite 

panel. However, it only began to apply the same teclmique to the problem of a double 

panel system. 

There is therefore much work to be done studying the application of the numerical 

method to 'building acoustics size' double panel systems. As the final chapters of the 

project showed, this is a much more complex situation than that of a single panel, and so 

will require much more work. The areas that would need special attention are outlined 

below. It is expected that each of these areas of investigation would entail a number of 

years of research. 

Double Panel Connection Systems 

A comprehensive study is needed to enable the accurate and expedient modelling of the 

connections within a double panel, and the various resiliency systems which are used to 

increase the sound transmission loss of double panel systems. This project assumed the 

studs were connected to the cladding continuously, and modelled the studs using two

dimensional shell elements. In reality the cladding is attached to the framework with 

point and quazi-pointlline connections, and studs with complex cross-sections and 

various thicknesses are used. 

Such a study would therefore seek to include such factors in the numerical model, whilst 

still allowing the model to be solved with reasonable expediency. When such a model had 

been established, the effect of a large number of param'eters could be investigated and 

understood. Such parameters include point connection spacing, the significance of other 

connection types which exist in practice and the optimisation and function of resilient 

components in a double wall system. 



Double Panel Damping 

This project did not seek to include damping in the double panel model. A comprehensive 

study is needed to assess the significance and effects of damping and thereby deduce the 

best way to include damping in the numerical model. The type of damping to include in 

the model is a crucial decision which must be made. The easiest way to include damping 

in the current model is by introducing modal damping for each of the system modes. 

However this damping is situation specific, changing for each double system. A much 

better scheme would include damping in the definition of the material properties of each 

system component (complex Young's modulus). There are however additional fonns of 

damping within the system, resulting from the relative motion of the system components, 

which such an approach would not address. Many other problems exist with the complex 

Young's modulus method, including the propensity of hysteretic damping to vary with 

frequency, and the lack of COlT elation between the complex part of the Young's modulus 

and any measurable parameter. 

Double Panel Cavity Absorption 

The double panel model used in this project did not attempt to include the effect of sound 

absorption in the cavity. However, almost always in practice absorption will be placed in 

the cavity of double walls, since it increases the sound transmission loss appreciably. A 

number of options for including the effects of such absorption in the model exist. The 

most efficient and accurate method of doing this must first be established. Upon the 

fonnulation of a suitable model which includes this effect, many studies could be canied 

out to assess the effect of a wide range of parameters thought to be of importance. The 

two most commonly discussed variables are the properties of the absorption, and it's 

placement within the cavity. The fonnulation of a complete understanding of the effect of 

cavity absOlption would be of great practical importance. 

Single Pallels 

Aside from this work conceming double panels, much work could still be done using the 

model developed for single panels. A wide range of different materials could be 



modelled, including composites. The model could also be modified to include the effect 

of ribs, holes and other more complex geometries. 
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Appendix A - Matlab® Routines for Processing Experimental Grid Data 

Appendix Al- Matlab® Routine to Create Contour Plots from Experimental Sound 
Pressure Grid Data 

% Jeremy Trevathan 09_02_05 
% This program takes sound pressure results, measured over a rectangular grid and downloaded straight from a BandK 
% 2260 Sound Analyser to a single Excel file and produces a contour plot for each third octave 
% frequency band 

% Clear all variables 
echo off 
cle 
clear all 

% Change directory to the one which contains the downloaded data 
cd c:ICremers_Eqn 

% Read sound pressure data from Excel file "Sound_Field_Data.xls" 
[ndata] = xlsread(,SoundJield_Data.xls'); 

% Read third octave band names from Excel file "Frequencies.xls" 
[mdata] = xlsread(,Frequencies.xls'); 

% Set minimum and maximum sound pressure levels to be used as the limits on 
% the contour plots 
min = 56.3; 
max = 90.8; 

% Set initial values for counting variables 
fcc = 1; 
fcs = 2; 

% Initiate a loop which produces a contour plot for a single third octave 
% band per cycle (24 bands to be plotted in this case) 
for place = 0:1 :23; 

% Initiate a loop for each column of the data matrix (five columns 
% in this case) 
for i = 2:2:10; 

% Initiate a loop for each row of the data matrix, adjusted to 
% find the correct rows for the third octave band under 
% consideration 
for j = (3+place):25:(178+place) 

% Compile matrix "Fc" by extracting the data for the third 
% octave band under consideration from the matrix "ndata" read 
% from the Excel file 
Fc««j+25)-(3+place))/25),(iI2)) = ndata(j, i); 

end 

end 

% Set up the x, y and z variables to be used in the contours plot. Y 
% contains a list of the row locations, X of the column locations, and Z 
% the sound pressure data for each X-V coordinate 
y = [0306090120150180210]; 
x = [0 35 70 95 130] ; 
Z = Fc; 

% Set up the splining variables 
yy=0:1:210; 
xx = 0 : 1 : 130; 
yy1 = interp2(x,y,z,xx,yy','spline'); 

% Create 'freq' • the centre frequency of the third octave band under 
% consideration 
Freq = mdata«place+1) , 1); 

% Create the contour plot 
figure (fcc) 
contourf(xx, yy', yy1, 25); 
axes(gca); 



axis equal 
caxis([min max]); 
colorbar; 
titlel['Single Hanging Panel, Sound Field 1.20m from Ooor at, " inI2str(Freq), ' Hz']) 

% Increase oUllting variables 
fcc fcc + 1 
fcs= fcs +2 

end 



Appendix A2 - Matlab® Routine to Create Contour Plots from Experimental 
Acceleration Gl"id Data 

% Jeremy Trevathan 09_02_05 
% This program lakes acceleration results, measured over a reclangular grid and downloaded straight from a BandK 
% 2260 Sound Analyser and produces a contour pial for each Ihird octave 
% frequency band 

% Clear all variables 
echo off 
cle 
clear all 

% Change directory to Ihe one which conlains the downloaded dala 
cd c:ICremers_Eqn 

% Read sound pressure data from Excel file "Accel_Results_S.xls" 
Indata] = xlsread('Aecel_Results_S.xls'); 

% Read third octave band names from Excel file "Frequencies.xls" 
Imdata] = xlsread('Frequeneles.xls'); 

% Set minImum and maximum acceleration levels to be used as the limits on 
% the contour plots 
min::::; 0; 
max = 40; 

% Set Initial values for counting variables 
fcc = 1; 
fes= 2; 

% Initiate a loop which produces a contour plot for a single third octave 
% band per cycle (23 bands to be plotted in this case) 
for place" 1:1:23; 

% Loop for each column of the data matrix 
for I = 2:1:7; 

% Loop for each row of the data matrix 
for j = (2+place):25:(277+place) 

% Compile matrix "Fc" by extracting the data for the third 
% octave band under consideration from the matrix "ndata" read 
% from the Excel file 
Fc«((j+25)-(2+plaee)}125),(I-1}} = ndalaij, jl; 

end 

end 

% Set up the )t, y and z variables to be used in the contours plot. Y 
% contains a list of the row locations, X of the column localions, and Z 
% Ihe sound pressure data for each X-V coordinate 
Y = 10 10 20 30 40 50 60 70 80 90 100 110 ]; 
x = 10 10 20 30 40 50]; 
l. = Fc; 

% A loop Is set up to establish the range of the data for the contour 
% plot In question 
zmin = 100; 
zlTIax = 0: 

for rl = 1:6 

forrj=1:12 

n= z(ri,Ti); 

if rl< zmln 
zmin = n; 

end 

If rl> zmax 
zmax= rf; 

end 

end 



end 

rangee = round(zmax - zmin); 

% Set up the splining variables 
xx = O· 1 : 50; 
yy = 0 : 1 : 110; 
yy1 = interp2(x,y,z,xx,yy','spline'); 

% Create 'freq' - the centre frequency of the third octave band under 
% consideration 
Frflq = mdata((place+1), 1); 

% C reate the contour ptot. Rangee is used in the plotting function to 
% give a graph with a change of 1 dB between successive contour lines 
rogure (Icc) 
contourf(xx, yy', yy1, rangee); 
axes(gca); 
axis equat 
caxis([min max]); 
colorbar; 
lille(['Single Hanging Panel, Acceleration Level over Back, " Int2str(Freq), ' Hz']) 

% Increase counting variables 
fcc = fcc + 1: 
fcs = fes + 2: 

end 



Appendix A3 - Matlab® Routine to Create Contour Plots from Experimental Sound 
Intensity Grid Data 

% 20_03_03 Jeremy Trevathan 
% This program takes sound intensity profile data files downloaded straight from a BandK 2260, 
% fills in any blanks (caused by negative readings) and produces a contour plot for each frequency 
% and saves each plot as a •. jpg file 

% Clear everything 
echo off 
clc 
clear all 

% Change to directly containing frequency information file, and read file. 
% Set counting variables 
cd c:ICremers_Eqn 
[mdata] = xlsread('Frequencies.xls'); 

fcc = 1; 
fcs = 2; 

% Change to directory containing intensity data, in raw form downloaded off 
% the 2260 
cd c:ICremers_EqnIWC3 

% Set up matrix of the file names of the data 
namesb = [50 63 801001251602002503154005006308001000125016002000 2500 3150 4000 5000 6300 800010000]; 

% Loop for each third octave band to be considered 
for namect = 3:13; 

% Read data for third octave band under consideration 
[ndata] = xlsread([", num2str(namesb(namect)) , '.xls']); 

% Set up a blank matrix 
bmatrix = ones(14,8); 

% Process to detect any blank entries in the data matrix 
for i = 1:14; 

for j = 1:8; 
bmatrix((i),(j)) = NaN; 

end 
end 

for i = 24 :35; 
for j = 2:7; 

bmatrix((i - 22),U)) = ndata(i,j); 
end 

end 

for i = 24 :35; 
for j = 2:7; 

fmatrix((i - 22),(j-1)) = ndata(i,j); 
end 

end 

NanDetect = isnan([bmatrix]); 

% If blank entries are detected, create a data point from an average of 
% surrounding values. A special provision is needed to cases where a 
% zero entry is surround by other zero entries 
for i = 2:13; 

for j = 2:7; 
if NanDetect(i,j) == 1 

avg(1) = bmatrix((i),(9-j)); 
avg(2) = bmatrix((15-i),U)); 
avg(3) = bmatrix((15-i),(9-j)); 

SeekAvg = isnan([avg]); 

for cc = 1:3 
if SeekAvg(cc) == 1 

avg(cc) = 0; 
end 

end 



bmatrix(i,j) = (avg( 1) + avg(2) + avg (3))/(3 - (SeekAvg(l) + SeekAvg(2) + SeekAvg(3))); 

end 
end 

end 

NanDetecl = isnan([bmalrix)); 

fori = 2:13; 
for j = 2:7; 

if NanDelecl(i,j) == 1 

avg(l) = bmalrix«i+l ),0)); 
avg(2) = bmatrix«i-l),U)); 
8vg(3) = bmatrix«i),(j-l)); 
avg(4) = bmatrix((i),(j+l)); 

SeekAvg = isnan([avg]); 

force = 1:4 
If SeekAvg(cc) == 1 

avg(ce) = 0; 
end 

end 

bmalrlx(i,j) = (avg(l) + avg(2) + avg (3) + avg(4))/(4 - (SeekAvg(l) + SeekAvg(2) ~ SeekAvg(3) + SeekAvg(4))); 

end 
end 

end 

% Compile finat matrix 
for i = 2:13; 

for j = 2:7; 
FinatMatrix((i - 1),0-1)) = bmatrix(i,j); 

end 
end 

min = 50; 
max = 90; 

% Set up data to be plotted 
y= [01020 30 405060 70 8090 100 110]; 
x = [0 10 20 30 40 50] ; 
z = FinatMatrix; 

zmin = 100; 
zrnax = 0; 

% Establish range of data 
for ri = 1:6 

for rj = 1:12 
ri= z(~,ri); 
if rf <: zmin 

zmin = rf; 
end 
if rf> zmax 

zmax = rf; 
end 

end 
end 

rangee = round(zmax - zmln); 

% Set sptlning parametres 
xx = 0: 1 : 50; 
yy=O:I: 110; 
yyl = Interp2(x,y,z,xx,yy','spline'); 

Freq = mdala«nameel), 1); 

% Plot data 
figure (1) 
contourf(xx, yy', yyl , rangee); 
axes(gca); 
axis equal 
caxls([min max]); 
colorbar; 
1i1le(['Double Hanging Panel, Intensity Level Emilled from Panel Back at', In12str(Freq), , Hz']) 



"/. Save plot a5 a '.jpg HIe 
cd c:\Users\JEREMYIPHDlTompFig 
saveas(1,f·. olJm2slr(FreQ) ,',jpg']): 
cd c:\Cremers_EqnIWC3 

% Increase counting variables 
fcc = fcc + 1; 
les = res ~ 2; 

end 

end 





SYSNOISE® Postprocessing Algorithms 

"Mode Finder" Matlab® Routine to Create Plots of 
Model Database Exported from SYSNOISE® 

% Jeremy Trevathan 09_02_05 
% This program plots Individual modes from 'the 'model database' exported 
% from SYSNOISE 

% Clear all variables 
echo of! 
clc 
clear all 

% Change directory to that containing the exported modal database 
cd c:\STC_Calculator 

% The following are the major variables in the process. They should be 
% adjusted to suit. 
% The first requires the specification of the name of the modal database 
% file 
% The second requires the number of nodes in eth x direction on the 
% mesh used to construct the structural model in SYSNOISE 
% The third requires the number of nodes in eth y direction on the 
% mesh used to construct the structural model in SYSNOISE 
% The fourth requires the input of the mode number (In order of 
% ascending natural frequency) for which a plot is required 
% The final Is the multiplication factor used in plotting, since the 
% absolute magnitude of the plot means nothing 

% Prefix of Modes Detail file from SYSNOISE 
Prefix 'ssJflodes'; 
%* *" ***.* ****" **.***.'" .". ** *. * •• ***. '* * •• *.** *** **.".* -1<*****'* "*"'****"'''***''****''*** **** ******"'** *** *ll ***** 11 .** **** ••• * 11 *** 11 ** .... " ** .. ** "***" *** 11" 

% Number of X Nodes on Structural Mesh 
XNodes 43: 
%"*****"'**********************************.*****'********"'**,Hi******************************************************************************* 
% Number of Y Nodes on Structural Mesh 
YNodes 70; % 

% Mode Number Plot Required from 
Mode_Number 6; 

% Multiplication Factor for Plotting 
MF= 22.98; 
0/0* .. *;1;" .. ";1;;1;,, *. *" "**" II ** *'" '** '" ******. , .. *., * ** .. ** *'" * "it '" * "'" ** •••• it '" ,u **** "'kit *'ll * **:l* ** ** ** ** '" "':l* * ** "* ** "'** ** ** ** ** ** ** ** ** ** ** *** .. ** ** ** ***** ... ** .. 

% The program then finds the appropriate data in the large modal database 
'Yom 
Nodes XNodes' YNodes; 

Modes 

[pdata] texlread([",Prefix,"],'%f,(8'(XNodes - 2}*(YNodes - 2»,'headerlines',(4 + «Mode_Number-1) * «Nodes' 2)+3)) + 3 + (4*(XNodes + 
YNodes 2}m; 

for column 1 :(XNodes 2) 

for row 1 :(YNodes - 2) 

real(row,«XNodes 1}-column)} = pdata«(column-1)*8) + «row-1)*(XNodes - 2)'8) + 5); %Change (ANodes - 2) over to row/column 
depending on how nodes numbered 

img(row,«XNodes 1)-column)) = pdata«(column-1)'8) + «row-1)*(XNodes - 2)*8) + 8); %Change (ANodes - 2) over to 
row/column depending on how nodes numbered 

zed(row,«XNodes 1 )-column)) (real(row,«XNodes 1)-column))/abs(real(row,((XNodes - 1)-column))))"«(real(row,«XNodes - 1)
column))}A2 + (img(row,«XNodes 1 )-column)))A2YO.5); 

end 

end 

% Using the multiplication factor to set up the y and x matrices 
for yc = 1 :(YNodes 2) 

y(1,yc) yc'MF; 
end 



ror xc 1 :(XNodas 2) 
x{1.xc) xc'MF; 

end 

z:::::: real; 

% SeWng up the splinlng functioJ] 
xx MF' 1 : «X Nodes 2)'MF): 
yy MF: 1 : ((YNodes 2)'MF); 
yyl interp2(x.y,z,xx,yy','spline'): 

% Piol the fjgure and saVe as a '.Jpg file 
figure (2) 
contourf(xx, yy', yyl, 20); 
axes(gca); 
caxis([-0,63 0,63]); 
colorbar; 
axis equal; 
axis light 
tille{rSimply Supported. 0,95;.:1.55 10mm Gib, Computed Modal Frequency = 68.64Hz']) 
saveas(2. ['mode6 ,jpg':); 



- "Diffuse TV' Matlab® Routine to Caicu1ate Sound 
Incident and Transmitted Sound Intensity Data 

echo off 
clc 
clear all 

% New Transmission Loss Calculation program 
% Uses "Incident Field" function in Matlab 10 Supply Incident Field Data 
% Assumes two field point planes· the first'" transmitted, the second '" 
% Incident 

%~ .... -~ .... " ........ ,." .... "" .......... ~ .. "' ............ ~ .. - .... ~ .. .,"' ................ ""' .... ,._",,, .. ,, .. ,, ___ ,.m~ ____ m __ ~a~_ .. a"B ........ ~ .... a .. ~ .... ~ .... _"~_",,,,"_ .... _____ _ 

% VARIABLES 
%" .... _ .... ~_ .. "' ...... _ ......... ,. .................... "' ............................ ,. .. ,. ........... ..- __ .... __ .. ____ .. _ .. _ .. _ .............. _B .... _ ...... _ ......... _ ........ _R __ .. _~_ ...... _ ........ _ 

% N number of frequency sample files (90 for 10Hz steps 60· 950Hz, 101 for 1Hz steps 60· 180Hz) 
N 890;%315Hz 345250Hz 273 

% STEP" Frequency step between sample files 
STEP 1; 

% StartF Lowest Frequency Sample file 
StarlF = 9; 

% FP = Number of Field points on receiving or incident intensity mesh (72 for resolution equal to experimental) 
FP 240; 

% Third Octave Band Centre Frequencies to Calculate Results for 
BandCenlreFreq [315400 500J; 

% Prefix 'Prefix entered In "Save results file as ..... dialogue In SYSNOISE'; 

% TRANSMITTED PREFIX 
Prefix '06p18'; 

% INCIDENT PREFIX 
Prefix2 'Icase'; 

% Directory Results are Stored in 
cd D:\users\J\Slngle_p_clamped 

% Number of Cases 
Case_no = 22; 

O/f) ....... _ ..... "' .......................... ___ .................................. ~ .......... _ ...... ~~¥ .. ~w __ .. * .. _ .... "' .... _ .... _ ................ _ ................... ______ .. _ .......... ....... 

% DISCRETE FREQUENCY CALCS 
0/0 .......................... ____ .. " ..................... _ .. _ .. __ ........ _ .. ___ .................... __ .. _ .... _ .... __ B_W_D __ ~ ____ ~_ .. ______ w .... _ .. _s._m ........ __ .. ~_ 

0/0 Set up a vectors whose entries are the file names containing the data 
for namee 1 :N 

namesb(namee) (namee·STEP)+(StartF..sTEP); 
end 

% Number of Lines to Skip down to Start of Intensity Data 

% For transmitted data· at the start of the intensity data 
Headliners (9 + (FP' 4)); 

% For the incident data· at the end of the intensity data 
Headliners_in (9 + (FP'4)); 

% End of Data when pulling out z direction values 
End_Data (8'FP)-7; 

0/0 Loop for obtaining average emitted and incident intensity al each 
% frequency of Interest 
RunningTotaUnc 0; 
RunningTolaL!rans = 0; 
Results ones(N ,( 4 'Case_no»; 
Surne zeros(N,2); 

for casee 1 :Case_no; 

for namecl 1:N; 



% Reading Transmitted Data File 
[lrans_data] '" lexlread([",Prefix,", num2slr(casee) , '_', num2slr(namesb(namecl» , 'O.INT'],'%r,'headerlines',[HeadLiners)); 

% Reading Incident Data File 
[inc_dala]" textread([",Prefix2,", num2str(casee) , '_', num2str(namesb(namect»), 'O.INT1.T,'headerlines',[HeadLiners_inj); 

% Picking out z direct data, obtaining absolute value and summing 
for row = 1 :8:End_Dala; 

% For incident sound Intensity 

Amplilude_inc = ((lnc.data(row+6)j'2 + (inc_data(row+7))'2)AO.5; 
RunningTotaUnc = RunningTotaUnc + Amplitude_inc; 
% For transmitted sound intensity 

Amplitude_trans = ((trans_dala(row"6))A2'" (trans_dala(row+7)),2)'0.5; 
RunningTolaUrans" RunningTolaUrans ., Amplitude_trans; 

End 

% Averaging over the field points 
Average_lnc_lnlensity(namecl) " RunningTolaUnc I FP; 
Average_ Trans_lnlensily(namect) = RunningTotaUrans I FP; 

% Reset running totals for next frequency step 
RunningTotaUnc = 0: 
RunningTotaUrans = 0; 

% Calculating Incident and Transmitted Intensity at each frequency, and Transmission Loss 
Results(namecl,(((casee-l )'4)+1» = namesb(namect): 
In_Results(namect,(casee» = 1 O'logl O(Average_lnc_lntensity(namecl)l( 1 E-12»; 
Sume(namect,l) = Sume(namecl, 1) + Average_Inc_lntensity(namect); 
Trans_Results(namect,(casee» = 1 0'logl0(Average_ Trans_lntensity(namect)l( 1 E·12)); 
Sume(namect,2) = Sume(namect, 2) + Average _ Trans_Intensily(namect): 
TL_Resulls(namect,( casee» = 1 O'logl O(Average_lnc _lntensity(namecl)IAverage_ T rans_lntensity(namect)); 

end 
end 

%-_ ......... - ......................... _--••••••••••••••••••••••••• _._ ................................. - ......... . 
% 1/3 OCTAVE CALCS 
%m ______ --.._ .... ~w~ .... _ .. ~ .. _ .. ____ .. __ .. ___ .. _ .. ___ .. _ .. _ .. " .. ___ .. __ .............. _ .... _ ...... ~ .. __ ~_ ...... _ ...... _ .. ________ .. _ .. _ .... __ .... _ .. _ ...... .... _ .... _ .. .. 

% Number of 1/3 octave bands 
thct = lenglh(BandCentreFreq): 

% Calculating the Incident and Transmilled Intensity Level In Each 1/3 Octave Band 
Sumlncidenl = zeros(thct,Case_no): 
SumTransmitied = zeros(thct,Case_no); 
ThirdResults = ones(thct.(Case_no»): 
nOD = 0; 

% lJefines each band limits and nnds freq data In that band 
for casee = I;Case_no; 
for thirdocl = 1 :thct 

LowerLimit = (2A(-116))'8andCentreFreq(thirdocl); 
UpperLimit = (2A(116)j'BandCentreFreq(thlrdoct); 

for flUer = I:N 
if namesb(fiUer).,(STEPI2) >= LowerLimit 
if namesb(fitter)-(STEPI2) <= UpperLimit 

noo" noo + 1; 
upp = namesb(fitter) + (STEPI2); 
Ipp = namesb(fiUer) - (STEPI2): 
if upp > UpperLimil 

upp = UpperLimit; 
end 
if Ipp < LowerLimil 

Ipp = LowerLimit; 
end 
IntRange = upp - Ipp; 
%Sumlncident(thirdoct,casee) = Sumlncident(thirdoct,casee)'" (IntRange'ln_Reslllts(fitler,casee)): 
SumTransmiUed(thirdoct,casee) = SumTransmiUed(thlrdoct,casee) ., (IntRange'(( lE-

12)*10A«(Trans_Reslllts(frUer,casee»)ll0»)); 
end 

end 
end 
noo = 0; 

% Calculating Incident and Transmitted Intensity at each 1/3 Octave Band and Transmission Loss 
ThirdResults(thirdoct,«(casee-l )*4)+1» = BandCentreFreq(thirdoct): 
ThirdResults( tllirdoct,( «casee-l)*4) +2» = 1 O*log 1 O( Sumlncident(thirdoct)l( 1 E·12»; 
ThirdResults(thirdoct,casee) = 1 O*logl O(SumTransmiUed(lhirdocl,casee)l( 1 E-12»; 



ThirdResulls(lhirdocl,casee) = 10'log10(Sumlncidenl(thirdoct)/SumTransmiUed(lhirdocl)); 
end 
end 

O/O" ...................... ~ .... _ .. ~ .. ~ .. w ... w _____ .. _.,.,. ___ .. .,. .. ,.., __ ,.., ___ .. _ .... _.,~ .. .,,. .... ~ __ .... ~a_.,. .. _u .. K~K .. P .. .,.~~~ ...... ~sa.,.w __ .. .,.D .......... "''' .............. ,. 

% PLOTTING and DATA WRITING 
%"",. ............ _ ...................... _ .. "" .. __ .. __ "'_"' ____ .. ~_ .... ____ w_ .... __ .... ____ ...... ., .................... " .. " .............. .,u., .. £ .. _ .... .,._B .. __ "U .. ~ft .. _R .... ~ .. _~ .. ft 

% Discrete Frequency Plot 
figure(l) 
semilogx(namesb,TL_Resulls(:,l )) 
axis tight; 
lItle('Discrete Frequency Transmission Loss'); 
ylabel('Transmisslon Loss (dB)') 
xlabel('Frequency (Hz)') 
TL_Resulls 

% 113 Octave Plot 
figure(2) 
semilogx(BandCentreFreq,ThlrdResulls(:,l )) 
axis tight; 
tiUe('1/3 Octave Sound Transmission Loss'); 
ylabel('Transmission Loss (dB)') 
xlabel(,1/3 Octave Band Centre Frequency (Hz)') 
ThlrdResulls 

% Data Writing 
save In Discrete.outln Results -ASCII 
cd D:\users\J -
save Trans Dlscrete.out Trans Results -ASCII 
save TL_DfScrete.out TL_ResuTts -ASCII 
save 1_3_Octave.out ThirdResults -ASCII 
save sums.out Sume -ASCII 



Appendix B3 - "Pressure_Field" Matlab® Routine to Plot Pressure, Velocity of 
Intensity Field Data from SYSNOISE® 

% Jeremy Trevathan 09_02_o5 
ectlo off 
de 
clear all 

cd c:ISTC_Caleulaior 

% PreFix of rile from SYSNOISE 
Prefix = 'ullbaf_uncoup_"pres'; % unbaf."coup_pres , unbaf_ullcoup_pres , bat_co up_pres 
u/D" -A.* ... *** ."'. j1r~ 11 ...... * .... * iliI*1I; 11; *". ** *11; ** •• ,..11; •• *" .... *"",.. *'1\""" ••••••••••••• 11; •••••• * •• " "" ••• _*11;"'''' •••• "" •• * ........... "' .... j1r1ll"'IIII •• A- .... ""'..,. *** •• 11; 'I\" ••• *." *** *.f<**** *Ir. 

% Number of Nodes on Field Point Mesh 
Nodes = 341; 
% Number of Rows 
rows = 31; 
% Number of Columns 
cols = 11; 

% Frequencies data written for 
FS = [10 20 30405060801001201602002503104005006308001000 1250j; 

% Parameter of Interest· 1 = pressure, 2 = velocity, 3 = intensity 
Pol = 1; 
% Direction of interest· 1 = x, 2 = y, 3 = z 
Dol = 3: 
0/0 •• U.iII.H •• **A-** ...... ,,"' •• *1\",,,1\ 1\"'11111 .• "'."'.*_ "'AlII It .,,"' •• U-iII ....... A-."" .......... A-."" ........ "'", ...... A-fl."'.A-***." 1\"'1\ 11111.",1\",1\",._ •• " " •• ",,,,,I\ .... !\ •• "_**.,, ................ " 

% reaeling elata from exported files, al each frequency of interest 
For freq_i = 1:19 

[pdataj = lexlread([",Prefix,",num2slr(FS(Ire<Li)),'O.lNT'],'%r,(S'Nodes),'headerlines',J); 
[vdalaj = lextread([",Preftx,",num2str(FS(IrecLi)),'0,INT'j,'%r,(8*Nodes),'headerlines',((2'Nodes)+8)): 
[idata] = textread ([",Prefix,",num2 slr(FS(freq_i)), '0.1 NT'],'%f ,(S 'Nodes), 'headerlines',( (4*Nodes )+9)); 

% If a pressure plot is required, find pressure data, turn into 
% decibels and plot 
IIPol == 1 

lor column = 1 :cols 

lor row = 1:rows 

pressure_real(row,coiumn) = pdala( ((column -1)'rows*B) + ((row -1)'S) +3); 
pressureJmg(row,column) = pdala( ((column· 1 )'rows'S) + ((row - 1 )*8) +4): 

pressure(row,column) = abs((pressure_real(row,coiumn)/abs(pressure_reai(row,Golumn)))'((pressure_real(row,column))'2 + 
(pressul8_img(row,column))'2)'0,5); 

pressuredB(row.column) = 20'Iog1 O((pressure(row ,column) )/2E-5); 

end 
end 

x = 1:1 :cols: 
y = 1:1 :rows; 
z = pressuredB; 
xx = 1 :O.2:cols; 
yy = 1 :0.2:rows; 

yy1 = inlerp2(x,y,z,xx,yy','spllne'); 

figure (1) 
conlourf(xx, yy', yy1, 20): 

axes(gca): 
caxis([min max]); 
colorbar; 
axis equal; 
axis([1 eols 1 rows]) 
Iitle(['Pressure at ',num2s1r(FS(fre<LI)),' H7'J) 
saveas( 1 ,rpI8SSUI8 _for _',Prefix,'_"L'. num2slr(FS(fre<Li)) :Hz.jpg']); 



% il velocity plOl is required, find dala for velocity in direction required, find magnitude and turn into decibels, then plot 
elseif Pol == 2 

for column" 1 :cols 

for row = 1 : rows 

if Dol == 1 

velocity_real(row,column) = vdata( «column - 1 )*rows*B) + «(row 1 )*B) +3); 
velocitLimg(row,column)" vdata( «column - l)'rows*S) + (row - 1)'S) +4); 

elseif Dol == 2 

velocitLreal(row,column) = vdata( ((column - l)*rows*S) + «row - l)'lJ) +5); 
velocityJmg(row,column) " vdata( ((column - 1 )*rows*S) + «row 1 )'8) +6); 

else 

velocitLreal(row,column) = vdata( ((column -l)'rows*S) + ((row - l)*B) +7); 
velocitLimg(row,column)" vdata( ((column - l)*rows*Bj + «row - l)*B) +B): 

end 

velocity(row,column)" abs«(velocitLreal(row,column)/abs(velocity_real(row,column)))"«velocity_real(row,cclumn))'2 + 
(velocity_img(row,column))'2)'0.5); 

velocitydB(row,column) = 20*logl O((velocity(row,column))/l E-9); 

end 
end 

x = l:l:cols; 
y = 1:1 :rows; 
z " velocity; 
xx = 1 ;0.2:coI5; 
YY" 1:0.2:rows; 

yy1 = Interp2(x,y,z,xx,yy':spline'); 

figure (1) 
contaurf(xx, yy', yyl, 20); 

axes(gca); 
caxis([min max]); 
calorbar; 
axis oqual; 
axis([l cols 1 rows]) 
tille(['Velocity for ',Prefix,' at ',num2str(FS(freq_i)),' Hz in Direction ',num2str(Dol),"l) 
saveas(l ,[Velocity_for_',Prefix:_aL', num2str(FS(freq_i)) ,'Hz in Direction '.num2str(Dol),'.jpg']); 

% If intensify is required, lind data for intensity in direction reqUired, find magnitude and turn into decibels, then plot 
else 

far column = 1 :cols 

for row = 1 :rows 

if Dol == 1 

intensity_real(row,column)" idata( ((column - l)*rows*S) + ((row - l)"S) +3); 
vinlensityJmg(row,column)" idata( ((column -l)*rows*B) + «row -l)*B) +4); 

elseif Dol == 2 

inlensily_real(row,column) = idala( ((column -l)*rows*S) + ((row -l)'S) +5); 
intensityJmg(row,column) = Idata( ((column -l)*rows"B) + ((row - l)*B) +6); 

olse 

intensily_real(row,column) = idata( «column - 1 )*rows"S) + ((row - 1 )'S) + 7); 
intenslty_img(row,column) = idata( «column - 1 )*rows"B) + ((row - 1 )'B) +8); 

and 

inlensity(row,column) = abs((intensitLreal(row,column)/abs(intensitLreal(row,column)))*«lntensity_real(row,GOlumn))'2 + 
(intensity _img( row,column) )'2)'0.5); 



end 

end 

inlensitydB( row ,column) 1 O'iog 1 O«lntensity(row ,column ))11 E-12); 

end 
end 

x 1:1 :cols: 
y 1:1 :rows; 
z inlensitydB; 
xx 1 :O.2:cols: 
yy 1 :O.2:rows; 

yy1 interp2(x,y,z,xx,yy','spline'): 

figure (1) 
conlourf(xx, yy', yy \, 20); 

axes(gca); 
caxis«(min max]); 
colorbar; 
axis equal; 
axls([1 cols 1 rows)) 
lille(('lnlenslly for ',Prefix,' at ',num2s1r(FS(fre(LI)),' Hz in Direction "num2s\r(Dol)."]l 
saveas(1 ,['lnlensily-for_',Prenx:_aC', num2slr(FS(freq_I)),'Hz in Direction ',nUm2slr(Dol),'.jpg']): 
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