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Abstract 
The leisure marine industry is joining the composite revolution, bringing the advantages of lightweight, 

high stiffness and strength materials to the design of cabins for cruise ships.  The weight reduction has the 

potential to provide significant fuel savings, but the acoustic insulation properties of composite partitions 

are not ideal, and meeting industry requirements for the acoustic performance is not straightforward. This 

paper describes a numerical approach to the prediction of the transmission loss and Weighted Sound 

Reduction Index of a panel undergoing a test in a laboratory, and corresponding values that would be 

measured in a field test between cabins on-board a ship. 

1 Introduction 

In the leisure marine industry great importance is given to the design of cabins so that they are acoustically 

insulated from neighbouring noise sources. The effectiveness of the partition wall materials and 

constructions in preventing sound transmission is assessed through a measurement of transmission loss, R, 

and a calculation of the Weighted Sound Reduction Index, Rw. Standard measurements in laboratory 

conditions are made using ISO 140-4 [1], or recent update [2], and are rated using ISO 717-1:2013, [3]. 

Compliance with the IMO code of practice of the International Maritime Organisation is required, [4], 

which specifies a minimum value of Rw = 35, but significantly higher values may be required for specific 

applications. 

Ship design is increasingly moving towards the use of lightweight materials to reduce operational costs 

and increase payload, but the acoustic performance of composite material structures is generally worse 

than their traditional counterparts. In particular, in the frequency range of speech, snoring and music, the 

transmission loss is strongly affected by the overall mass of the wall, and the stiffness of the panels also 

affects high frequency performance. The structural and acoustic requirements are thus in direct conflict 

with each other. 

A further complication in the process of optimising the design of cabin walls is that ship operators actually 

need the required level of acoustic insulation in a real-life installation. This in-situ performance is 

measured using the same standards, but the index quoted in ISO 717-1 is now called the Weighted 

Apparent Sound Reduction Index, Rw’. Significant differences between Rw and Rw’ may occur, due to a 

range of factors including the characteristics of the incident sound field, the relative size of the test panels 

and cabin walls, and the way the panels are installed. There is therefore no simple and reliable way to 

derive Rw’ from Rw, making both tests necessary, and complicating the task of replacing traditional 

structures by innovative designs and materials. 

A cost and time saving approach could be to use numerical modelling methods to predict the sound 

transmission process, before expensive mock-ups are built and tested, but sound-structure interactions 

problems of this type are surprisingly complex to model and may be sensitive to the details of the method 

used. Careful validation is required before the models may be used to perform design adjustments and 
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optimisation. This paper discusses the methods used in developing various 2-D and 3-D multiphysics 

finite element models to simulate tests in the ISVR reverberation chambers and a test on a cabin mock-up. 

The work reported here was carried out under an Innovate UK ‘Composite Cabin Module’ project ref. 

101513, whose overall aims included the manufacture of a composite cabin which would reduce cabin 

weight by 40%, whilst being structurally equivalent to a standard present day steel cabin. 

2 Transmission Loss of partitions 

2.1 Theoretical background 

Theory for the transmission of sound through walls and partitions is quite complex, [5], involving various 

mechanisms of energy transmission which are important in different frequency regimes and for different 

incident sound field characteristics. A schematic representation of sound transmission through a wall is 

presented in Figure 1, illustrating how the energy in an incident sound field is either transmitted or 

reflected, or may be absorbed via various structural or acoustic damping mechanisms in the wall. 

Secondary paths of various types may also create flanking transmission, reducing the overall transmission 

loss of the wall. 

 

 

Figure 1: Schematic of energy transmission through a wall 

The effectiveness of the wall in reducing sound transmission is characterised by the transmission 

coefficient τ, defined in equation (1), which is used to define the Transmission Loss (TL), also known as 

the Sound Reduction Index, R, as given by equation (2). 

 

 
τ =  

𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑠𝑜𝑢𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑠𝑜𝑢𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
 

(1) 
(1) 

 

 
𝑅 = 10 log 10

1

τ
 (2) 

 

A classic plot of transmission loss is presented in Figure 2, showing the different frequency regimes for 

the various mechanisms of sound transmission: 

- Mass law transmission: at mid frequencies, the partition behaves as a flexible membrane, with no 

stiffness.  The TL is controlled by the mass per unit area of the partition, and increases by 6 dB 

per doubling of frequency or per doubling of mass. 

1768 PROCEEDINGS OF ISMA2016 INCLUDING USD2016



- Resonant transmission: the partition’s bending modes of vibration are excited by the acoustic 

pressure field and the TL is controlled by the stiffness of the panel at low frequency and by its 

damping at high frequency. 

 
 

Figure 2: Classical plot of TL vs frequency 

From Figure 2, two distinctive features to note are:  

a) the dip at low frequencies which occurs at the first natural frequency of the partition; 

b) the dip at high frequencies, called the coincidence region, where the bending wave speed of the 

panel is the same as the speed of sound in air.  

The coincidence frequency is a function of the bending stiffness and mass per unit area of the panel, and 

also of the angle of incidence of the sound field, as shows by equation (3). At grazing incidence, θ = 90° , 
this is called the critical frequency. 

 

 

𝑓𝑐𝑜𝑖𝑛𝑐 =  
𝑐0

2

2πsinθ
√

12𝜌(1 − 𝜈2)

𝐸𝑡2
 (3) 

 

where: 

𝑐0 = speed of sound in air; 
θ = angle of incidence; 

𝜌 = panel density; 
𝜈 = panel Poisson′s ratio; 
𝐸 = panel Young modulus; 
𝑡 = panel thickness. 
 

The analysis of TL at just one angle of incidence is useful to understand the physics of energy 

transmission and dissipation, but in most practical cases partitions are subject to sound waves coming 

from many directions at the same time. The laboratory tests described in the next section are designed to 

create a diffuse or random incidence sound field, in which sound waves reach the panel from all directions 

with equal probability and with random phase. The corresponding TL is then the energy average over all 

possible angles. Where there is very little energy at grazing angles, beyond 78°, it is called a field 

incidence sound field. Simple formulae for the mass law TL of single leaf partitions at normal incidence, 

random incidence and field incidence are given in equations (4 – 6) in Table 1. 

However, the construction of partition walls for ships cabins generally involve the use of two panels 

separated by an air gap and/or a layer of insulation material. At low frequencies the two panels are 

strongly coupled together and the TL is controlled by the total mass of the wall, as given by equation (7), 

including the mass of any cavity infill.  At high frequencies, when the cavity is deep on the wavelength 

scale, the TL may be estimated from equation (8), showing that the walls act independently. 
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A significant problem with double leaf walls is that the mechanical stiffness of the air in the cavity creates 

a mass-spring-mass resonance of the system, and there is generally a dip in TL at the frequency given by 

equation (9). Where the cavity is filled with mineral wool the appropriate speed of sound needs to used, 

which will typically lead to a lower resonance frequency. 

 

Single panel normal incidence 𝑅(0) = 20 𝑙𝑜𝑔10(𝑚𝑓) − 42 (4) 

Single panel field incidence 𝑅𝑓 = 20 𝑙𝑜𝑔10(𝑚𝑓) − 45 (5) 

Single panel diffuse incidence 𝑅𝐷 = 20 𝑙𝑜𝑔10(𝑚𝑓) − 47 (6) 

Double wall, low frequencies 𝑅 = 𝑅𝑓(𝑚1 + 𝑚2) (7) 

Double wall, high frequencies 𝑅 = 𝑅𝑓(𝑚1) + 𝑅𝑓(𝑚2) + 6 (8) 

Mass – air – mass resonance for a 

double leaf panel 𝑓0 =
1

2𝜋
[(

𝜌0𝑐0
2

𝑑
) (

𝑚1 + 𝑚2

𝑚1𝑚2
)]

1/2

 
(9) 

Where: 

m, m1 , m2 are panel masses per unit area [kg/m2];  f = frequency [Hz];  d = cavity depth [m] 

 

Table 1: Transmission loss of single and double leaf partitions 

2.2 Measurements and standards 

The transmission loss of a sample of material may be measured using any two rooms, but the result will 

depend upon the spatial characteristics of the incident sound field, and the modal characteristics of the test 

panel and the receiver room. The purpose of standard test methods is to ensure that a repeatable 

measurement is made, but this will not necessarily be representative of the final installation. 

In this study, tests performed at ISVR Consulting made use of two reverberant chambers, with nominal 

volumes of 348m3 and 131 m3. The two chambers are isolated from each other to minimise flanking paths, 

and are linked by an interconnecting aperture (2.02 m x 2.42 m) in which the test panel is fitted. To ensure 

a high level of reverberation, the walls of the chambers are not parallel and have a high gloss finish to 

enhance their reflectivity. Such a construction is ideal to generate a diffuse sound field over a broad 

frequency range. 

A schematic representation of the chambers’ layout and test configuration is shown in Figure 3. The sound 

source is placed in the small reverberant chamber and a set of microphones is placed in both rooms to 

measure the space average sound pressure levels. The transmission loss is calculated from the level 

difference between the rooms, NR, corrected for the sound absorption in the receiver room using 

equation (10). 

    

Figure 3:  Layouts for a reverberation chamber test  
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𝑅 =  𝑁𝑅 + 10 log (

𝑆

𝐴
) (10) 

Where 
𝐴 =  

55.26 𝑉

𝑐0𝑇60
 (11) 

 

and: 

𝑆 = Area of the free test opening in which the test element is installed [m2]; 

𝐴 = Equivalent sound absorption area in the receiving room [m2]. 

𝑉 = Volume of the receiver room [m3] 

𝑇60 = Reverberation time (s). 

 

The transmission loss, R, is normally calculated in the frequency range 100-3150 Hz, and is then 

compared to a standard frequency weighting curve in order to calculate the Weighted Sound Reduction 

Index (Rw) according to ISO 717-1 [3]. 

Tests were also carried using a mockup of a pair of cabins made from the composite material being 

developed under the Innovate UK Composite Cabin project. Besides the acoustic tests, one of the cabins 

was also used for fire testing. The cabin arrangement is illustrated in figure 4, showing how the sound 

source is located in a far corner of the cabin, and the space average sound pressure levels is measured 

using a roving sound level meter rather than fixed microphones. 

 

 
 

Figure 4: Schematic of the cabin-to-cabin test  

3 Finite Element models of sound transmission 

3.1 Methodology 

The previous section highlights some of the complexities of the physical sound transmission problem, and 

of measuring transmission loss, but the main focus of this paper is to describe the numerical modelling 

methods that were used to predict the sound transmission in the reverberation chamber and the test cabins. 

The transmission loss problem requires the setup and solution of coupled vibro-acoustic equations, since 

both the structural vibration of the partitions and the propagation of sound waves are involved. In order to 

do so, the Comsol Multiphysics® code was used to create a model of the reverberant chambers and a 

model of the cabins in order to simulate both sets of tests. 

The size and shapes of the rooms and test panels are well defined, but a number of ways of generating an 

incident sound field were available, and also a number of ways of predicting the power radiated into the 

receiver room. Identifying the best way of representing the differences between the cabin test and the 

reverberation chamber test required some detailed investigation: 
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- A basic sound transmission calculation can be made by creating an incident plane wave excitation 

on one side of the panel, and predicting the power radiated into an acoustic space on the other side 

of the panel. The radiated power is calculated by integrating sound intensity (product of pressure 

and particle velocity) over the surface of the panel. 

- The receiver room may be represented by a room of the correct size, with absorption either in the 

fluid or at the walls, or as an acoustic domain with a ‘Perfectly Matched Layer’ boundary 

condition (PML). 

- A diffuse sound field can be generated by superimposing a set of incident sound waves from an 

appropriate range of angles. This method was prone to spurious results depending on the exact 

parameters used. 

- The source room could be modelled with various types of point or distributed excitation. The 

transmitted power was calculated as above, but power incident on the wall was calculated from 

the mean square pressure in the source room using equation (12), which is appropriate for a 

diffuse field [5]. Incident power can’t be predicted directly from the space average intensity on the 

source room side of the panel because this is net intensity, including the reflected intensity (see 

Figure 1). 

 

 I =  𝑝2/4ρ0c0 (12) 

 

All of these methods were potentially useful, but had a range of drawbacks, so a decision was made to 

model the test arrangement as exactly as possible: 

- The source and receiver rooms were modelled as 2D or 3D acoustic cavities of the correct size and 

shape 

- The source room was driven by either a point source or a distributed excitation to create a 

reverberant sound field.   

- The level of absorption in the source room was adjusted to give the actual reverberation time of 

the reverberation chamber or the cabin as required. This ensured that differences between the 

spatial characteristics of the incident sound field in the two tests were represented. 

- The receiver room was also modelled directly, with the appropriate level of absorption to give the 

actual T60 for each test. 

- The acoustic pressure at a number of locations in the source and receiver rooms was predicted 

- The transmission loss was calculated from the difference in space average level of the source and 

receiver rooms, and the absorption in the receiver room using equation (10). 

 

 

Figure 5:  Typical narrow band data sound pressure levels 

at the source and receiver room microphones 
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All the simulations were run on a Dell Precision Tower 5810, in the frequency range [100, 3200] Hz. The 

narrow band acoustic pressure spectra were predicted for both the source and receiver room at a number of 

locations, the mean sound pressure level in the two rooms is calculated in 1/3 octave bands, and the level 

difference is used to derive the TL using equation (10). An example of a narrow band plot is shown in 

Figure 5 showing that the idealised source provides a simple spectrum in the source room, only perturbed 

at some frequencies by strong coupling between the source and receiver room at the mass-air-mass 

resonance frequency. The spectrum in the receiver room is strongly coloured by the mechanical 

resonances of the partition and cavity. 

3.2 Models of the ISVR Chambers 

The 2D and 3D models of the ISVR test chambers are presented in Figure 6a) and 6b) respectively. The 

2D model accounts for the exact geometry of the two chambers, the source is modelled as a point source, 

the walls are modelled as hard boundaries, and the damping is defined by an attenuation rate in the fluid to 

give the measured reverberation time. Five microphone locations are chosen on both sides of the test 

sample and the SPL is measured at each location. This model has 28236 elements and runs in 

approximately 30 minutes.   

The 3D model of the chambers makes use of the PML boundary in the receiver room space, which 

allowed significant savings in computational time. The source room is modelled explicitly with a point 

sound source generating the incident sound field and the acoustic pressure is evaluated at five microphone 

locations. The incident power is calculated from equation (12) and the power radiated into the receiver 

room was calculated from the integrated sound intensity. The 3D model has 95271 elements and takes 

about 8 hours to run. 

 

 

 

a) 2D model b) 3D model 

Figure 6:  Models of the ISVR reverberation chamber suite 

3.3 Models of the cabins 

Figure 7 presents 2D and 3D models of the cabin to cabin test arrangement. In both cases the full size 

cabins are modelled in order to identify the possibility of strong coupling between the two rooms. A point 

source is used to excite the source room and the SPL is measured at five locations in each room. In real 

conditions the cabins will be both furnished, providing extra damping compared with a bare room. To 

account for this, but at the same time limiting the computational effort, the walls were assigned an 

impedance value to give the correct level of absorption calculated from the measured reverberation time 
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using equation (11). The 2D model has 30313 elements and runs in about 30 minutes. The 3D model has 

214680 elements and runs in about 15 hours. 

 

 

 

a) 2D model b) 3D model 

Figure 7:  Models of the cabin to cabin test 

 

3.4 Model of the panel and cavity infill 

The thickness and construction of the composite material was slightly different for the panels tested in the 

ISVR chambers and the panels used in the cabin mockup. The mean surface density of the panel was 

measured directly, and standard properties for air were used. For the modulus and damping of the panel, 

however, measurement of the bending wavespeed and damping were made on a strip cut from the test 

sample; the data demonstrated that it was reasonable to treat the composite as a homogeneous material 

with an equivalent Young’s modulus. 

For the mineral wool in the cavity, the porous material models implemented in the COMSOL code were 

used initially, but it was found that whilst these were able to model the acoustic attenuation through the 

infill, they didn’t appear to take into account the significant mass loading effect of the high density 

mineral wool. Instead, the mineral wool was modelled as an equivalent solid, with the correct density, ρM, 

and with the elastic modulus, E, calculated from equation (13). A speed of sound of c=100 m/s was 

assumed, based on reference data. The loss factor of the material was taken as 0.3, which gave 

approximately the right attenuation rate for acoustic propagation through the material. 

 

 𝐸 =  ρ𝑀𝑐2 (13) 

4 Results and discussion 

This section compares results from the various numerical models described in section 3 with the analytical 

models given in section 2, and also with measured data from the lab tests and cabin tests. The 

configurations described here are set out in Table 2. 

TL plots for double leaf partitions are expected to follow the total mass law line given by equation (7) at 

low frequency, and rise towards the theoretical line for independent panels at high frequency given by 

equation 8. These lines are shown in all of figures 8 to 12 in order to provide a framework for interpreting 

the results of the numerical models.  
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Each chart also shows an experimental result but, as will be seen, these data are also affected by a number 

of issues and so cannot be assumed to be correct. The process is that discrepancies between the predictions 

and tests should be investigated in order that overall understanding of the sound transmission mechanisms 

moves forward. 

 

 

Chamber models Cabin models 

panel (6.5kg/m2) – 20 mm air gap – panel wall (8.0 kg/m2) – 20 mm air gap – wall 

Effect of flanking path through the support frame Effect of 25mm mineral wool infill 

Table 2:  Configurations modelled 

4.1 Test chamber models 

Considering first a double leaf partition with a 20mm airgap tested in the laboratory, figure 8 presents 

predictions from the 2D and 3D FE models compared with theoretical and experimental data. 

 

 
 

Figure 8:  Reverberation chambers - double leaf partition with 20 mm air gap 

The FE predictions show the expected trends, with a mass-air-mass resonance at 250Hz causing a dip in 

TL below the total mass law line, and a trend rising towards the double leaf result at high frequencies. The 

3D model results in a smoother curve, especially at low frequencies, and this indicates that the lower 

modal density of the 2D model is causing increased scatter in the results. Finally, the 3D model shows a 

clear dip in TL at 1600 Hz, close to the predicted coincidence frequency of the individual panels. 

On the other hand, the experimental results show a significant deviation from the theoretical expectations 

at high frequency, even dropping below the line for a single leaf panel, which is a clear indication of a 

flanking path. The chambers themselves have been shown to be capable of measuring TLs up to 60dB at 

high frequencies, and so the path was identified as occurring because the two panels were mounted off the 

same wooden frame. The effect of the flanking path was accounted for in an improved version of the 3D 

model, where a wood frame was added around the sample panels, as shown in Figure 9. In order to ensure 

energy transmission between the sample panels and the wood frame, roller boundary conditions were 

applied on the sample panels’ edges while the edges of the wood frame is fixed. 

The results in Figure 10 show much better agreement with the experimental data at high frequency, 

demonstrating how the frame is likely to have been a significant energy leakage path in the tests. 
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Figure 9:  FE model with wood frame 

 
 

Figure 10:  Chambers - Double leaf partition with 20 mm air gap and a wood frame 

4.2 Cabin models 

Considering next the cabin to cabin tests, Figure 11 shows results for a double leaf wall with a 20mm 

airgap. There is reasonable agreement between predictions from the 2D and 3D FE models, compared 

with theoretical and experimental data. 

In particular, the experimental data now show a probable mass-air-mass resonance at 200Hz, and a 

coincidence dip at 1250 Hz. It should be noted that the detailed specification of the panel material used in 

the cabin tests was different to that used in the laboratory tests; the surface density was correct, but it is 

possible that the modulus may be inaccurate. 
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Figure 11: Cabins - Double leaf partition with 20 mm air gap 

Discrepancies at low frequency may be due to the following: 

- Only the partition between the two cabins is modelled, whereas in the test all of the cabin walls, 

ceiling and floor are actually responding to the sound field. Contribution through these paths are 

not accounted for, and the boundary conditions at the edge of the test wall are not accurately 

modelled; 

- The FE model is limited to the main living space, whereas the actual cabin is bigger and includes 

a small corridor and a bathroom, which certainly contribute to the global acoustic behaviour of the 

cabins; 

- The effect of the bed and bedhead is not modelled; the absorption in the entire room is modelled 

by specifying an equivalent impedance value at each cabin wall. 

 

 
 

Figure 12: Cabins - Double leaf partition with 25 mm mineral wool and 10 mm air gap  
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The effect of adding the mineral wool to the construction is shown in Figure 12. In the mid-frequency 

range the measured TL is consistently higher than the construction with only the air gap, and the FE model 

does predict this effect. The FE model was also able to demonstrate the known beneficial effect of leaving 

a small air gap, as in this test, which breaks any possible mechanical transmission paths from panel to 

panel through the layer of mineral wool. As in the previous cases, the 3D model seems to better capture 

the behaviour of the rooms compared to the experimental data, even although significant discrepancies are 

apparent at low frequency. This probably indicates that the assumed mechanical properties of the mineral 

wool need to be refined, since the predicted mas-air-mass resonance occurs at 250Hz, whereas it appears 

to be at 160Hz in the measurements. 

5 Conclusions 

This paper investigated different modelling techniques for the evaluation of the transmission loss of 

different double leaf partitions tested in a reverberation chamber suite and in a real cabin configuration. 

The following conclusions can be drawn: 

- modelling the transmission loss problem is complex because results are strongly affected by many 

factors, such as the characteristics of the incident sound field and details of the test installations. 

As a result correctly modelling the test parameters requires considerable care; 

- improved control of test samples and procedures would be beneficial in providing better 

benchmark data for the numerical modelling; 

- the FE modelling methods outlined offer considerable potential for future optimisation studies, but 

need to be extended to include more details of the cabin structure and its surrounding to limit the 

discrepancies between experimental and numerical results; 

- although the numerical model has not been used to produce values of weighted sound reduction 

index, this is a small extension to the method once the transmission loss calculations have been 

fully validated. 
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