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ABSTRACT 

Reducing the radiated noise from ships is becoming increasingly important as ship -builders aim to 

reduce the disturbance to marine life, passengers and crew. A major contributor is on-board machinery 

which typically radiates noise to the water column from both structure-borne and air-borne 

transmission paths. Problematic machinery is often decoupled from the hull by supporting it on 

resilient isolation mounts. This paper predicts the effect of isolator internal resonance on the 

underwater radiated noise by considering a typical marine diesel characterised by source levels 

estimated from empirical relationships. The structure-borne and air-borne transmission paths are 

resolved individually using approximate analytical methods. It is subsequently demonstrated that the 

reduction of isolator internal resonances could provide a significant reduction in the underwater 

radiated noise from ships. 
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1. INTRODUCTION 

Machinery noise and its transmission is an important factor in the design of just about any 

engineered structure. Buildings, ships, and cars are all subject to limitations on the allowable noise for 

a variety of reasons. For example, for fisheries research vessels, the International Council for the 

Exploration of the Seas (ICES) has recommended maximum levels of underwater radiated noise  to 

minimise disturbance to marine life and improve acoustic survey capability (1). In this context, the 

ability to estimate the radiated noise from noisy machinery components is highly desirable, especially 

in the concept design stage. Noise reduction measures are cheaper and best implemented during the 

design phase rather than retro-fit (2). 

For ships, a significant source of noise is the engines. The main 

transfer paths into the ship structure, demonstrated in Figure 1, can be 

broken down into the resilient mountings [1], surrounding air [2], 

pipes [3], propulsion system [4] and the resiliently mounted exhaust 

system [5] (3). From these transfer paths, the most significant noise 

mechanisms are normally the structure-borne noise from the resilient 

mounts [1] and the noise transmission through the surrounding air [2].  

For radiated noise prediction, it is useful to consider the source, 

transmission path, and receiver independently. The definition of the 

source strength should allow for the consistent comparison of different 

sources; comparison of sources with set limits; prediction of noise 

levels when installed; and quantification of improved low noise 

designs (4). For the airborne path, sound power meets these criteria 

and is readily measured and has been standardized (5). For the 

structure-borne path, free-velocity has been used, with reasonable 

accuracy, for predicting the radiated noise from machinery (6). When it 

comes to the transfer paths for ship noise, these have usually been 

quantified with a combination of statistical energy analysis, 

computational methods and empirical relationships (2, 3, 7-11).  

 

 
 

Figure 1 – Marine engine 

noise sources (3) 
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The accuracy of traditional methods of predicting ship noise can be within 3–5 dBA (7). However, 

the errors with narrow band predictions can be as much as 10 dB. The difficulties in predicting noise 

levels are related to the over-simplification of complex systems and the inherent variability associated 

with manufacturing processes and constituent materials. Plunt (7) noted that two nominally identical 

ships were found to differ by as much as 3 dBA. Representing levels in octave-bands reduces the 

variability but sacrifices resolution. Nonetheless, these approximate techniques still provide 

reasonable accuracy for broad evaluation of mitigation strategies. 

Isolator internal resonances have been shown to increase power transmission and subsequently 

radiated noise from simple structures (12, 13). The focus of this paper is to investigate the relative 

importance of vibration isolator internal resonance on underwater noise radiated from ships. A case 

study with a typical marine diesel engine is characterized by its sound power and free-velocity derived 

from empirical relationships. The exhaust noise is not considered since this is usually radiated above 

water. Consequently, the large impedance mismatch at the air-water boundary results in a negligible 

proportion of the exhaust noise being transmitted into the water column. 

The structure-borne noise is evaluated considering an equivalent rigid lumped mass and uni-axial 

isolation system. The blocked force is calculated under the assumption that the foundation impedance 

is much larger than that of the engine. This allows for the radiated noise in the water to be 

approximated by applying the resulting force to an infinite plate representation of the hull. This 

approximation has been proven to provide good correlation with the mean radiated noise level from an 

applied force against a wetted ship hull (14).  

The air-borne noise is resolved by considering an energy-based framework. The transmitted sound 

power is broken down into the reverberant and direct fields. These fields are functions of the 

compartment volume, air absorption and wall reflection and transmission properties. The wall 

properties are determined using a transmission matrix approach. 

Finally, the relative contributions of the air-borne and structure-borne paths are investigated and 

the contribution of the isolator internal resonances to the overall noise level is evaluated and discussed. 

Although these techniques do not consider much of the finer detail, they still demonstrate the broader 

trends which are also seen in more complicated models. 

2. METHODOLOGY FOR PREDICTING RADIATED NOISE 

A basis for predicting the radiated noise from a structure is to consider the problem in terms of a  

source-path-receiver framework, such as the description shown in Figure 2. 

 

Figure 2 – Schematic of a source-path-receiver description 

 

In this case the source, transmission path and receiver are represented by the levels LF, LT and LSL 

respectively. These levels will often be represented by reduced data sets which may not include all 

possible detail or available resolution. For example, in the early stages of concept design it is assumed 

that the source levels are most likely available as octave or one-third-octave band frequency spectra. 

These spectra represent the power summed over a constant percentage bandwidth and as such will 

often “smear out” narrow-band features such as resonances. The transmission path level LT should also 

be of an equivalent frequency resolution and fidelity. For levels in dB, referenced to appropriate units, 

the receiver level can be calculated within a particular frequency band by summing the source and 

transmission path levels.  

The individual components of the transmission path can be evaluated entirely in narrow-band. The 

final transmission path level LT, however, should be consistent with the source level LF. A reasonable 

method for calculating the reduced transmission path level is to average the linear (not in dB) power or 

square of the representative transfer function over the appropriate frequency bandwidths. The 

resulting radiated noise level can be estimated from 

𝑳𝐒𝐋 =  𝑳𝐅  +   𝑳𝐓  (dB, re = 1 𝜇Pa
2
/Hz at 1 m)  (1) 

A reasonable high frequency approximation is to assume that each path is incoherent and can be 

Source 

(Forcing) 

Receiver 

(Radiated Noise) 

LF LT LSL 

Path 

(Transmission) 



Inter-noise 2014  Page 3 of 10 

Inter-noise 2014  Page 3 of 10 

treated independently. The resulting noise level is determined by summing the intensities of the 

independent paths, 

𝑳𝐒𝐋
𝐓𝐨𝐭𝐚𝐥 = 10 log10(10

𝑳𝐒𝐋
𝐒 10⁄ + 10𝑳𝐒𝐋

𝐀 10⁄ ) (dB, re = 1 𝜇Pa
2
/Hz at 1 m)  (2) 

where 𝑳𝐒𝐋 is the predicted radiated noise spectrum level. The superscripts are used to associate the noise 

levels with either the structure-borne (S) or air-borne (A) paths. Spectrum level is defined as the 

power spectral density with a one Hz frequency spacing (15). This quantity is commonly used when 

describing the acoustic source level of ships.  

3. STRUCTURE-BORNE NOISE 

Empirical relationships have been previously developed for estimating the free-velocity of 

common marine diesels. The free-velocity of a rigid diesel engine of mass 𝑚E in kg, power 𝑃 in kW 

and rated speed 𝑠0 in rpm can be estimated from (8, 9) 

𝑳𝐅
𝐒 = ∆𝐿𝑉 − 20log10𝑚E + 20log10 𝑃 + 30log10 𝑠 𝑠0⁄ + 122 (dB, re = 5 × 10

-8
 m·s

-1
) (3) 

where s is the speed of operation and ∆𝐿𝑉 is a frequency correction given in Table 1.  

Table 1 – Frequency correction for Equation (4) (8, 9) 

𝑓𝑐 (Hz) 16 31.5 63 125 250 500 1000 2000 4000 8000 16000 

∆𝐿𝑉 (dB) 0 –3 –4 –4 –5 –6 –6 –10 –18 –29 –44 

 

An approximate transfer function for converting the free-velocity into an equivalent uni-axial force 

spectrum level can be written as 

𝑳 = 20log10 2𝜋𝑓𝑐𝑚𝐸 − 10log10 ∆𝑓OB − 146 (dB, re = 1 N/5 × 10
-8

 m·s
-1

/Hz) (4) 

where 𝑓𝑐  and ∆𝑓OB  are the centre frequency and bandwidth in Hz for the octave band under 

consideration. This expression assumes that the engine behaves as a rigid mass.  

Critical machinery such as a marine diesel can be hard mounted, or supported on either 1-stage or 

2-stage isolation systems incorporating resilient elements. These elements, typically made of rubber or 

other viscoelastic materials, reduce transmitted vibration by dissipating and impeding the transfer of 

vibrational energy. A uni-axial transmission model is suitable in this case since the source level is also 

one-dimensional. Any additional complexity would potentially introduce artefacts or errors associated 

with the interpretation of the source from the coupling to other dimensions.  

The transmissibility of the diesel-isolation system can be calculated using the transmission matrix 

method (16). A schematic of a transmission matrix model of a two-stage isolation system is shown in 

Figure 3. The transmission matrices 𝛂𝑚 for a lumped mass, 𝛂𝑘  for an ideal stiffness, and 𝛂𝑖  for a 

resilient element represented as a slender rod, are given in Equations (5) to (7). These individual 

elements, which relate force f and velocity v, can be derived from analytical, computational or 

experimental methods. The system matrix 𝜷 can be built up with any number of stages by the forward 

multiplication of the transmission matrices of the constituent elements , as shown in Equation (8). In 

these expressions, 𝜔, 𝑚, 𝐴, 𝐸 and 𝑙 respectively represent angular frequency (in rad/s), mass, cross 

sectional area, Young’s modulus and isolator length. The longitudinal wavenumber is given by 

𝑘𝐿 = 𝜔 𝑐𝐿⁄ , where 𝑐𝐿 = √𝐸 𝜌⁄  and 𝜌 is density. Hysteretic damping is included by using a complex 

Young’s modulus 𝐸(1 − 𝑗𝜂), where 𝜂 is the loss factor. As a first approximation, the foundation 

impedance is assumed to be much larger than the impedance at the engine mountings; the 

transmissibility 𝑇𝐹  is simply the inverse of the first element of the system matrix, as shown in 

Equation (9). In line with this assumption, the resulting force can be applied directly to the hull. 

A good approximation to the mean radiated noise from a ship hull excited by a point force below the 

critical frequency (typically above 4 kHz) is obtained by considering an infinite, homogenous flat 

plate of the same thickness and material as the hull plate (14, 17). The expression 𝑇𝑃 relating the 

normal sound pressure, referenced to 1 m, to a unit force applied to the hull, is given in Equation (10). 

Quantities 𝜌𝑠, 𝜌𝑓 and ℎ are respectively the density of the hull, density of the fluid and hull thickness. 

The fluid wavenumber is  𝑘𝑓 = 𝜔 𝑐𝑓⁄ , where 𝑐𝑓  represents the speed of sound in water. This 

expression is simple because it describes the radiated pressure associated with the near-field deflection. 

The component of radiated noise from the propagating components, below the critical frequency, is 
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Figure 3  ̶  Schematic of the model for the 

structure-borne path 
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 (7) 

𝜷 = 𝛂𝑚1𝛂𝑖1    or   𝜷 = 𝛂𝑚1𝛂𝑖1𝛂𝑚2𝛂𝑖2  (8) 

𝑇𝐹 =
𝑓𝐸
𝑓0
= 𝛽11

−1 (9) 

𝑇𝑃 =
−𝑗 𝑘𝑓 𝑒

𝑗𝑘𝑓

2𝜋(1 − 𝑗𝑘𝑓ℎ 𝜌𝑠/𝜌𝑓)
 (10) 

negligible due to the short wavelengths when compared with the fluid wavelength (14). 

Finally, the mathematical definition of the structure-borne transfer function is given as 

 𝑳𝐓
𝐒 = 𝑳 + 10 log10〈|𝑇𝐹𝑇𝑃|

2〉OB + 120 (dB, re = 1 𝜇Pa
2
/N at 1 m) (11) 

〈 〉 is used to designate an average quantity; the subscript, in this case, signifies that the average is taken 

over the relevant octave band. 

AIR-BORNE NOISE 

As with the structure-borne noise, empirical relationships have been developed for estimating the 

radiated sound power from typical marine diesels (8, 9). The source level for the air-borne path 𝑳𝐅
𝐀 

can be written as 

𝑳𝐅
𝐀 = ∆𝐿𝐴 +   + 10 log10(𝑃) (dB, re = 1 pW) (12) 

where ∆𝐿𝐴 is the frequency correction including intake noise. 

Table 2 – Frequency correction for Equation (12) (8, 9) 

𝑓𝑐 (Hz) 31.5 63 125 250 500 1000 2000 4000 8000 

∆𝐿𝐴  13 21 28 28 27 29 28 22 15 

 

In order to estimate the radiated noise from a hull compartment of volume (𝑉) due to the air-borne 

path an energy-based theoretical framework, consistent with room acoustics, is developed. A pictorial 

representation of the individual components of the air-borne path is presented in Figure 4. To calculate 

the noise radiation based on energy considerations both the reflection and transmission properties of 

the boundary wall are needed. The transfer function of total power radiated to the exterior of the 

compartment can be separated into the reverberant and direct components according to 

ΠOUT ΠS⁄ = Π́R + Π́D (13) 

where ΠOUT ΠS⁄  is the ratio of the underwater acoustic power and the source acoustic power. Π́R and 

Π́D are the components of this ratio associated with the reverberant and direct fields respectively. The 

dash is used to indicate that these quantities are normalized by the source acoustic power. The 

reflection controls the build-up of the reverberant field in the compartment and the transmission 

controls how much of the direct and reverberant fields pass to the exterior. 
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Figure 4 – Constituents of the airborne path 

The normalized reverberant and direct components of the output power can be written as 

Π́R = 〈𝛽〉𝑆 𝑐𝑎〈𝜀Ŕ〉 4⁄  (14) Π́D = 〈𝛽〉𝑆 𝑐𝑎〈𝜀D́〉 2⁄  (15) 

Where 〈𝛽〉, 𝑆, 𝑐𝑎 and 〈𝜀́〉 are, respectively, the average wall energy transmission coefficient, wall 

surface area, sound speed of the compartment air, and the average energy density per unit input power. 

As only half the flux from the reverberation acts towards the wall and the average normal component 

of that is also halved when averaged over all incident directions, the net flux of the reverberant field 

onto the compartment wall is 𝑐𝑎〈𝜀Ŕ〉 4⁄ . For the direct field component of the energy density, the direct 

flux onto the wall will depend on the source position. Averaging over all source positions, the 

normalized outward flux of the direct-field energy density can be approximated by 𝑐𝑎〈𝜀D́〉 2⁄ . At 

equilibrium, the power produced is balanced by the volume and wall surface losses (the latter 

including wall absorption as well as outward transmission). 

Balancing power, the energy densities of the reverberant and direct fields can be written as  

〈𝜀Ŕ〉 =
1 − 〈𝛼〉 

𝛾𝑉 + 〈𝛼〉 𝑐𝑎 𝑆 4⁄
 (16) 〈𝜀D́〉 =

1

𝛾𝑉 + 𝑐𝑎 𝑆 2⁄
 (17) 

In these expressions 𝛾  and 〈𝛼〉  represent the frequency dependent volume attenuation and the 

average energy absorption coefficient of the wall surface as per Beranek (18). The volume attenuation 

γ is related to the volume absorption coefficient η, in Np/m, and 𝜂D, in dB/m, of the interior fluid (see 

Landau and Lifshitz (19)) according to  

𝛾 = 𝜂 2𝑐𝑎⁄  (18) 𝜂 = 𝜂D ln(10) /20 (19) 

The wall absorption coefficient 〈𝛼〉 and the average transmission coefficient 〈𝛽〉 to the exterior 

space for a wall composed of different surfaces, specified by index i, are given by 

〈𝛼〉 =∑𝑆𝑖(1 − 𝑅𝑖) 𝑆⁄

𝑖

 (20) 〈𝛽〉 =∑(𝑆𝑖𝑇𝑖) 𝑆⁄

𝑖

 (21) 

where 𝑆 = ∑ 𝑆𝑖𝑖  and 𝑅𝑖  and 𝑇𝑖  represent the incidence-angle-averaged, frequency-dependent, 

reflection and transmission coefficients R and T of wall i. These coefficients also depend on wall 

properties such as thicknesses, densities and elastic constants (including absorption terms) of the 

materials composing the wall. For non-wetted portions of the hull where the sound can be assumed not 

to enter the water 𝑇𝑖  would be set to zero, but this level of detail has not been used in the case study. 

In the case of the reverberant field the conventional field-incidence angle average of 𝑅, 〈𝑅〉FI, is 

appropriate for 𝑅𝑖 with 〈𝑇〉FI also used for 𝑇𝑖. For the direct field the required average of 𝑇 is not 

well defined. For example, if the source is located in the centre of a sphere, the average of 𝑇 is the 

normal incidence value. However, Equation (17) is an average and the source position is unknown, so 

it will be assumed that the direct field average of 𝑇 can be approximated by 〈𝑇〉FI and used as 𝑇𝑖 also, 

so that 〈𝛽〉 factors in Equations (14) and (15) have the same frequency-dependent value.  

Propagation of waves in layered absorbing elastic materials has been well studied (20-23). Typical 

solution methods involve an approach for the reflection and transmission of plane waves where each 

layer is represented by a transmission matrix. Unlike a uniaxial system involving force and velocity, 

where each element is a 2 × 2 transmission matrix (the so-called 4-pole parameters), the transmission 

matrices for elastic materials involve shear stress and shear displacement. In the Brekhovskikh (21) 
theory, for example, each matrix is a 4×4 matrix involving angle of incidence of the sound, the layer 

thickness, density, complex compressional velocity and complex shear velocity, where the complex 

ΠD 

ΠR ΠS ΠOUT 
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parameters account for absorption. The angle and frequency-dependent reflection and transmission 

coefficients, R and T, are obtained from the appropriate elements of the final product of the matrices, 

as with standard 4-pole techniques, although the equations describing the problem can be quite 

complex. 

Finally, the air-borne transfer function level can be calculated by 

𝑳𝐓
𝐀 = 10 log10(Π́R + Π́D) + 10 log10 𝑐𝑓𝜌𝑓 4𝜋 − 10log10 ∆𝑓OB⁄  (dB, re = 1 𝜇Pa

2
/pW/Hz at 1 m)  (22) 

The second term of this equation converts to sound pressure, assuming a monopole source radiating 

into a full space, the third term converts to spectrum level. For radiation into a half-space the level 

would be 3 dB higher. 

4. CASE STUDY 

A case study is developed to study the potential importance of isolator internal resonances on the 

underwater noise radiated from a ship. A typical 10 tonne 1 MW marine diesel is considered, supported 

on either a 1-stage or 2-stage mounting configuration in a compartment with a volume of 150 m
3
 and 

surface area of 190 m
2
. The intermediate mass for the 2-stage system is conservatively chosen to be 

10% of the primary mass. A typical noise attenuating internal cladding is considered, made up of an 

outer perforated steel plate, fibreglass layer and 25 mm air gap. The hull thickness ℎ, hull density 𝜌𝑆, 

water density 𝜌𝑓 and water sound-speed 𝑐𝑓 are assumed to be 5 mm, 7800 kg/m
3

, 1000 kg/m
3
 and 

1500 m/s respectively. The remaining parameters for the case study are given in Table 3. 

Table 3 – Case study parameters 

Isolators Air Fibreglass Perforated Plate 

𝐴 0.04 m
2
 Sound-speed 343 m/s Thickness 25 mm Thickness 1 mm 

𝐸 5 MPa Density 1.25 kg/m
3
 Density 48 kg/m

3
 Porosity 0.05 

𝜌 1250 kg/m
3
 Viscosity 20×10

-6
 Pa·s Diameter 9 µm Diameter 1 mm 

𝑙 0.107 m Temperature 25 °C     

𝜂 0.10 Humidity 50%     

 

The structure-borne and air-borne octave-band source levels 𝑳𝐅
𝐒 and 𝑳𝐅

𝐀 calculated from Equations 

(3) and (12) are plotted in Figure 5. The narrow-band force transmissibility 𝑇𝐹  for the diesel 

supported on either a 1-stage or 2-stage isolation system and the radiated noise from a unit point force 

on the hull 𝑇𝑃 are presented in Figure 6. The transmissibility responses are also shown for ideal 

springs (no internal resonances, IRs). The rigid body resonance for the 1-stage system is around 6 Hz. 

The 2-stage rigid body resonances are approximately 4 Hz and 28 Hz. The first internal resonance 

occurs around 300 Hz. The transmissibility falls-off at a rate of 12 and 24 dB per octave for the ideal 

1-stage and 2-stage systems respectively. The introduction of the internal resonances halves this rate 

when considering the response between resonances. The radiation efficiency of the hull increases at a 

rate of roughly 6 dB per octave over much of the frequency range.  

For the air-borne path, the reflection and transmission coefficients R and T have been modelled 

numerically by implementing the theory of Lévesque and Piché (23). Field incidence values of R and 

T have been computed for incidence angles up to 78°. This theory is only valid for frequencies where 

sound incident on the layered surface can be treated using plane-wave theory, which implies that the 

dimension or radius of curvature of the compartment wall should significantly exceed the wavelength 

of sound. For an interior air space of spherical volume with radius 3 m, for example, those frequencies 

would be greater than 100 Hz. The volume absorption coefficient of air is computed for the given 

temperature and humidity using the formula of Bass et al. (24), agreeing closely with the tabulated 

data of Bies and Hansen (25). Porous fibrous materials are modelled by computing the flow resistivity 

based on a specific bulk density of the material and the fibre diameter (see, for example, Bies and 

Hansen (25)). The theory of Delany and Bazley (26) is used to convert the flow resistivity into the 

material impedance. This impedance, coupled with the complex density, is incorporated into the 
multi-layer reflection and transmission modelling.  

The perforated plate has been modelled using the transfer impedance theory of Maa (27) using the 

correction of Fok as used in the reference (28). The transfer impedance is converted into absolute 
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impedance by determining equivalent fluid properties for a plate of given thickness, porosity and hole 

perforation diameter, for inclusion in the multi-layer reflection and transmission modelling. The plate 

is otherwise assumed rigid. 

The spectrum level, in octave-bands from 63 Hz to 4 kHz, from individual paths for several 

different scenarios, is shown in Figure 7. The structure-borne scenarios, in descending order of 

dominance, have isolation systems with 1-stage, 1 ideal stage, 2-stages and 2 ideal stages. The 

air-borne scenarios, in descending order of dominance, include air absorption, 50% coverage of the 

internal surface area with cladding, and 100% coverage.  

 

Figure 5 – Candidate engine source characteristics 

 

Figure 6 – Transfer function gains for the isolation systems and hull radiated noise 
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Figure 7 – Radiated noise from individual cases in descending high-frequency dominance: 

structure-borne 1-stage , air-borne with air absorption , structure-borne 1-stage no IRs , 

air-borne with absorptive coating 50% coverage , air-borne with absorptive coating 100% 

coverage , structure-borne 2-stage  and structure-borne 2-stage no IRs . 

 

Figure 8 – Total radiated noise considering different isolation systems with and without IRs 

Examining the structure-borne path, the internal resonances for the 1-stage and 2-stage isolation 

systems increase the radiated noise by as much as 23 dB and 46 dB respectively. It should be 

acknowledged, however, that this 2-stage system represents a worst case since the same isolators were 

used in both stages. Using different isolators with different internal resonance frequencies would 

smear their effect over a wider frequency range.  
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Although not shown explicitly, for the air-borne path, it is worth noting that the loss due to air 

absorption is significant, especially at higher frequencies. This is associated with the high reflectivity 

of the steel hull which results in sound travelling a great distance, on average, before exiting the hull. 

The addition of 50% noise attenuating cladding drops the radiated noise by as much as 20 dB. By 

coating the whole surface, the radiated noise is further reduced, especially at high frequencies, by as 

much as 9 dB.  

The total radiated noise is plotted in Figure 8, including sound-attenuating cladding covering 50% 

of the surface area, and considering both a 1-stage and 2-stage isolation system with and without 

internal resonances. For context, the underwater noise limit suggested by ICES (1) is also included. 

For the 1-stage system modelled here, the internal resonances increase the radiated noise by as much as 

22 dB for frequencies above 250 Hz. The 2-stage system is better at reducing the radiated noise. 

Significantly, there is little impact from the internal resonances. The 2-stage system provides up to 10 

dB greater noise reduction when compared with the idealized 1-stage system and the dominant path is 

now air-borne.  

5. CONCLUSIONS 

This paper has put forward a methodology for predicting the underwater machinery noise from 

ships. The air-borne and structure-borne paths were considered separately by assuming their 

contribution to the total radiated noise was incoherent. A case study was developed to examine the 

contribution of isolator internal resonances to the underwater noise from a typical marine diesel  which 

was characterized by empirical relationships. The structure-borne noise was determined by 

considering a rigid foundation and a uni-axial transmission matrix model with an infinite-plate 

representation of the hull. A rigid termination has been previously shown to be a reasonable 

approximation for determining the transmitted force when the foundation impedance is much larger 

than the engine impedance. The estimation of the underwater radiated noise, below the critical 

frequency, by considering a point excited infinite plate was also in line with previous studies. The 

air-borne noise was modelled using an energy-based framework which divided the sound power into 

the reverberant and direct fields. The transmission through the hull was determined using a 

transmission matrix approach. 

The results from the case study demonstrated that with noise attenuating cladding and a 1-stage 

isolation system, the structure-borne path dominated much of the frequency range. Failure to consider 

the internal resonances under-predicted the total radiated noise level by as much as 22 dB. With the 

2-stage isolation system, the air-borne path was dominant. These results show that, for a 1-stage 

isolation system, isolator internal resonance could be a significant contributor to the underwater noise 

and should be considered. The study has also shown that elimination of the internal resonances in a 

1-stage system could result in underwater noise levels approaching those of a two stage system without 

the added mass and complexity.  
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