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ABSTRACT 

This thesis presents the results of an investigation into the application of statistical 

energy analysis (SEA) to predict structure-borne noise transmission in ship structures. 

The first three chapters introduce the problems of noise and vibration in ships; the 

previous research on the application of SEA to ships; the basic theory of SEA and the 

experimental measurement techniques and procedures used to gather data 

The main body of this thesis presents a wave transmission model for the hull frame joint 

which is commonly encountered on the hull, bulkheads and deck plates of ship 

structures. The wave model allows the transmission coefficients to be calculated for hull 

frame joints which can be used in the coupling loss factor equations of SEA models. 

The joint model has been verified against measured data taken on a simple two 

subsystem single joint laboratory structures and a large complex 38 plate test structure 

with multiple joints intended to represent a 1/10' scale model of a hull section. In 

addition to the laboratory structures, the SEA modelling of sections of a ship is 

presented for a large ribbed deck plate, a section of the ship superstructure and a section 

of the ships hull. The results from the SEA models are compared with measured 

attenuation data taken on the respective ship sections. A large amount of damping data 

has been gathered on the test and ship structures and an equation for the internal steel 

based on data gathered by other researchers has been verified. 

It has been shown in this thesis that SEA can be applied to ships. Better agreement is 

found with real structures in contrast to the poor results presented for SEA when applied 

to simple one dimensional structures. The level of detail of the model is important as a 

coarse model yields better predictions of vibration level. As with all models the results 

are sensitive to the damping level and it is necessary to include bending, longitudinal 

and transverse wave types in any SEA model to obtain the best prediction. It was also 
found that the flange plates can be neglected from the frame joint model without 

compromising the accuracy. 
XXII 



Chapter One: Introduction 

Chapter One 

Introduction 

1.1 Noise and Vibration in Ships 

The development of methods for the prediction of noise and vibration levels 

aboard ships and offshore structures has been of considerable interest in the previous 

thirty years. This is due to increased awareness of the health risk and nuisance that are 

caused by exposure to high noise and vibration levels. Ships and offshore structures 

pose particular problems as they provide both workplace and living environment for 

onboard personnel who can be exposed to high noise and vibration levels for extended 

periods of time. It is therefore important to have the capability to predict noise and 

vibration levels during the design phase and ensure that noise levels are minimised . 
This obviates the need for expensive and costly remedial work on a completed vessel. 

The problems posed by noise and vibration have been recognised by most ship 

classification societies who are responsible for approving ship design and construction 
(e. g. Lloyds for the United Kingdom, Det Norske Veritas for Norway, American Bureau 

of Shipping for the United States). In 1978 the International Maritime Organisation 

(IMO) started development of a noise code setting the maximum noise levels 

throughout a ship structure and permissible exposure times. This came into existence as 

the 'Code on Noise Levels Onboard Ships' in 1982 [1] for all new vessels (except 

fishing vessels) above 1600 gross tonnes and has subsequently been adopted by several 

-1- 



Chapter One: Introduction 

maritime countries as the minimum statutory requirement (e. g. Liberia, Netherlands) 

that all new vessels must achieve. 

The IMO code for ship noise has been established with the following problems as the 

principal targets: 

(a) Reduction and elimination of hearing damage; 

(b) Minimisation of disturbance to sleep and rest; 

(c) Reduction of interference with onboard speech communications; 

(d) Ensuring that all-warning signals are clear and audible; 

Ship vibration levels are covered by ISO 6954 [2] which came into effect in 1984, seven 

years after the first draft proposal on the subject was produced. This standard sets out 

the adverse and acceptable vibration levels for structural elements such as decks and 

bulkheads in accommodation and working spaces. The standard is based upon 

measurements collected from a series of different ship hulls. 

It is also important to recognise that for vessels such as oceanographic survey ships and 

warships there are other requirements which are not covered in the general design 

requirements of ISO 6954 and IMO XII. The principal requirement is for low noise 

emission from the hull to the water. For surface warships this is particularly important 

as the acoustic signature allows detection by submarines and minimising underwater 

noise is extremely important. These types of vessel require more detailed consideration 

of the noise and vibration levels on the structure. 

While the aforementioned noise and vibration codes specify the criteria that a ship 
design should achieve, they do not provide guidance on how the design criteria should 

be assessed at the design stage. It is particularly difficult to perform noise and vibration 

assessment for ships as they are large complex structures with different structure-borne 

and airborne noise sources located throughout the structure. The principal noise sources 
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Chapter One: Introduction 

are typically the main engine(s), auxiliary engine(s) and the propeller(s). This thesis 

does not consider the character and nature of the ship noise sources but instead focuses 

on the prediction method for structure-borne noise throughout the ship structure. 

1.2 Aims of Thesis 

The aims of this thesis are to investigate the application of statistical energy analysis to 

the prediction of structural vibration transmission in ships. The previous SEA work on 

ship structures is discussed in more detail in chapter two however the following 

observations can be made about the previous published research work that is available. 

(a) Much of the work available is restricted to laboratory models intended to be 

representative of parts of the ship structure or small scale models of parts of 

a ship. While useful these do not present any insight into how a real ship 

structure should be modelled. 

(b) The application of SEA to periodic and near-periodic structures has been 

studied by a number of researchers. It has been assumed that because of the 

stiffening present on decks, hull and bulkheads etc., that ships can be 

classified as near-periodic structures and as such the problems associated 

with periodicity render classical SEA useless. More sophisticated techniques 

such as wave intensity analysis have been proposed as a possible solution to 

the problem of periodicity however no work has been undertaken on a real 

ship to justify this assumption. 

(c) The main joint type found in ship construction is the frame joint which is 

found on the decks, bulkheads and the hull which is formed from a steel T 

section welded to a plate. No work has been presented on the transmission 

characteristics of this type of joint and if classical SEA is to be successfully 

applied to a ship, then this joint is important for modelling ships 

-3- 



Chapter One: Introduction 

(d) The internal damping of real ship structures has not been rigorously 

investigated. The effect of the plate stiffeners welded fittings on damping 

have not been investigated. The most frequently used damping relationship 
has been taken from measurements on flat steel plates. 

This thesis addresses the aforementioned problems with the principle aim of providing 

guidance on how a real ship structure can be analysed. This is achieved by a structured 

combination of laboratory experiments, surveys aboard parts of a real ship structure and 

theoretical developments that allow the typical steel ribbing found in ship structures to 

be modelled. The SEA modelling of simple and complex laboratory structures is 

presented along with sections detailing the modelling of sections of a real ship. 
Comparisons of predicted and measured vibration levels are presented. The predicted 

vibration levels are compared with experimental measurements. 

1.3 Thesis Layout 

Chapter two commences with a review of the problems of predicting noise transmission 

in ships and the techniques available. A review of the historical development of SEA as 

an analytical tool is presented. The important SEA parameters such as energy, coupling 
loss factor, internal loss factor and total loss factor are defined along with the use of 

power balance equations to determine the power flow. The importance of the mode 

count and modal overlap is introduced along with the problems of predicting the 

variation from the mean response. 

Chapter three outlines the experimental techniques and equipment used to provide the 

measured data for this thesis. The measurement procedures in the laboratory and on the 

ship structures are discussed in detail and the statistical accuracy of the data and its 

importance is discussed at the end of the chapter. 
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Chapter four introduces the basic joint types used in the modelling of a ship. The 

theoretical analysis of the hull-frame stiffener setting out the basic equations and the 

solution methods is described. The results of a parametric study on two of the hull- 

frame joint configurations is presented to identify the key features of stiffener design on 

wave transmission characteristics. 

In chapter five a comparison of the results from SEA models and experimental 

measurements are presented to confirm the integrity of the joint models. Initially the 

SEA modelling of simple two subsystem models utilising the previously developed 

hull-frame stiffener is presented. The results from the SEA models are compared with 
laboratory measured data to prove the accuracy of the theoretical model. A large ship- 
like tank structure used in the laboratory is then described as this forms the second part 

of the experimental work. The structure is complex, periodic and is constructed from a 

variety of joint types representative of those found in a real ship. The results of 

experimental measurements are compared with the results from SEA models of the 

structure to test the applicability of the joint models developed in chapter four to a large 

complex structure. 

Chapter six investigates the analysis of real ship structures. The first part of the chapter 

presents the results of the investigation into the damping of the steel structure. The 

internal loss factor measurements taken from common ship structural elements such as 

steel ribbed deck plates, ribbed bulkheads, curved ribbed hull plating are presented 

along with measurements from hull plating with applied damping treatment. The SEA 

modelling of ribbed plates is investigated to identify the best modelling practices when 

studying ships. A detailed investigation of a large ribbed deck plate is presented using 
the hull-frame joint developed in chapter 4. Comparison between measurements taken 

on the real structure and SEA predictions from different model representations are 

given. The analysis of a ship superstructure unit which has a variety of different joint 

types i. e. L, T, X and hull-frame joints is presented. The final analysis presented is a 
large section of the ship hull which has a variety of different joint types e. g. parallel 
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plate joint and hull-frame joints. The SEA modelling of the superstructure unit and hull 

are discussed in detail along with the measurement strategy and comparison of the 

measured and predicted vibration levels are presented. 

Chapter seven presents a general discussion of the theoretical and experimental studies 

presented in this thesis and the conclusions about the suitability of applying SEA to 
large welded structures that can be drawn from the work. The chapter finishes with 

suggestions for future research work that should be undertaken to progress the field of 

ship acoustics. 

-6- 



Chapter Two: Literature Review and Theory of Statistical Energy Analysis 

Chapter Two 

Literature Review And 

Theory Of Statistical Energy Analysis 

2.1 Introduction 

Statistical energy analysis (SEA) is an analytical technique that allows the flow 

of power through structures to be predicted for broad band noise sources. SEA has 

evolved from a theoretical investigation of the power flow between coupled single 
degree of freedom oscillators to a method that allows the prediction of the vibration 

transmission in complex structures such as aircraft, automotive vehicles and buildings. 

The technique is called SEA because the model is statistical and does not represent a 

single unique structure but the mean of a population of structures with similar geometry 

and properties and energy is the variable that describes the system state. In theory an 
SEA model can be used to predict the standard deviation, but in practice studies are 

currently limited to the mean properties. An SEA model aims to predict the response of 
the population mean to an excitation and it also necessary to predict the deviation of the 

sample from the mean. 

In section 2.2 of this chapter a review of the different methods available to predict 

shipboard noise and vibration levels is presented summarising their relative strengths 

and weaknesses. Section 2.3 reviews the development of SEA and introduces the SEA 

variables of energy, coupling loss factor, internal loss factor, total loss factor and the 

power balance equations. In section 2.4 a review of the problems of establishing the low 
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frequency limits of SEA is presented along with the important parameters of the 

statistical mode count and modal overlap. Section 2.5 presents a brief discussion of the 

problems in SEA associated with predicting the deviation of the response from the 

mean. Section 2.6 reviews the basic relationships between energy and other response 

variables. 

2.2 Methods For The Prediction Of Ship Noise and Vibration Levels 

The different analytical methods available to predict noise and vibration levels in ships 

are reviewed in this section. 

2.2.1 Finite Element Methods 

The finite element method (FEM) evolved in the early 1960's from the matrix-structural 

methods of the 1950's and is now a design tool used in the analysis of a wide range of 

structural problems. The finite element method is used to solve boundary value 

problems which allows it be applied to stress analysis, heat transfer, eigenvalue 

problems, electromagnetic and fluid-structure interaction problems. 

In ship design, FEM is used to predict the global response of the ship hull and 

superstructure. A typical example of the use of FEM in ship vibration analysis is given 

in the work of Jantunen et al [3] where the finite element analysis of a 21,000 tonne 

cruise liner is discussed. Jantunen discusses the use of sub-structuring in building and 

analysing FE models of each deck and extracting the eigenvalues. The deck 

substructures are combined to produce an overall model of the ship aft structure and 

modal synthesis is used to combine the first 85 modes of the substructures. A separate 

model for the water was created to include the mass loading provided by the fluid- 

structure interaction. Measurements were taken aboard the vessel during fitting out and 

sea trials and comparison with the FE results discussed but no results were presented. 
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Similar work is outlined by Nagamoto et al [4] in applying FEM to determine the first 

20 global modes of the superstructure of a liquid natural gas carrier and the effects of a 

local engine mounting details on the response of the aft structure. A comparison of ten 

measured and predicted natural frequencies is presented with a difference of less than 

10% however no modal comparison is presented to verify that the correct modes are 

being compared. 

In using FEM, ship designers are principally concerned in ensuring that the running 

speed of the main and auxiliary engines, reduction gearboxes, propeller and shaft are not 

coincident with the global modes of the ship superstructure. It is not possible however to 

use FEM to predict the structure-borne noise transmission is ships for the following 

reasons: 

(a) To use FEM to predict structure-borne noise transmission would require 

an extremely large model, with the number of degrees of freedom in the 

order of several million; 

(b) The resonant frequencies and mode shapes are extremely sensitive to the 

local geometry and manufacturing tolerances. It would not be possible to 

model to this level of detail. The results of the finite element model are 

also sensitive to the type of dynamic solution routine used (e. g. 

subspace iteration, Guyan reduction) ; 

(c) The computing effort required to generate the ship finite element model 

and solve would be prohibitive. The number of resonant frequencies and 
mode shapes would be extremely large and the post-processing 

would be impossible; 
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2.2.2 Empirical Noise Prediction Methods 

Empirical -methods offer a simple and quick technique for predicting airborne and 

structure-borne noise levels at the preliminary design stage. Typically the various 

methods available are based on measurement data collected from existing vessels. The 

noise levels are then related via regression analysis to important design features such as 

the number of decks, the engine power, the engine running speed, the propeller and the 

reduction gear box. 

The first empirical method proposed for the preliminary design phase was by Janssen 

and Buiten [5]. Janssen's model allows the vibration levels due to the diesel engine, the 

reduction gear box, the screw propellers and bow thrusters to be determined from which 

the vibration level in the hull and the cabin noise levels can be predicted in octave 
bands. 

Plunt [6,7,8] conducted an extensive survey of 14 vessels of different designs, collecting 

large quantities of measurements which allowed the development of empirical 

calculation procedures. The developed formulae for vibration prediction covered the 

following: 

- Main engines: prediction of the vibration levels at the foundations of rigidly 

mounted diesel engines with two speed ranges; 
Auxiliary engines: prediction of vibration levels for rigidly mounted and 

flexibly mounted diesel engines with two speed ranges; 

- Propellers: the prediction formulae of Janssen and Brown were used; 

- Hull plating: two formulae for different propeller shaft speeds were 

presented for the prediction of the vibration levels in hull plating ; 

- Reduction gears: formulae were presented for predicting the vibration level in 

octave bands at the tooth meshing frequency of the gearbox ; 
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Another octave band noise technique was proposed by Szczerbicki and Szuwarzynski 

[9]. The prediction method was based on measurements taken aboard 15 cargo vessels 

and then verified against 5 other vessels. Szczerbicki employed multiple regression 

theory to develop the mathematical model however no comparison of measured and 

predicted data is included The method is based purely upon statistical evaluation of 

measured data and thus eschews the approaches of Buiten and Plunt who considered the 

different noise sources and their relative magnitudes. 

Calcagno et al [10] presented two statistical prediction methods for predicting the A- 

weighted octave band noise levels on ship superstructures. The first method is based on 

the multiple regression method employed by Szczerbicki and the second method 

extends the Optimal Linear Parameter Estimation (OLPE) theory. Calcagno sought to 

show that the OLPE theory was superior to the regression method. Measurements taken 

aboard 18 vessels in a total of 913 cabins were the basis for the statistical model. 
Calcagno concluded that the OLPE method with a mean standard deviation of ±5 dB 

was more accurate than the regression method with a standard deviation of between ±6 

dB and ±8dB. 

The main advantage of empirical methods is that they are simple and can work well if 

the ship being analysed is similar in design and construction to those of the reference 

vessels from which the empirical rules have been developed. This is particularly useful 
in the early design stages as it can give the designer a feel for the noise levels without 
the need for complex calculations. If the requirements for similarity are not met, the 

predictions obtained have a greatly increased uncertainty. The problems with empirical 

methods can be summarised as follows: 

- they take a simplistic and coarse approach to the ship design; 

- they do not give any information about transmission paths through the ship; 

- they do not permit the effects of structural design changes on sound 

transmission to be assessed; 

- they are of limited use when novel features are included in the ship design; 
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2.2.3 Wave Guide Models 

The wave guide model was first utilised by Fahy and Lindqvist [11] to study structure- 

borne noise transmission in ship hull-frame structures. The model developed was based 

on a hull plate bounded by two parallel frames. The purpose of the analysis was to 

determine the effectiveness of damping treatments applied to the hull plate. The 

analytical model revealed that the hull frames provided a flanking path that rendered the 

damping layers on the hull plate ineffective. 

In a similar approach Nilsson [12] studied the propagation of structure-borne noise in 

the hull-frame structure by modelling the plates of the frame and the hull as a one- 

dimensional Timoshenko beam model. This was used to predict the transmission of 

structure-borne noise in the vertical direction. The Fahy and Nilsson frame models are 

shown in figures 2.1 and 2.2. 

Nilsson [13] took the waveguide approach further by developing a model for the 

prediction of vibration levels in a ship superstructure. This mathematical model was 

based on a method developed by Heckl [14] for studying grillage structures. In this 

structural model the parallel frames are considered to act as a waveguides constraining 

the structure-borne noise to propagate in the vertical direction (for hull and 

superstructure plates) and the transverse direction (for deck plates) i. e. there is no 

transmission past the frame members. A diagram of the waveguide model is shown in 

figure 2.3. Nilsson [15] tested this conceptual model experimentally by constructing a 
1/20th scale model to match the mathematical model which allowed comparison of 

predictions and measurements. For the scale model, excellent agreement was found 

between the measured and predicted vibration levels. Nilsson [16] further refined the 

model to improve the accuracy of the low frequency predictions and to allow for a loss 

of energy longitudinally past the frames by incorporating the empirical rules developed 

by Janssen [5]. 
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Figure 2.1 Fahy and Lindqvist frame model 

Figure 2.2 Nilsson frame model 
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The waveguide model is a more refined method for predicting noise levels than 

empirical methods since it considers the design of the structure. Computerised it offers a 

simple and quick modelling approach, however the experimental and measured data 

used to verify the model are for a particular ship construction to which the wave guide 

model is well suited. Typically this is a cargo vessel with superstructure above the 

engine room at the aft of the ship. The waveguide model has not been proven with 

published data for any other design of vessel. 

2.2.4 Statistical Energy Analysis 

There are a number of SEA studies of ships, ship like structures and parts of ship 

structures that have been published in the past twenty-five years and these are reviewed 

in more detail in this section 

The first SEA analysis of a vessel was a theoretical study undertaken by Sawley [17]. 

The vessel studied had a length of 22 m and was constructed from steel. The deck 

house of the vessel was located directly above the engine room. The objective of the 

work was to identify the importance of the different transmission paths from the engine 

room to the deckhouse. This would allow the appropriate noise control measures to be 

identified to reduce the airborne noise level in the deck house below NC75. The 

comparison of the predicted and measured vibration level show good agreement, 

however because the vessel was small, the distance between the source and receiving 

subsystems was such that significant errors were not introduced. 

Chernjawski and Arcidiacono [18] presented a theoretical study of the vibration 

transmission characteristics of a cross joint formed from the intersection of four semi- 

infinite plates at a rigid mass. A model for the transmission characteristics of infinite 

stiffened plate and of a plane structure was also presented. The investigation of the 

plane structure was based on Heckl's [14] grillage study but constructed from plates and 

beams. No experimental work was included to validate any of the theoretical models. 
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Jansen [19,20] presented the results of an investigation into the application of SEA to 

ship structures. A 1/5th scale model of a section through a bulk carrier was presented. 

The SEA model of the structure consisted of 27 bending wave subsystems with L, T and 

X joints. Measurements were taken on an undamped model and damped model where an 

additional constrained damping layer was applied. Jansen concluded that the poor 

agreement between the heavily damped prediction and measurements was due to the 

absence of in-plane flanking paths in the SEA model. 

Irie and Takagi [21 ] examined the application of SEA for two scale laboratory models. 
The first model was a steel box (2 mx1.74 mx1.8 m) with 148 panels and 547 joints 

The second model was a 1/10th scale model of an engine room and accommodation 

space of a 36,000 tonne bulk carrier with 337 subsystems and 1317 joints. Both models 

consisted of 4 basic joint types covering L, T, X and inline joints. The measured and 

predicted results appear to show good agreement. 

Fukuzawa and Yasuda [22] created an SEA model of the structure-borne noise in a 
16650 tonne ship superstructure after taking onboard measurements of the vibration 
levels and the sound pressure level. Measurements were taken before and after noise and 

vibration countermeasures were installed. The modelling of the ship structure was 

performed in an unusual manner. Fukuzawa assumed symmetry to reduce the model and 
then further reduced the SEA model to a two-dimensional model in longitudinal and 

vertical directions. Thus the ship model was reduced to only 67 subsystems and 375 
joints. Results are presented comparing the predicted and measured vibration levels, 

however the validity of the assumptions underlying the two-dimensional model 
approach are not discussed in any detail. 

Plunt [23) in part II of his major study of ship noise examined the application of SEA to 

predicting structure-borne noise in ships. Plunt developed an SEA code, SEACALI and 

studied the following structural elements: 
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(a) AT -junction with different loss factors for the individual plates was 

analytically; 

(b) Three T -junctions in series was investigated analytically. This was intended 

to represent the hull plate with deck plates; 

(c) A steel plate reinforced with periodic stiffeners was studied analytically. The 

bending wave transmission characteristics of the stiffeners were based on 

Heckl's [14] model; 

(d) A honeycomb structure intended to represent the double bottom structure of 

a ship was studied analytically and experimentally. The effect of different 

loss factor assumptions on the vibration levels was also investigated. 

Plunt then went on to generate SEA models of the aft section of two of the reference 

ships from part I of his ship study. The results presented by Plunt generally show good 

agreement with the measured data over most of the frequency spectrum. 

Yoshikai et al [24] outline the development of an SEA package for predicting ship cabin 

noise levels. Measurements were taken onboard an 84,000 tonne bulk carrier and a 
15,000 tonne chemical carrier. The ship structures were excited by a tapping machine 

and airborne and structure borne noise levels were measured at locations throughout the 

ship. The reported difference between the predicted and measured airborne levels is 

within ±3 dB for approximately 78% of the results for both vessels. For the structure 
borne noise levels a±3 dB difference is reported for 75% of the results on the bulk 

carrier and 58% of the results on the chemical carrier. Yoshikai also proposed a measure 
for the power levels on structural elements called the structural temperature level which 

would be directly comparable with the airborne sound pressure level. 

Irie and Nakamura (25] presented a general paper outlining the general theory and 
equations of SEA with application to ship structures. Examples of the application of 
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SEA to laboratory models and scale models are given. The scale models discussed are 

the same as those previously presented by Irie [21]. Irie also presented an equation for 

the internal loss factor of steel plates based on experimental measurements. 

Lyon and Tratch [26] and Tratch [27] used SEA to study the structure-borne sound 

transmission from machinery foundations to the bedplate and hull plate. Tratch 

constructed four experimental models of increasing complexity, the most important 

being the seven and twelve plate models and compared the results with SEA models. 
Tratch concluded that the in-plane contribution could not be ignored. The test structure 

studied by Tratch is shown in figure 2.4. 

Shimomura and Lyon [28,29] studied sound transmission in oil storage tanks aboard a 

ship. The experimental part of this work was performed on a small water filled tank with 

offset plates as shown in figure 2.5. This was intended to represent a 1/10th scale model 

of an oil tank between decks where the offset plates represent the deck levels. 

Shimomura examined the effect of the water on the sound transmission between the 

offset plates. The effect of the fluid loading on the joint transmission characteristics was 
incorporated by interpolating a mass loading term from the experimental results and 

applying this to the joint coupling loss factors. Because of the geometry of the tank 

construction only corner (L) joints were studied in the analysis. 

lino and Honda [30] outline the development and structure of a software package for 

predicting the noise levels aboard passenger cruise ships utilising SEA for predicting 
the structure borne noise and normal calculations for the airborne noise. An example of 
the predicted noise levels for a 49,000 tonne passenger vessel are presented with 1647 

subsystems and 7,500 joints. The difference between the airborne noise predictions and 
the measured data is indicated to be less than 3dB for approximately 80% of the 

predictions. 

Taroudakis et al [31 ] studied the modelling of plate stiffeners on ship structures. The 

approach adopted by Taroudakis was to model the stiffeners as beam subsystems and as 
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Figure 2.5 Tank structure used by Shimomura [28] 
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plates. The predicted results for the velocity and sound pressure level in the engine room 

of a 56 m patrol vessel are given. These indicate there is no significant difference in 

modelling the stiffeners as plates and beams over most of the frequency range. 

Kim et al [32] studied the effects of bending wave transmission in multi-connected 

plates for a box-like test structure constructed from thirteen 0.1 m2 plates. The box 

structure consisted exclusively of T and L joint types. The separated mode method was 

used to predict the transmission across the structure for a harmonic force. The temporal 

and spatial velocities for each plate were averaged to produce a prediction of the root 

mean square vibration level. These were then compared to predictions obtained from an 
SEA model of the structure. 

Kang et al [33] investigated the problem of modelling a ship structure and reducing the 

amount of input data required at the design stage. Kang investigated two SEA models of 

a cubic structure constructed from 5 mm thick steel plate intended to represent 4 decks 

with intermediate bulkheads, The first model included all joints which yielded 108 plate 

subsystems and 27 room subsystems. The second model used 'extended' coupling types 

which reduced the model to 98 subsystems. These ' extended ' coupling types allowed 

one deck to be represented as a single subsystem since they only permit transmission 
from the deck to the internal bulkheads. Predicted results presented for this approach 

show good agreement from which Kang concluded that this was an efficient method of 

reducing the complexity of the model. Kang also reported work on the modelling of 
cabin linings which concluded that neglecting the noise radiated from false ceilings and 
lining panels did not significantly affect the SEA predictions. 

Kim et al [34] outlines the development of an SEA package NASS for the prediction of 

structure borne noise. The code converts a finite element model of the ship to an SEA 

model. Results for the aft parts of a bulk carrier (320 subsystems) and a container carrier 
(719 subsystems) are presented. Comparisons of the predictions and measurements for a 
bulk carrier modelled from 320 subsystems and of the aft part accommodation of a 

container ship with 719 subsystems. Comparisons between the predicted and measured 
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sound pressure level from the engine room, control room and a cabin show good 

agreement across the frequency range. Kim attributes the better agreement for the 

container ship to more sophisticated modelling of the double hull structure. 

Hynna et al [35] outlined the adaptation of a finite element pre-processor to reduce the 

labour in modelling a full ship structure. Results from a hydro-graphic echo sweeping 

vessel, a timber container carrier and a passenger cruise vessel are presented. The SEA 

models created were large, for instance the cruise vessel consisted of 5143 subsystems. 
To determine the input power levels, the vibration level adjacent to the resilient mounts 

on the main and auxiliary engines were measured and then converted to power the point 

mobility of the bedplate. Results are presented for the difference between the measured 

and predicted sound pressure level. 

2.2.5 Summary of Previous work 

In the previous sections, the methods available to predict structure borne noise levels in 

ships have been reviewed. The finite element method is suitable for predicting the low 

frequency global modes (1 to 30 Hz) of the ship structure, but as the frequency range of 
interest increases, the number of degrees of freedom required in the model rapidly 
increases requiring powerful computing resources. In addition the time expended in 

modelling renders the finite element unfeasible for the higher order frequencies. 

Empirical methods give formulae that allow the designer a simple and quick technique 
to predict vibration and noise levels, however they are relatively coarse and crude, 
dependant on the design of the ships from which the experimental data was gathered and 
make assumptions about the layout of the structure. Empirical methods provide little or 

no information on transmission paths and how changes in the structure affect the 

structure borne noise levels. 

The more sophisticated waveguide approach developed by Nilsson models a section 

through a ship and allows the transverse and vertical transmission to be predicted. This 
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is a simple modelling approach that gives a designer a `feel' for vibration levels but 

because the waveguide model assumes that the rib stiffeners, which define the boundary 

of the model, are of infinite impedance, then longitudinal transmission is not adequately 

accounted for. In practice the rib stiffeners are of finite impedance and therefore 

longitudinal transmission will be important. 

SEA is the most practical solution for the prediction of structure borne noise levels in 

ships since it will allow the prediction in the transverse, longitudinal and vertical 
directions. SEA also allows the impact of structural changes on vibration levels to be 

assessed and is flexible allowing the analyst to choose the complexity and detail of the 
SEA model as required. The problem with the work to date on the application of SEA to 

ships is that it has progressed in a piecemeal, uncoordinated approach over a period of 
thirty years. Much of the work has either concentrated on laboratory structures intended 

to represent scaled parts/sections of ship structures or on the development of internal 

SEA codes by shipbuilders. This is not intended as direct criticism since it is difficult to 

obtain owner/operators permission to access a ship to perform on-board measurements 

and much of the laboratory work does give some insight structure-borne noise 

mechanisms. The fact remains though, that in practice a ship is large, complex structure 

and very little data is available to allow an engineer creating an SEA model to make 
informed decisions about the modelling process. 

2.3 Statistical Energy Analysis 

The basic review of the key elements of SEA theory is presented in this section. A more 
detailed review can be found in the texts of Lyon and DeJong [36] and Craik [37]. 

2.3.1 The Development of Statistical Energy Analysis 

SEA has evolved from the initial research by Lyon and Madianik [38] into the power 
flow between coupled linear oscillators excited by a broad band noise. This initial study 
was followed by a series of papers. Smith [39] investigated the application of SEA to 
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the problem of sound-structure interaction while Scharton [40] investigated the 

significance of light coupling. Lyon and Eichler [41] and Lyon [42] sought to develop 

some initial theories for predicting response variance. Lyon and Scharton [43] and 

Eichler [44] investigated the problem of three systems connected together. 

The derivation of the fundamental relations has continued as an area of research. 

Maidanik [45,46,47] and Brooks and Maidanik [48] developed a general formalism for 

the basic SEA equations. Woodhouse [49] investigated the basic SEA equations by 

applying Rayleigh's classical approach for a system with a finite number of degrees of 

freedom. Dimitriadis and Pierce [50] derived a rigorous solution to the power flow 

between two perpendicular coupled plates to examine the basic SEA hypothesis 

particularly the strong coupling limitation. Manning [51] used a mobility approach to 

define all the basic SEA parameters while Langley [52,53] produced a general 

derivation of the basic SEA equations and the coupling loss factor. Mace [54,55] has 

reassessed the basic relations for coupled one dimensional subsystems and investigated 

the consistency relationship. Kishimoto et al [56] developed an energy flow model for 

deterministic connected structures to investigate the basic SEA model. Pinnington and 

Lednik [57,58] have investigated the extension of SEA to transient energy flow between 

coupled oscillators. A numerical study of the power flow between two coupled beams 

was presented and good agreement found with an exact wave solution. Sun et al [59] 

developed a model for three coupled oscillators. Sun determined that the power flow 

consists of direct power flow between the directly coupled oscillators and an indirect 

power flow between the unconnected oscillators. 

The problem of indirect coupling, also referred to as 'tunnelling', has been investigated 

by Langley and Bercin [60]. Langley proposed the wave intensity technique to account 
for the directional dependency of a wave field. This is a phenomenon that can be found 

in structures that are spatially periodic. Heron [61] investigated a more general method 

for incorporating indirect coupling and applied it to a beam model. 
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Fahy [62,63] has reviewed the development of SEA to identify current weaknesses 

where further research is required. Particular aspects of basic SEA theory have been 

recently been investigated. Mace [64] has investigated the basic assumption that the 

vibration field within subsystems is incoherent and concluded that this is only valid in 

lightly coupled subsystems and that coherence is a measure of coupling strength. 
Beshara and Keane [65] have investigated the problem of non-conservatively connected 

subsystems and proposed the introduction of damping in joints to account for the 

additional energy dissipation. 

From this work the following are the fundamental assumptions underpinning SEA. 

(a) The input power spectra to any subsystem is approximately flat and considered 

to be a broad band source. 
(b) If there are multiple power sources then they are statistically independent. 

(c) The subsystem dynamic response is linear and the system is conservative. 
(d) Within a subsystem, the modes are statistically independent and have equal 

mean energy. 
(e) Power flows from the subsystem with the higher uncoupled modal energy to the 

subsystem with the lower uncoupled modal energy. 
(0 The modal response within subsystems is considered to be incoherent 

2.3.2 Energy and Subsystems 

In SEA a structure is subdivided into parts termed subsystems which are related to the 
physical components that the structure is constructed from i. e. beams, columns, plates 
etc. A subsystem however is not a physical component but a group of resonant modes of 
a similar nature that store energy. A plate can support bending, longitudinal and 
transverse wave types and can therefore be represented by three subsystems, with each 
subsystem representing the energy stored by a particular wave type. A beam can support 
bending, longitudinal and torsion waves and can be represented by four subsystems 
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since a beam can support bending in two directions. Each of the four subsystems 

represents the energy stored in the beam by a particular wave type. 

Energy is the variable used in SEA to describe the state of a subsystem. The advantage 
in choosing energy as the state variable is that it permits the physical distinction 

between subsystems to be removed. Once a solution has been obtained the subsystem 

energy can be converted into any convenient variable that describes the subsystem 

response. Examples of variables that describe system response are the sound pressure 
level in a room or the vibration of a plate which can be described in terms of the 

acceleration, velocity or displacement. Other variables such as strain and stress can also 
be used if necessary. 

For an acoustic subsystem with an acoustic impedance p�c0, the relationship between 

the energy E and sound pressure level is given by Craik [37] as 

V(p) 

Po co 
(2.1) 

where V is the subsystem volume and 
(p2) is the mean square pressure level. For a 

structural subsystem the energy is related to the velocity by the following equation. 

E=m(v2)=m 
al 

2 (2.2) 

where m is the subsystem mass, (v2) is the mean square velocity level and (a2) is the 

mean square acceleration level. 

The exchange of energy between two subsystems can be considered from a modal or 
wave viewpoint. In the wave approach, the vibration field is considered to be created by 
the superposition of travelling waves and the wave field throughout the subsystem is 
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assumed to be diffuse and uncorrelated. The wave energy is determined only by the 

dynamic properties of the medium through which the waves propagate and is essentially 
independent of the subsystem boundary conditions i. e. the wave representation requires 

no consideration of natural frequencies, mode shapes or assumptions about the boundary 

conditions. 

The modal approach has traditionally been used in the development of the fundamental 

SEA theory and the assumptions that underlie the method. In the modal approach the 

equations governing the dynamic behaviour of the individual subsystems are described 

in terms of modal mass, stiffness and damping and the solution is expressed in terms of 

eigenvectors and eigenvalues. The modal approach is satisfactory for studies of coupled 

resonators but does not lend itself to the analysis of more complex coupled structures. 
Consequently it is the wave approach that is adopted when considering structure-borne 

noise transmission. 

2.3.3 Coupling Loss Factor 

The coupling loss factor represents the energy lost from one subsystem to another 

subsystem and is denoted by the term 77, j. The subscripts denote that energy flows from 

subsystem i to j. The coupling loss factor is defined as the energy loss per radian cycle 
thus the power flowing from subsystem i to j is given by 

Wu=E, an1 (2.3) 

The amount of power transferred from subsystem i to j is dependent upon a number of 
variables such as the type of subsystem, the subsystem medium, and the type of 
connection between the subsystems. 
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Structure to Structure Coupling 

As discussed in section 2.3.2 the energy in the system may be considered from a modal 

or wave viewpoint. In considering structure to structure coupling, the wave approach is 

the most frequently used for predicting the power transfer. The wave approach assumes 

that for an incident wave upon a joint that some of the wave energy is transmitted across 

the joint and some is reflected. It is assumed that for any joint model that energy is 

conserved, therefore the sum of the transmitted and reflected wave power must equal the 

incident power upon the joint. The transmission coefficient r can be then be defined as 

W 
Iran , niied 

Tlraýsnýined 
Wiicidenf 

(2.4) 

For two coupled plates, the power transmitted from subsystem i to subsystem j is 

given by Craik [37] as 

Wu = E, cg; L, y ry 
= E, a n7u (2.5) 

s,, r 

where Si is the surface area of the source plate, LU is the joint length and cgi is the 

speed of energy transportation in the source subsystem. For plates the group and phase 

velocity of longitudinal and transverse waves is the same whilst the group velocity of 
flexural waves is twice that of the phase velocity. Equation 2.5 can be rearranged to give 

the general expression for the structural coupling loss factor as follows. 

_ 
CgiLpry 

'lu 2S, f, c2 
(2.6) 

From the above equations it is clear that the structural coupling loss factors can only be 

predicted if the transmission coefficient is known. In SEA the angular average 

transmission coefficient is used since a diffuse wave field is assumed for all subsystems. 
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The angular average transmission coefficient can be determined by integrating over 

all angles of incidence and is given by Cremer et al [66] as follows. 

9 

Z� =r r(O)cos(0)d0 (2.7) 

The transmission characteristics of different structural joint designs have been 

investigated and these are briefly reviewed here. The most frequently studied joint is the 

X joint which can be simplified to aT or L joint by omission of certain plates. This was 
first studied by Cremer et al [66] for an incident bending wave. Kihlman [67] extended 

the model to include in-plane waves for the source and coplanar plate. Craven and 
Gibbs [68,69] and Wohle et al [70,71 ] extended the model to include in-plane waves on 

all plates. Mees and Vermeir [72] investigated the cross joint for the presence of an 

elastic interlayer at the centre of the joint. Steel [73] developed the cross joint to include 

an integral beam/column at the intersection of the plates while Bosmans et al [74] 

investigated the cross joint for orthotropic plates. 

The transmission characteristics of two parallel plates separated by a beam have been 

researched by Battachayra [75], Sullivan [76], Wilson [77] and Smith [78]. Langley and 
Heron [79] developed a general method for predicting the transmission characteristics of 

any plate-beam joint configuration in the dynamic stiffness matrix method. Langley [80] 

further extended this method to calculate the transmission characteristics of joints 

formed from beams and singly curved panels. 

The joint transmission models for X, T, L and two parallel plates separated by a beam 
have been developed and these joint types are all found in ship structures. However the 

most commonly found joint in a ship is the hull frame stiffener which is found 

reinforcing deck plates, bulkheads and the ship hull. These stiffeners have been assumed 
to be extremely important in the prediction of structure borne noise in ships as the 

assumption has been made that these are usually periodic/near-periodic and therefore 
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pose unique problems. In particular it has been proposed that the periodic/near-periodic 

arrays of stiffeners act as wave filters with discrete stop and pass bands with the result 

that the classical SEA approach of defining a unique joint for each stiffener will not give 

accurate predictions and the more advanced methods such as dynamic stiffness matrix 

approach or wave intensity analysis will be required. 

In chapter four of this thesis a specific transmission model is developed for the types of 

rib stiffener commonly encountered in ship construction which will then be used in all 

of SEA models of laboratory and ship structures presented in this thesis. The dynamic 

stiffness matrix could also be used to model the rib stiffeners but the development of a 

specific transmission model is a simpler and more straightforward task than developing 

the software code for the dynamic stiffness matrix. 

Structure to Fluid Coupling 

Structure to fluid coupling is an important transmission mechanism and will occur in 

most real situations and is determined from consideration of the power radiated by a 

plate or a wall. The power radiated is a function of the radiation efficiency which is 

defined as the ratio of the power radiated by the plate to that of a piston with the same 

area and velocity. For a plate the power radiated, Wrad , is given by 

W 
rcx! = 

(V 2) p0 c0 SQ (2.8) 

where S is the plate area, (v2) is the spatial averaged mean square velocity of the plate 

surface pp is the fluid density, co is the acoustic wave speed of the fluid and cr is the 

radiation efficiency. By equating the radiated power predicted by the SEA and classical 

approaches, the coupling loss factor for a plate can be expressed in the following terms, 

as given by Craik [37] 
. 
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PO C0 O 

Alu°2 
Ps 

(2.9) 

The prediction of the structure-fluid coupling loss factor is therefore dependent on being 

able to determine the radiation efficiency of a finite plate. Radiation efficiency is not a 

simple function and the response changes at a critical frequency f, where the wave 

speed of the fluid and the plate are the same. The equation for critical frequency f, is 

given by Craik [37] as 

fc= 
43- d. 

; rh c, 
(2.10) 

At and above the critical frequency the plate is an efficient radiator and couples strongly 

with the acoustic field. This process is illustrated in figure 2.6 for radiation from an 

infinite plate. It can be seen that efficient radiation is only possible when 

sin B= 20/Ah < 1. Below the critical frequency, the plate is an inefficient radiator due to 

the speed of the plate bending waves being lower than that of the fluid wave speed. This 

results in sideways motion of the fluid which cancels the pressure fluctuations due to the 

plate wave speed. Below the critical frequency acoustic radiation occurs due to edge and 

corner modes which arise because of incomplete cancellation of waves at the plate 

edges. Figure 2.7 illustrates different standing wave configurations that arise on a plate 
below f, 

Methods for predicting the radiation efficiency of plates have been investigated by a 
number of researchers. Maidanik [81] determined asymptotic expressions for the 

radiation efficiency based on studies of a ribbed plate while Wallace [82] used the plate 
individual modal responses to calculate the radiation efficiency. 

Leppington et al [83] investigated the prediction of the radiation efficiency over the full 
frequency spectrum and arrived at the following asymptotic expressions for describing 

the radiation efficiency which are used in this work. These are summarised as follows. 
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f<fýQ=4 
ý2 

Ucos 
i 
-1 

In 
1±+ ý2 

ý1 (2.11) 

s fý (A) 

f =fc Q= 
2 

lx 0.5-0.15 
jX 

(2.12) 
Ica 

-U. 3 

f>f, a=1-f 
c 

(2.13) 

where 1, and 1,, are the plate dimensions, U is the perimeter length i. e. 2(1x +1 y) and u 

is a non-dimensional frequency ratio given by the equation p=f /f 
, 

Equation 2.13 is the same as derived by Maidanik [81 ] but equation 2.11 the asymptotic 

approximation for the radiation efficiency below the critical frequency and equation 

2 12 for radiation at the critical frequency are different to those of Maidanik. 

The equations above were derived for a simply supported finite plate within an infinite 

baffle and radiating into free space. Further research by Leppington et al [84] into more 

realistic boundary conditions for a plate found that the effect of most types of clamped 
boundary conditions is to increase the radiation efficiency by a factor of 2. Similarly the 

effect of a perpendicular baffle at the plate boundary is to increase the radiation 

efficiency by a factor of 2. In real plates the transition in the radiation efficiency at the 

critical frequency is generally found to be smooth. Leppington [85] also proposed a 

smoothing function to remove the sharp transition at the critical frequency and this is 

given by the following equation. 

m-(m-1) (2.14) 
c 
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Figure 2.6 Radiation from a plate above the critical frequency 

Odd-odd standing wave configuration 

2Lx 

Even-even standing wave configuration 

Figure 2.7 Radiation from a plate 
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where m is the radiation correction factor for the boundary condition effects described 

above. 

It is not possible to directly calculate the coupling loss factor from a room to a plate. 

Coupling is calculated indirectly by using the consistency relationship which is valid for 

all coupling loss factors and defined as follows, 

n; l1; =nj liji (2.15) 

where nj is the modal density of subsystem i and nj is the modal density of the 

subsystem j. The coupling loss factor for a room to a plate is given by Craik [37] 

p0 ca S, fca 

87r V, psz f3 
(2.16) 

Equations 2.9 and 2.16 have been used successfully to predict the coupling loss factor 

for air as the fluid medium. For a ship there will be radiation into the air and into the 

water. 

2.3.4 Total Loss Factor 

The total loss factor i represents the total energy lost from a subsystem by all loss 

mechanisms. For a subsystem i the total loss factor is represented by 17, which can be 

expressed in the following form. 

77, = E, n., 77u +77jj (2.17) 

The internal loss factor 17, d denotes the energy lost from the subsystem by damping 

processes. The internal loss factor is discussed in section 2.3.5. The term 

E;., i represents the sum of the coupling loss factors of subsystem i which gives the 
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total energy flowing from subsystem i to all other subsystems to which it is physically 

connected. 

2.3.5 Internal Loss Factor 

The internal loss factor of a subsystem represents the energy lost from the subsystem 

due to damping. The internal loss factor is an unknown and dependent on a number of 

factors and can not be readily calculated from theory. The internal loss factor can be 

obtained from experimental measurements in the laboratory or in-situ by measuring the 

reverberation time of the subsystem. 

The use of measured internal loss factor published in journals and text books requires 

caution. Measurements of reverberation time taken on a sample of the subsystem 

material will give the internal loss factor of the material itself where energy is dissipated 

in the form of heat and radiated sound waves to the environment. If the measurements 

are taken on the subsystem in-situ i. e. where it is connected to other subsystems then 

additional dissipation effects occur such as friction losses at bolted joints and welds, gas 

pumping at interfaces, sound radiation from free edges. These are often more efficient at 

dissipating energy than the material losses and consequently the measured internal loss 

factor in-situ can be significantly higher as a consequence. The only significant attempt 

to develop a theoretical model for internal losses has been performed by Maidanik [861 

who investigated gas-pumping at interfaces. 

As a consequence, in the experimental work, the internal loss factor is measured for all 

structures tested in the laboratory and on the ship structures surveyed and where 

appropriate a line fit will be applied to the experimental data to obtain an equation that 

can be used to predict the internal loss factor for the materials used. 
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2.3.6 The Power Balance Equations 

In the previous section the basic terms have been defined. To outline the use of power 
balance equations, consider the example shown in figure 2.8 of two cabins separated by 

a common bulkhead. To analyse the power flow from cabin 1 to cabin 2 the structure 
has been broken down into 5 subsystems, consisting of the two cabins, the bulkhead and 

the deck of each cabin. The ceiling and other bulkheads have been omitted to increase 

clarity, but they could be included if desired. Only bending waves have been considered 

so that each structural element is modelled as a single subsystem. 

To determine the power flow through the structure, the power balance equations for 

each individual subsystem must be formed. These are determined on the assumption that 

the principle of the conservation is energy is maintained i. e. the power flow in to a 

subsystem equals the power flow out. Figure 2.9 illustrates the power flow relationships 
between the 5 subsystems. Even for this simple 5 subsystem model the transmission 

paths are actually quite complex and as the number of subsystems increases then the 

number of transmission paths rapidly increase. 

Initially the power balance equations can be written for each of the 5 subsystems as 
follows. The non-resonant transmission between subsystems 1 and 2 is not included. 

Wi, r�+W31+WsI =W13+W1s+Wld (2.18) 

and subsystem 2 

W2, r�+W42+W52 W2 + W25 + W2d (2.19) 

and subsystem 3 

W3, M+W13+W43+W53=W31+W34+W33+W3d (2.20) 

and subsystem 4 
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Bulkhead 5 

Cabin 1 Cabin 2 

Deck 3 Deck 4 

Figure 2.8 - Cabins separated by bulkhead. 

Resonant Transmission 

Non Resonant Transmission -....... "". ". "............ -... "ý. 

Wu 

by common bulkhead 
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W4, pt+W24+W34+W54=W42+W43+W45+W4d 
2.21) 

and subsystem 5 

Ws. r,, +Wis+W25+W35+W4s =W51 + W52 + W53 + W54 + W5d (2.22) 

generally for a subsystem i the following equation can be written 

wo" + Y. j=i. rj wji 2-": I_ý,;, ý wy +W;,; (2.23) 

where W,,, � is the power input to subsystem i from an external source. If no external 

source is present then this term is zero. The summation term on the left hand side 

represents the total power flow into subsystem i from the n subsystems connected to it. 

On the right hand side the summation term represents the total power flow out of 

subsystem i to the n subsystems to which it is connected and Wid is the power lost from 

subsystem i due to damping. The power flow between two subsystems WU is given by 

the following equation 

Wu =E, wfij (2.24) 

and the power lost from subsystem i due to damping is given by W,,, and can be 

determined from the following equation 

Wid = Ei w 7lid (2.25) 

Substituting equations 2.24 and 2.25 into equations 2.18 to 2.23, the equations for each 

subsystem can be rewritten and the system of equations describing the power balance 

can be further simplified by recognising that the right hand side of each equation 
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represents the total energy lost by the subsystem and thus can be expressed as a function 

of the total loss factor as defined in equation 2.17. 

Thus equations 2.18 to 2.23 to be can be reduced, reordered and expressed in matrix 

format as follows: 

? %1 0 -1731 

0 172 0 
%13 0 173 

0 -1724 1734 

1715 1725 1735 

0 -1151 Ei- _w1/03, 

7742 -1152 E2 W 21W 
1743 -1753 E3 ° W VW 

174 -7124 E4 W4/w 

-7145 its Es LW 5/10 

(2.26) 

Thus for an SEA model with n subsystems the following general equation can be 

written for a subsystem i as follows, 

W,,;,, + Ei., E, co 7lji = E, w 17, 
, if 

(2.27) 

where the term on the right hand side of equation 2.27 is simply the total power lost 

from subsystem i and the summation term on the left hand side represents the total 

power flow into subsystem i from connected subsystems. A more general matrix form 

of equation 2.27 can be expressed for a system with n subsystems as follows 

%1 -? 721 ". -? 7(n-1)ý 

-1712 %a 

72(n-I) ? 7n-1 

%1u 712a -%{n-i ). n 

-l7 Ei Wiles 
-'7n2 E2 W21(0 

ýý1º, ýº, -ýý E�-i W�-Ilw 

ýI� E� W�/w 

(2.28) 

Where there is no connection between subsystems the off diagonal coupling loss factor 

terms in the loss factor matrix above are zero resulting in a sparsely populated matrix. 

The power balance matrix can be solved simply by using standard matrix solution 
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techniques such as Gaussian elimination. In the case of large models the matrix equation 

can be solved by iterative methods as discussed by Craik [37]. 

Z4 The Low Frequency Limit of SEA 

SEA is limited in it's application by the number of resonant modes available in a 

frequency band to store energy. If the number of modes available is low, then the 

vibration response can no longer be considered incoherent and the energy stored 

distributed equally between modes. It is therefore important to determine the low 

frequency limit of SEA. 

2.4.1 Mode Count 

The mode count for typical structural elements can be established from standard 

equations which are useful in determining where the first resonant frequencies occur and 

aid in the selection of subsystems. Table 2.1 gives the equations for determining the 

resonant frequencies of different types of subsystems. 

2.4.2 Statistical Modal Count 

In SEA the statistical mode count N is more important the actual mode count. This can 
be calculated for frequency bands as the product of the bandwidth and the modal density 

as follows. 

N= n(f)"Af (2.29) 

where n(f) is the modal density, Lf = 0.23 f, for 1 /3 octave bands or Lf = 0.707 f, for 
1/1 octave bands 

-39- 



Chapter Two: Literature Review and Theory of Statistical Energy Analysis 

The statistical mode count will be a real number, whilst the actual mode count will be an 
integer. It is however physically meaningful to consider the statistical mode count as the 

modal response can be spread over more than one frequency band. The modal densities 

of typical subsystems are given in table 2.2. 

2.4.3 Modal Overlap 

The previous sections allow the modal properties of a subsystem to be established, 
however these in themselves do not allow the low frequency limit of an SEA model to 

be definitively established. There have been several suggested limits for the minimum 

number of modes required in a particular frequency band for an SEA model to be valid 
(e. g. Cremer has suggested a minimum of six). One measure that has been suggested is 

the modal overlap factor M which is defined as the ratio of the half power bandwidth to 

the average frequency spacing. This gives the modal overlap as follows. 

M= fipn (2.38) 

where f is the frequency, r7 is the total loss factor of the subsystem and n is the 

subsystem modal density. The modal overlap represents the proportion of the frequency 

spectrum that is controlled by resonant modes. If M is greater than 1, then the subsystem 
response is damping controlled and if M<1 then the response is not damping 

controlled. For metal structures this is a useful limit, as there may be a reasonable 

number of modes at low frequencies to justify an SEA model but the low damping of 
metal prevents the modal overlap condition being satisfied. This is different from a 
building structure where there can be a low mode count but high damping which allows 
the modal overlap condition to be satisfied. 
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Table 2.1- Resonant frequency relationships. 

Subsystem Type Frequency Equation Number 

Beam/Column I n2 (2.30) 

(In Bending) 
fn = 4ý 

h ci 12 

Plate n2 , n2 
+ hc = f 

(2.31) 

(In Bending) ly , jz ,, 4ý 

Volume co n2 m2 o2 (2.32) 

"2 12+7+72 

Where Ix, ly and lZ are the structural dimensions and n, m and o are positive integers 

(0,1,2,3... ). 

Table 2.2 - Modal density relationships 

Subsystem Type Modal Density Equation No. 

beams / columns 1V1 (2.33) 

(In Bending) n(f) 
cg r- V cr hf 

Plates (bending waves) 5S (2.34) 
n(f) = he r 

Plates (longitudinal waves) 11 (2.35) 

n(J)=c«= crhf 
Plates (transverse waves) /f1 

n(J)= - 
(2.36) 

Cg 
7 c, hf 

Volume 41r f2 VL (2.37) 
n(f)= 

co 
+2cp+gc. 

Where V is the volume of the room, S is the total surface area and L is the total 

perimeter length. 
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2.5 The Predicted Variation of SEA 

As stated in the introduction, the SEA model of a structure represents the mean of a 

population of similar structures with the same general properties. It is therefore 

desirable to predict the standard deviation, probability distribution and the confidence 

levels. Currently this is an area where SEA requires further work and there are no 

general theoretical models available that permit the prediction of the variation of the 

response. Craik et al [87] have derived upper and lower confidence intervals based upon 

the variations in the point mobility of the receiving subsystems. This has been found to 

give good agreement for the coupling between two structural elements in the low part of 

the frequency spectrum where there are few modes in a frequency band. The upper limit 

given by Craik [37] is 

Lupper =101og1o(N) (2.39) 

where N is the statistical mode count. This expression is valid only when N<1. The 

lower limit is given by the following expression. 

LýoWe. =101og1o(4 
stn) 

= lologloC4M (2.40) 

Equation 2.40 is valid for 4M < ; r. These equations are only valid for a two subsystem 
model or where a structure can be approximated to two subsystems. 

2.6 Conversion Front Energy To Response Variables 

The result from an SEA model is a prediction of the energy level within the individual 

subsystems. This is not directly comparable with any measured scalar quantity and it is 

therefore necessary to convert the energy to a more meaningful response variable. The 
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relation between energy and sound pressure level was given in equation 2.1. It is more 

convenient to express the relationship in dB and this can be expressed as follows: 

2 

Lp= LF -101og, a(V) -101ogIo 
pf 

2 (2.41) 
E, ef P. c2 

where the sound pressure level is given by L,, =101og, o((p2)/pK,, 
) 
and the energy level 

is given by LE= 1010910(EIEy). For air the reference sound pressure level p, ef 
is 

20, uPa and for water pf is 1, uPa . The reference energy level Eref is 1x10-12 J. Thus 

equation 2.41 can be reduced to 

for air Lp = LE -101og1o(V) +25 dB re 20pPa (2.42) 

for water Lp = LE- 1010910(V) + 93 dB re 1pPa (2.43) 

The relation between energy and vibration was given in equation 2.2. This can be 

expressed in dB as a vibration level L, with a velocity reference, vf, of lx 10"9 ms-1 or 

an acceleration level L. with a reference, a, ej , of lz 10-6 ms"2 Thus it can be shown that 

Lv = LE -101og, o(m) - 60 dB re lx 10-9 ms-1 (2.44) 

La = LE- 1010910(m) dB re Ix 10-6ms"Z (2.45) 

2.7 Conclusions 

This chapter has presented a review of the previous work on predicting noise 

transmission in ship structures using FEM, empirical methods, waveguide models and 
SEA. The previous work on SEA for ships has focused on the application to laboratory 

models and scale models of sections of ship structures. Where published work has been 

performed on real ship structures the tendency has been to use it to illustrate work on the 
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development of SEA software for ship analysis. SEA has been successfully applied to 

other large structures such as buildings where SEA has been proven to be a well 

developed and robust modelling approach even though the fundamental theory has only 

been developed for 2 or 3 coupled resonators. 

The chapter also reviewed the development of SEA and introduced the basic variables 

of energy, power flow, loss factors, power balance equations and discussed the 

limitations of the SEA method. 
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CHAPTER THREE 

Measurement and Experimental Procedures 

3.1 Introduction 

This chapter covers the experimental and measurement procedures used in 

gathering data for this work. The two basic techniques are the level difference 

measurement and loss factor measurement and these are covered in sections 3.2 and 3.3 

for laboratory and shipboard measurements. In section 3.3 the interpretation of the 

measured loss factor data for the steel test structure and real ship structures and previous 

work on this is discussed. The calibration of the different measurement techniques 

employed is discussed in section 3.4 and the accuracy of the measurement procedures 
discussed in section 3.5. The chapter concludes with a general discussion of the 

measurement techniques employed. 

3.2 The Level Difference Measurement Method. 

The level difference measurement is the fundamental measurement technique and used 
in the laboratory on all test structures for structure-to-structure coupling and for 

structure-to-fluid coupling. On the sections of the ship structure surveyed only structure- 
to-structure coupling measurements were taken. The measurement process and the 

variations employed in the laboratory and on the sections of the ship structures are 
discussed in more detail in the following sections. 
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3.2.1 Laboratory Structure-to-Structure Measurements 

The basis of the level difference measurement technique is as follows. Consider two 

coupled subsystems one and two, with a power input to subsystem one. The response in 

terms of the acceleration level of both subsystems is measured simultaneously and by 

comparing the response on subsystem two with the source level, the measurements are 

normalised to give an acceleration level difference that is independent of source 

strength. This measured acceleration level difference can then be related to the energy 

level difference or energy ratio as shown in equation 3.1. 

E2 
_ 

m2 (aä) 

Ei mi at ) 
(3.1) 

where E1/E, is the ratio of subsystem energies, (aZ)/(a; ) is the ratio of subsystem 

acceleration levels between the two subsystems and m1/ml is the ratio of the subsystem 

masses. For each measurement position, the acceleration level is measured on the 

subsystems for a short period of time, which gives a temporally averaged acceleration 

level. A number of measurement positions are used on each subsystem to give a spatial 

average of the acceleration level. Using the above relationship, the measured 

acceleration levels can be related to the mean energy level difference or energy ratio. 

The experimental set up for level difference measurements is shown in figure 3.1. The 

vibrations are detected on the plate surface by an accelerometer. Typically a Bruel and 
Kjaer (B&K) type 4500 cubic accelerometer was used and attached to the plate surface 
by a thin layer of beeswax. The measured vibration level from each accelerometer was 

channelled via B&K type 2135 charge amplifiers to a dual channel B&K type 2148 real 
time frequency analyser to be recorded and then down loaded to a 286 personal 

computer via an IEEE-488 bus. 
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To obtain a measurement, the source was excited by randomly tapping the surface area 

with a plastic headed hammer for 15 seconds at a rate of 2 to 3 hits per second which 

approximates a spatially distributed white noise source for most of the frequency range. 

A linear averaging time of 16 seconds was used for every measurement, at the end of 

which the vibration level was recorded and downloaded. The accelerometers were then 

moved to new positions and the process repeated. As the measurements were stored on 

the computer, the 95% confidence level for the sample was calculated assuming a 

normal distribution of dB levels. The measurement process continued until the 

maximum confidence level within any frequency band was less than 2.5 dB between 

125 Hz and 10 kHz. Before the measuring process began the background noise level of 

each subsystem was recorded. If the measured vibration level within any frequency band 

at any position was less than 8 dB above the background noise then the measurement in 

that particular band was discarded otherwise the correction was always for background 

noise. Typically 15 to 20 measurement positions were used for each test. 

In practice it is normal to use the positive acceleration level difference (La! - La2) using 

the following relationship, 

2 
ýa2j 

(3.2) L., -Lae =-101091() 
a, 

Calculated from the mean of the ratio of ai/a 

3.2.2 Shipboard Structural Measurements 

Measuring the vibration level differences aboard a ship structure is essentially identical 

to that of the laboratory except for some refinements to the measurement procedure due 

to the difficulties encountered in measuring vibration levels aboard a large structure. 
The equipment set up for ship measurement is shown in figure 3.2. The excitation was 

provided by tapping the surface of the source subsystem with a plastic headed hammer. 
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The main problem with this technique is that the power input to the structure by this 

method is limited and the vibration level attenuates rapidly with distance due to the 

presence of the plate stiffeners. As the distance between the source and receiving 

subsystems lengthened the gain of the charge amplifier at the receiving subsystem was 

increased. To facilitate this a calibrated peak level meter was used at the source 

subsystem to compare the strength of the two accelerometer signals. If the signal at the 

receiving subsystem was deemed low, then the gain was increased at the charge 

amplifier. The measurements were then corrected during processing. The use of the 

communications circuit allowed the operator at the control point to co-ordinate the 

measurement process. Because of the time constraints and the need to maximise the 

coverage of the structure tested it was decided to limit the number of measurements to 

ten positions for each subsystem rather than the 2.5 dB requirement for the 95% 

confidence level used in the laboratory. Typical confidence intervals are given at the end 

of the chapter in figure 3.12 and 3.14. 

In practice the measurement surveys on the ship sections are considerably slower than 

on laboratory structures. These are due to a number of practical difficulties that can be 

encountered in performing the survey, examples of which are as follows: 

1. The source subsystem may be remote from where suitable power supplies for 

the frequency analyser and PC are located, therefore a team of three 

engineers is required, one at the analyser/PC, one at the source subsystem 
and one at the receiving subsystem. 

2. The survey team requires to be in constant communication so that the 

progress of the survey can be co-ordinated e. g. when to move 

accelerometers, when measurements start and stop etc. Technical difficulties 

also can be immediately reported back e. g. an accelerometer falling off, 

abortive tests due to overload. The operator may not permit the use of radios 

so it is advantageous to have a dedicated communications system allowing 
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the members of the team to talk to each other. The use of headsets with in- 

built microphones is particularly useful as they allow hands free use. 

3. To minimise cable usage it is ideal to use multi core cables to carry the 

signal from the charge amplifier(s), the headphones and 'microphones, rather 

than a series of individual cables which are time consuming to route and 

present a significant tripping hazard. If a multi core cable is used then it must 

have adequate shielding to prevent cross talk between the vibration signal 

and the audio signals. 

4. It is advantageous to have a level meter to allow the strength of the source 

and receiving signals to be compared. As the distance between the source 

and receiving subsystems increases it is necessary to increase the gain at the 

receiving subsystem and this allows the operator at the source subsystem to 

identify when the gain at the receiving subsystem requires to be increased. 

5. Some practice in the laboratory before going onboard is advisable so that the 

equipment set-up and communications can be checked and a dry run of the 

survey procedures can be performed to ensure everyone is familiar with the 

equipment and what is expected of them. 

3.3 Damping Measurements 

The measurement of subsystem damping was obtained by measuring the subsystem 

reverberation time. The equation relating the loss factor and reverberation time is given 

by Cremer [66] as follows: 

2.2 
(3.3) 7-T60 
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where f is frequency and T6o is the reverberation time of the subsystem. Reverberation 

time is a standard acoustic measure and is defined as the time for a signal to fall to one 

millionth of the original signal level which is equal to 60 dB as a logarithmic value. 
With damping measurements, the main problem is to determine what exactly has been 

measured, the internal loss factor of the total loss factor. The interpretation of the 

measurements will discussed in section 3.3.3. 

3.3.1 Laboratory Measurements 

For structural subsystems a single accelerometer is mounted on the surface of the 

subsystem. Measurements were taken in-situ on the simple and complex laboratory 

structures and the laboratory set-up is shown in figure 3.3. An impulse is applied by 

hitting the plate surface with a plastic-headed hammer and measuring the vibration 
decay with time. The accelerometer detected the vibration level of the plate surface and 

the time-history of the vibration level was stored on aB&K type 2148 portable 
frequency analyser in 1/3-octave bands. The time histories of the vibration decay were 

subsequently downloaded to a PC where they were separated into individual frequency 

bands and the reverberation time of each frequency band determined. The reverberation 
time was measured by using a best-fit curve to the decay curve 5 dB above the noise 
floor and 5 dB below the peak vibration level. The loss factor was then determined 

across the frequency spectrum. Five measurement positions would typically be used and 
the measurements averaged. 

Using the portable frequency analyser it was necessary to record two measurements at 
every accelerometer position. The first measurement had a sampling time step of 10 

milliseconds to allow the low frequency vibration decay to be captured. The second 
measurement had a shorter sampling time step of 2 milliseconds to allow the high 
frequency vibration decay to be captured. Typically 100 spectra would be recorded for 

each measurement. The results from the 10. ms and 2 ms measurements would then be 

combined to give the overall damping curve. 
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3.3.2 Shipboard Measurements 

To measure the damping aboard the ship structures, the method used in the laboratory is 

too cumbersome and time consuming due to the limited storage capacity of the portable 

B&K frequency analyser and the need to download data to the PC or store data on 

floppy disk. Instead of the portable frequency analyser a Nagra IV three channel tape 

recorder was used. This allowed rapid collection of data on site which could then be 

processed in the laboratory. The vibration signal is recorded on channel one and the 

details of the structure being tested, position number and impact number recorded on 

audio channel three. As with the laboratory procedure, five measurement positions were 

used for each structural element. Because the tape recorder allows continuous 

measurement, ten hits were recorded for each measurement position, to allow for the 

variation in the input power and possible overload. The experimental set up is shown in 

figure 3.4. 

Approximately 1500 structural damping measurements were recorded on the sections of 

the ship structures. Because of the large quantity of damping data gathered on the ship 

structures it was decided to process the result from one impact per measurement 

position and these were randomly selected for analysis. If the quality of the recorded 
decay from the selected impact was found to be of poor quality, another impact for the 

same measurement location was used. The pre-recorded signals from the Nagra were 

analysed in the laboratory with the equipment set-up as shown in figure 3.5. 

3.3.3 Measured Loss Factor 

Before reviewing the measured results it is important to discuss the interpretation of the 
damping results which can be interpreted as the material, internal or total loss factor. 

To measure the internal loss factor of a material, a suspended plate with a free-free 
boundary condition in a vacuum is required and this is the only experimental set-up that 
will yield the material internal loss factor. If this experimental set-up is not utilised the 
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measured loss factor will then be a combination of the material loss factor and the 

coupling losses from the plate to the environment. To obtain the material internal loss 

factor, the predicted coupling loss of the plate must be subtracted from the measured 

loss factor. The use of a free-free boundary condition is important since it removes any 

ambiguities introduced by damping caused by edge effects due to boundary conditions. 

If a free-free boundary condition does not exist for the plate, then the edge effects such 

as dry friction and gas pumping will increase the damping of the plate. The material loss 

factor of steel is quoted by Cremer [66] as being between 0.0002 (83 dB re 10.12) and 

0.0006 (87.8 dB re 10-12). 

The in-situ loss factor for steel decking has been measured and estimated by other 

researchers for ship structures. Jensen [20] estimates the internal loss factor of stiffened 
deck plates to be of the order of 0.001 to 0.005. Jensen and Holm [88] estimate the loss 

factor for an 8 mm thick stiffened deck plate the loss factor to be between 0.06 and 

0.002. Nilsson [14,15,16] estimates the internal loss factor of steel to be between 0.02 at 
100 Hz and 0.006 at 4 kHz. Kihlman and Plunt [89] estimate the internal loss factor to 

be between 0.01 and 0.001 and quote Soviet sources as giving the internal loss factor as 
between 0.002 and 0.003, while Plunt [23] has measured the loss factor from laboratory 

and ship structures. Irie and Nakamura [25] has published a formula for the internal 

loss factor of steel based on measured data and this was utilised by Hynna et al [35] in 

their SEA models. The following relationship was derived by hie from fitting a line to 

the experimental data, 

phi = 0.41 f -o. ý (3.4) 

where qid is the internal loss factor of subsystem i and f is the frequency. This equation 

represents the internal loss factor and does not include the energy lost by radiation from 

the plate to the environment. Though not explicitly stated by Irie, the radiation loss 
factor must have been subtracted from the measured data before the formula was 
derived or assumed to be negligible. This gives the internal loss factor as 0.013 at 125 
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Hz and 0.0012 at 4 kHz. Irie does not give any details of the measurement process, test 

set-up or the structure on which the measurements were taken. It can be seen that from 

the previous work there is a significant variation in the estimates of internal loss factor 

for steel plates in ships. 

Figure 3.6 illustrates the decay in acceleration level with time for a total loss factor 

measurement, internal loss factor measurement and a combination of both. Comparing 

the total loss and internal loss factor decays it can be seen that there is a difference in the 

gradient but in practice the combined decay curve is a more realistic visualisation. The 

important features in determining the measured damping quantity are the amplitude of 

the impulse, the length of the internal and total loss factor T60 intervals, the sampling 

rate and the time step. In practise it is difficult with a single hammer impact to input 

sufficient power to record a full 60 dB decay. Instead 30 to 35 dB is more normal and 

since the analysis discards the first 5 dB of the decay top and bottom the analysis range 
is reduced further. Typically 100 samples were recorded at time steps of 0.01 s and 
0.002s. 

For an excitation and response measured on the same subsystem, if the internal loss 

factor is higher than the sum of the coupling loss factors, then more energy is dissipated 

in the subsystem than lost to coupled subsystems and consequently the total loss factor 

will be measured and the decay will be similar to the TO TLF shown in figure 3.6. If the 

sum of the coupling loss factors is higher than the internal loss factor then more energy 
from the hammer impact is lost to other subsystems than dissipated and the decay of the 

resonant subsystem response is measured which is due to the internal loss factor. If the 

excitation is applied to a different subsystem from where the vibration response is 

measured and the two locations are far apart then it is the internal loss factor that is 

measured. 

In figure 3.7 the measured loss factor for different sized steel plates on the laboratory 

test structure reviewed in chapter 5. The excitation was applied to the same subsystem 
on which the response was measured. Also shown in the figure is the predicted internal 
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loss factor by the Irie equation. It can be seen that the measured loss factor and predicted 

internal loss factor show good agreement. 

In figure 3.8 the measured loss factor measured on four steel bulkheads from the ship 

structures tested is plotted in the 125 Hz to 4 kHz frequency bands and the predicted 

internal loss factor from the Irie equation 3.4. The excitation was applied to the same 

subsystem on which the response was measured. The measurements are in good 

agreement with the prediction but it can be seen that between 125 Hz to 630 Hz and 

1.25 kHz and 4 kHz for bulkhead A, that the measured internal loss factor is 2 to 3 dB 

lower than predicted in most frequency bands. 

In figure 3.9 the loss factor measured in-situ on large ribbed steel deck plates of two 

superstructure units is shown. The excitation was applied far away from the point at 

which the response was measured. Comparing the measurements with the prediction 

using the Irie formula, it can be seen that the measurements and predictions are in good 

agreement over most of the frequency spectrum. As with the results for the bulkhead 

measurements shown in figure 3.7 the measured internal loss factor is 2 to 3 dB lower in 

the 125 Hz to 630 Hz frequency bands. Above the 630 Hz band there is better agreement 

with the Irie prediction. Also shown is the measured loss factor for a ship deck 

measured by Plunt [23] and the loss factor used by Nilsson [14,15,16]. The measured 
loss factor from Nilsson appears to be significantly higher than that for Plunt or this 

work, however Nilsson in his analysis models multipliers of 0.7 and 0.35 are applied to 

the internal loss factor to account for the variation in loss factor. 

In figure 3.10 the measured loss factor taken for two deck levels of a complete ship and 
a curved section of the ships hull are plotted against the Irie prediction. The excitation 

was applied far away from the point at which the response was measured. It can be seen 
that the internal loss factor of the deck measurements from the complete ship structure 

are marginally higher than the Irie prediction in most frequency bands. In contrast the 
internal loss factor measurement from the hull is lower than the Irie prediction by 3 to 4 
dB in most frequency bands. 
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For all the measurements on the laboratory and ship structures it can be seen that the 

measured loss factor shows good agreement with the prediction from the Irie formula 

independent of the distance between the excitation and response locations. It is therefore 

taken that the measured loss factor is in fact the internal loss factor of steel including all 

the edge damping effects. The measured values also show reasonably good agreement 

with the measured loss factor given by other researchers. 

The Irie formula can therefore be taken as the equation for the prediction of the internal 

loss factor of steel plates in SEA models. 

3.4 Calibration 

Before each new experiment the equipment would be calibrated to verify it's operation 

and accuracy. This was also performed at the start and end of every day to verify the 

functionality of the equipment set up. To calibrate the accelerometers a B&K type 4294 

vibration calibrator was used. This produces a standard r. m. s vibration level of 140 dB 

(10 ms-Z ref. 10-6 ms-2) at a frequency of 160.2 Hz. 

3. S Accuracy of Measurements 

In taking measurements there is always a degree of uncertainty regarding the accuracy 
due to the limited time available to gather measurements and the variation that occurs in 

nominally identical structures. As the number of measurements increase the degree of 

uncertainty reduces and therefore it is necessary to find a balance between the allowable 
degree of uncertainty and the number of measurements required. To assess the accuracy 
of the measured data a suitable statistical model for the distribution of the data is 

required. Craik [90] studied this problem in building structures and found that the 

standard deviation and 95% confidence level airborne data could be well estimated 
assuming a normal distribution of dB levels. The following expressions for determining 

the accuracy were used in this work. 
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The arithmetic mean was calculated after converting the data from dB to absolute units. 

With the mean calculated it was then converted back to dB. For any single variable 

measurement x, the mean m, of n measurements is given by [91 ], 

Ex 
m= 

n 
(3.7) 

For the level difference measurements it is not x but a2/al that is averaged. Craik [90] 

found that the standard deviation sd and 95% confidence interval can be calculated in 

dB from the measured data and that it is unnecessary to convert to absolute units. The 

standard deviation is given by Spiegel [91 ] as 

ExZ-(F-x)Z 

sd =n-ln (3.8) 

and the 95% confidence interval is given by Spiegel [91], 

95%CC = 
sd(dB) tv, o. 97s (3.9) 

The term ty, u. 9, s is the value taken from the students t distribution for a 95% confidence 

interval of a measurement sample with v degrees of freedom where v equals n-1. For 

large values of n the students t distribution closely approximates the normal distribution. 

Figures 3.11 and 3.14 show typical standard deviation and 95% confidence intervals in 

third octave band measurements for structural level difference measurements from the 

laboratory and real ship structures. Typically 20 measurements were used in the 

laboratory and 10 measurements for the ship structures. The 95% confidence interval is 

less than 2 dB for all frequencies except in frequency bands below 160 Hz for the 

laboratory structure. For the ship structure the 95% confidence level is less than 2 dB for 
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measurements above 500 Hz and less than 3 dB for measurements above 200 Hz. This is 

a consequence of the 10 measurement position limit set when surveying the ship 

structures. Clearly the confidence limits would have been lower if the number of 

measurement positions had been increased however the overall coverage of the ship 

structure would have been greatly reduced. 

3.6 Discussion of Measurement Techniques 

The basic measurement techniques presented in this section have been used by a number 

of researchers although the exact implementation has been different. For the 

acceleration level differences measurements researchers such as Lyon [36], Shimomura 

[281, Tratch [27] use an electromagnetic shaker driven by a noise generator for the noise 

source. This has the advantage of allowing an input power to be specified and 

controlled. To overcome the problem of locating the shaker at a node point in the lower 

frequency bands and not exciting specific modes three excitation locations are typically 

used. An irregularly shaped source plate rather than a rectangular plate was used on 
laboratory structures to ensure an incoherent wave field. 

There are however advantages to using a hand held hammer to input power into the test 

and ship structures. Advantages include the fact that using a hammer is simple and non- 
destructive and the equipment required is minimised since the shaker requires a noise 

generator and power amplifier. Before attaching the shaker, some preparation is also 

required as it is necessary to drill holes to allow the shaker to be fixed to the structure. 
This may be satisfactory for a laboratory structure but it would not be acceptable for a 

ship since the operators would not permit permanent damage to parts of the structure 
such as the hull. The hammer therefore is the best solution in practice and by 

normalising the measured acceleration level difference as described in section 3.1 the 

variation in power input with the hammer is not an issue between measurements. 

The acceleration level difference measurement is a well proven and robust procedure 
but there are potential problems if care is not taken. The positioning of the 
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accelerometers is important as they must not be located near to plate/joint boundaries 

because nearfield waves are created at the boundary, which would affect the measured 

acceleration level. The other potential problem is that of mass loading caused by the 

accelerometer. On thin steel plates, the use of metal accelerometers with a magnet to 

attach the accelerometer can significantly reduce the upper measurement frequency. The 

problem of mass loading can be checked by calculating the impedance of the plate and 

accelerometer/magnet assembly. Mass loading was not a problem with any of the 

measurements in this work because the accelerometers chosen were lightweight 3 gram 

modal accelerometers and the limiting upper measurement frequency is above 10 KHz. 

The measurement of the loss factor by the reverberation time decay is a standard 

measurement technique. It is widely used since it can measure the loss factor over a 
large part of the frequency spectrum. There are other alternative techniques such as the 

half-power bandwidth and power balance method which could be used and the reasons 
for rejecting these is discussed in the following paragraphs. 

The half power bandwidth is one of the possible techniques that could have been used to 

measure damping. This technique relies on being able to excite a specific resonant mode 

of a structure and then calculate the damping of the mode and is described by Cremer 

[66] and Lyon and DeJong [36]. The limitation of this technique is that it can only be 

applied at low frequencies if the resonant modes are well separated and cannot reveal 

any information about damping in the higher frequency bands. Lyon gives the 

relationship between the modal spacing df and the upper frequency limit of the method 
in the following equation. 

£f <3rzI (3.5) 

If the modal spacing criteria above is met then the half power bandwidth can no longer 
be used. The other problem with the half power method is that where there is low 
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damping, the bandwidth of resonant peak in the response is very narrow and it can be 

difficult to obtain sufficient resolution to reliably determine the damping. 

The other technique that could be used is the power balance method. The power input 

and the response is measured and this allows the damping to be calculated. This 

technique works well for a test structure that is a single subsystem or can be equated to a 

single subsystem but the problem comes when applying it to a coupled structure. As all 

measurements are taken on the source subsystem, but there will be power flow from the 

other coupled subsystems back to the source subsystem and this makes the calculation 

of the damping difficult. 

These are the alternative measurement techniques available to measuring the damping 

of a structure and it was judged that the reverberation decay method is the most practical 

technique to measure the structural damping. 

3.7 Conclusions 

This chapter described the basic measurement techniques and equipment used in the 

laboratory and aboard the ship structures to acquire the experimental data for this work. 

The level difference measurement and damping measurement were discussed in detail, 

in particular the variations employed when moving from the laboratory to real ship 

structures. The results of the measured loss factor on the steel laboratory structure and 

ship sections were presented and the Irie damping model has been adopted for the SEA 

models. The calibration methods used to verify the functionality of the test equipment 

was presented and discussed. The chapter ended with a discussion of the accuracy of the 

measurement procedure and the use of the normal distribution to assess the variance of 

the measurements from the mean. Results from one of the laboratory test structures and 

a ship structure were presented to show how the standard deviation and confidence 

levels vary across the frequency spectrum. The different measurement techniques and 

the alternative procedures available for measurement were also discussed. 
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Chapter Four 

Structural Vibration Transmission in Hull Frames 

4.1 Introduction 

This chapter introduces the theory of structural vibration transmission in hull 

frame structures typically found in ship construction and the parametric studies 

performed to determine the behaviour of the basic model. In section 4.2 the basic 

theoretical model of the hull frame structure is outlined and the equations for predicting 

the transmission coefficients are developed. A parametric study of the variation of the 

basic geometric parameters is presented in section 4.3 to identify what features of the 

frame have significant effect on the noise transmission across hull frame structures. The 

conclusions about the performance of the basic hull-frame joint are given in section 4.4. 

4.2 Hull Frame Transmission Model. 

4.2.1 Introduction 

In this first section the basic theoretical model for predicting the wave transmission 

coefficients necessary for calculating the coupling loss factor in SEA models is 

developed. The model must be able to predict the wave transmission characteristics of 

the different type of stiffeners commonly found in ship construction. In the reviews of 

ship design by Taggart [92] and Cetena [93] it can be seen that there are five common 

types of stiffener encountered in practice and these are shown in figure 4.1. The model 

developed for predicting the wave transmission coefficients must be capable of 

analysing these different stiffener variations. 
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Figure 4.1 Stiffener designs found in ship construction 
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4.2.2 Wave Types and Properties 

Before considering the model of the hull-frame structure it is important to consider the 

properties of structure-borne sound waves which have been studied in detail by Cremer 

et al [66]. The basic properties of structure-borne sound waves required in the 

development of the transmission model are summarised in this section. 

The different types of structure-borne sound wave may be classified according to the 

structure upon which they travel. Structural elements such as beams, columns and rods 

are considered one dimensional since the two cross sectional dimensions are assumed to 

be smaller than a wavelength and can support bending waves in two directions, 

longitudinal and torsion waves. Structures such as flat plates and cylindrical shells are 

classified as two-dimensional structures because the thickness is much less than a 

wavelength. Flat plates can support bending, longitudinal and transverse wave types and 

cylindrical shell structures can support longitudinal, circumferential and radial wave 

types. Figure 4.2 indicates the direction of propagation and displacements of the 

different wave types on beam structures and figure 4.3 on plate structures, as these are 

the principle areas of interest for this work. 

Cremer [66] has shown that for the different wave types the following relations between 

the physical properties and wave properties exist. For all wave types the following 

wavespeed equation is valid. The frequency f is related to the wavelength A and wave 

speed c and the wavenumber k as shown in equation 4.1. This is the basic definition of 

phase velocity which is the speed at which deformations are transported through a 

structure. 

f =c%=c (4.1) 

The energy is transported at a velocity termed the group velocity, cg, which is defined 

as follows, 
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aw (4.2) Cg äk 

(a) Bending waves 

The bending wave speed cb is given by Cremer [66] as follows 

z 
Ch = 

Bý (4.3) 
PS 

This is applicable to beams and thin plates where B is the bending stiffness and ps is the 

mass per unit length of a beam or the mass per unit area of a plate and CO is the cyclic 

frequency in radians per second. For a plate the bending stiffness is given by equation 

4.3a and for a beam the bending stiffness B. and BZ, are about the principal axis of the 

beam are given by equation 4.3b 

3 

B= Eh (4.3a) 
121- pz 

Ed b3 Eb d3 Bn= 
12 , Bau= 

12 
(4.3b) 

where E is the modulus of elasticity, h is the plate thickness, u is the Poisson ratio in 

equation 4.3a and b and d are the breadth and depth of the beam section as appropriate. 
The group velocity as defined in equation 4.2 is different from the phase velocity and 

the relationship between them is given by Cremer [66] as follows, 

Cb=O. Scg (4.4) 

Equation 4.3 and 4.4 has been derived from the thin bending wave equation which is 
based on the assumption that the bending wavelength is large compared to the thickness 

of the plate. Bending wavelength decreases as the frequency increases and there is a 
transition frequency at which the bending wavelength can no longer be considered large 
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relative to the cross-sectional dimensions of the beam or thickness of the plate. At this 

transition frequency it is more appropriate to use the thick bending wave equation. 

Cremer [66] has shown that the thick bending wave solution is appropriate if the 

bending wavelength Ab is less than the value given in equation 4.5, 

lb 5 6h (4.5) 

where h is the thickness of a plate or the cross sectional dimension of a beam. There is 

not an abrupt change in the phase speed but rather a gradual increase in error as the 

wavelength reduces. The maximum error introduced in the phase speed does not exceed 

10% until the bending wavelength equals the value given in equation 4.5 and for thick 

plates the phase speed Cb can be calculated from the following equation given by Craik 

[37]. 

1 
__1 

1 
Ch Ch 7 

CT (4.6) 

where cT is the transverse wave speed and y is the ratio of the bending wave speed cb 

over the transverse wave speed cT The thick plate group speed c, can be found from 

the equation 4.7 given by Craik [371. The equation is an approximate solution for c'g 

and is accurate to within 10%. 

1_C; 2 
+ 

Ch 
233 

Cg Cg Cb y Cl 

(b) Longitudinal waves 

The longitudinal wave speed CL, is given by Cremer [66) as follows: 

(4.7) 

Fora beam Cl, =E (4.8) 
P 
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Figure 4.3 Wave propagation on a plate 
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E 
Fora plate CL =i 

P(1-u ) 
(4.9) 

where E is Young's modulus, p is the density of the material and p is the Poisson 

ratio of the material. For longitudinal waves the group and phase speed are the same. 

(c) Transverse waves 

The transverse wave speed cT, is given by Cremer [66] as follows: 

CT= 
r2p 

(4.10) 

where G is the shear modulus and p is the density of the material. For transverse waves 

the group and phase speed are the same. The shear modulus is related to Young's 

modulus E by the following classical relationship. 

_E 2(1+p) 

4.2.3 Hull Frame Geometry 

(4.11) 

The theory presented in this section develops the mathematical model for predicting the 

wave transmission coefficients of typical hull-frame structures encountered in ship 

construction. The basic geometry of the hull frame structure under consideration is 

shown in figure 4.4 

The mathematical model is constructed from five plates where plates I and 2 are semi- 

infinite and plates 3,4 and 5 are finite. Plate I extends from x=- oo to x=0 and plate 

2 extends from x=0 to x=+ oo and can be considered as representing a section of hull 

plate, deck plate or a bulkhead. Plates 3 and 4 represent the flange plates of the stiffener 
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Figure 4.4 Hull plate stiffener model 
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of width 13 and 14 and thickness t3 and t4 respectively while plate 5 represents the web 

plate of the stiffener with depth h and thickness ts. In section 4.2.1 the variation of 

stiffener designs encountered in ship construction was briefly discussed and the model 

developed can be used to analyse stiffener types 1 to 4 shown in figure 4.1 by omission 

of the relevant plates e. g. the flat bar stiffener (type 2) can be modelled by setting the 

dimensions of plates 3 and 4 to zero. The bulb plate stiffener (type 5) is a special case 

and the adjustments to the theory for this are discussed in the next section. 

In the model it assumed that the joints formed by the intersection of plates 1,2 and 5 at 

x=0, y=0, z=0 and of plates 3,4 and 5 at x=0, y=0, z=h are rigid. The 

displacements are specified as follows for each plate i: 

77, = The displacement normal to the plane of plate due to propagation of bending 

waves; 

ý, = The displacement parallel to the x-direction on plates 1 to 4 of due to in-plane 

waves. On plate 5 the displacement is parallel to the z direction; 

ý, = The displacement parallel to the y direction on plates 1 to 5 due to in-plane waves; 

To develop the model it is first necessary to describe the wave types that are generated 

on plates 1 to 5. The approach used in this section of describing the wave equations for 

each plate to predict the wave transmission coefficients has become a standard method 

and used in other joint models e. g. Craik [37], Steel [73], Bosmans [74]. An incident 

bending wave of unit magnitude travelling on plate 1 impinging at the intersection of 

plates 1,2 and 5 provides the excitation as shown in Figure 4.5. The bending wave can 

be incident on the joint from any angle 0, hence the displacement field due to the 

incident bending wave rlj�c! de�r can be expressed as follows after Craik [37], 

? 7incldenf ,e ik, cose, xe ikisnolye, 41 (4.12) 
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Equation 4.12 represents a bending wave travelling in the positive kx and ky directions. 

The reflected bending wave 17reflected field on plate 1 contains two components, a 

travelling wave of amplitude Tb) and an evanescent wave of amplitude T, that can be 

described as follows: 

77(Tbl elkblcos9blx + To ek"lxle 
! kl h'ObjY 

elan 
( 
l4.13) 

reflected 
=J1 

Equation 4.13 represents a bending wave travelling in the negative kx and ky directions 

and because it is due to the incident wave it has the same harmonic dependency and 

wave component in the y direction since these components are unaffected by the 

reflection. The total bending wave field on plate 1 can be written as the sum of the 

incident and reflected bending wave fields given in equations 4.12 and 4.13: 

171 = 
(C ikblcusObIx + Tbl Cikblcosgblx +T i eknlx)e 

lklsinp'1 ' ei" 
(4.14) 

On plate 2, the bending wave field is constructed from a travelling wave component of 

amplitude Tb2 and an evanescent wave component of amplitude Tn2 caused by the 

incident-bending wave. The bending wave field is given by equation 4.15; 

172 -- 
(Tb2e'ikb2rosOb2x+Tn28 kn2x)e ikb2singh2Yelwt (4.15) 

Because the wave field on plate 2 is generated by the incident wave on plate 1 it 

therefore has the same harmonic dependency. This is true for all plates of the model and 

therefore the ejwt term can be removed from all further wave equations as it is a common 

term. The angle ©b2 of the travelling waves can be determined from Snell's law of 

refraction, which requires that waves transported across a boundary have the same trace 

wavelength, i. e. 

kisinOi-k, sinO, (4.16) 

Rearranging equation 4.16 we obtain the following important equation 

-77- 



Chapter 4- Structural Vibration in Hull Frames 

sin B, = 
kisinO, (4.17) 

The equation 4.17 allows the angle of incidence 0, of the wave leaving plate i to be 

calculated. There can be conditions where sin0, is greater than one and when this occurs 

there is no travelling wave on plate i, instead a second evanescent wave is generated 

which causes some local deformation at the joint but no power transmission. 

Because plates 3,4 and 5 are finite the bending wave equations have two travelling 

wave components and two evanescent wave components. Considering web plate '5 as an 

example, the incident-bending wave on plate 1 generates a travelling and an evanescent 

wave of amplitude TbS and T�s which propagate in the y-z plane. When the travelling 

wave reaches z=h some of the energy of the wave is transmitted to plates 3 and 4 and 

some is reflected back from the junction. The amplitude of the reflected travelling and 

evanescent waves is given by Tb6 and T�6 respectively. Thus the wave field is composed 

of waves originating from junction I and reflected from junction 2 and the bending 

wave field for plate 5 is given in equation 4.18. 

775 = 
(TH 

8-lkh5cosgb52 + To kn5z)e ikb5si"Ob5Y + 
(Tb6 

eikb6cosgb6z + Tn6 ekn6(f-h))e 
ikh6si"Oh6Y (4.18) 

In a similar manner for flange plate 3 the bending wave field equation 173 can be written 

where Tb3 and T3 represent the travelling and evanescent waves from junction 2 and Tbc 

and T�7 represent the reflected travelling and evanescent waves from the edge of the 

flange. 

773 = 
(T 

b3 e'kb3casOb3x + Tn3 eknhx)e-1kb3shº9b3Y + 
(TV 

e 
Ikb7c"-Ob7x +Tn7 e 

kn7(13+x))e 408019b7Y (4.19) 

Similarly manner for flange plate 4 the bending wave field equation i can be written 

where TU and T�4 represent the travelling and evanescent waves from junction 2 and Tab 

and T�8 represent the reflected travelling and evanescent waves from the edge of the 
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Figure 4.5 - Incident bending wave on plate 1 flange 
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7]4 = 
(Tb4C lkh4c0agb4x+Tn4e kn4x)e lkb4sin©b3Y+(Th8e kb8cosgh8x+Tn8ekn8(x-14))e-ikb8sinoh8Y (4.20) 

Because the stiffener is eccentric to plates 1 and 2 of the joint the incident bending wave 

on plate 1 causes in-plane waves to be generated. This process is illustrated in figure 4.5 

where the in-plane displacements ý and ý are functions of the longitudinal and 

transverse wave fields. For plate 1 the longitudinal wave field ýL1 is given by 

L( = TLIC 14100-vOLixe lkLJsL"8LIY (4.21) 

And the transverse wave field equation cri is given by 

DTI =T TI e-" 
ki'l cusgyllx e ik7'l Ni"OTIY (4.22) 

For plate 1 the in-plane displacement wave field in the x direction is given from the 

summation of the trigonometric components of the longitudinal and transverse waves 

given in equations 4.21 and 4.22. 

ý1 =(-TLICOSOLleikLI Os6Llx)e ikLlsin9LlY-(T, 
1SinolleiklIcoegilx)e 

ikilxii©r1Y (4.23) 

Similarly for plate 2 the in-plane wave field in the x direction is given by summing the 

trigonometric components of the longitudinal and transverse waves given in equations 
4.21 and 4.22. 

ý2-(TL2COS0L2C 1 2coe8L2x)e-ikL2sili8L2y-(T, 
2sin0,2e 

ik12cn'012x)e-'kl2. eirsol2y (4.24) 

The in-plane wave field in the x-direction on plates 3,4 can be described in a similar 
manner but as with the bending equations, the finite boundary of the flange plates again 

result in the generation of reflected wave components. For plates 3 and 4 this gives, 
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=( TI. 3COS9L3e1kL3c0s6l. 
3x)e 1k L3sin0L3Y_(T, 3S1n013e1k13cos013x)e-413-411013Y 

3- (4.25) 
+(TL7COS9L7e IkL7ca. 0L7x)e 1kL7sinOL7Y_(T17sin917e 1kf7cos817x)e ikl7sin017Y 

-IkL4cOSOL4x -ikG4Sll'OL4Y -1k14cus©l4x -414ýa 

= 
ýTL4coseLae )e (T/asin814e 

e (4.26) 
-(TLSCOSOL8eikL8rns9L8x)e 

1kL8süi0L8Y_(T18sin Oa elk18cosgl8x)e 
ikl8sib9 

The in-plane wave field in the z-direction on plate 5 can be described in a similar 

manner to plates 3 and 4. 

ýs=(Tlscoselse-1kL5cos0L5z)e-ikLSsi? OLSY - 
(T, 

5 sin0l5 e-1k15a01z e-ikf5si'915Y (427) 
- 

(T 
L6 COS 0L6 eikL6cos8L6z)e 

ikL6sun0L6Y 
- 

(T, 
6 Sin 016 elkl6COs©16Z)e'ikt6sifO16Y 

Considering the in-plane displacement wave field in they direction on plate 1, the wave 

field can be constructed from equation 4.21 and 4.22 in a similar manner to equation 

4.23. Thus the in-plane displacement wave field in the y direction on plate I is given by: 

I 
(TLISingue 1 IC0SBL")e ik[, IsiW9LIY-(T11cosO, e_41,1s0h")e -ikhlsinOjjY (4.28) 

-- J 

And the in-plane displacement wave field in the y direction on plate 2 is given by 

(TL2 (sin oL2) eikL2cosOL2x)C-ikL2 si10L2Y + 
(T12 (COS 012)e ikt2c0s0t2x)e -412smn012Y (4.29) 

b2 - 

The in-plane displacement wave field in they direction on plate 3 is given by 

'kL3coxOL3x -lk L3SJfOL3Y - 13cosg13x -1k13sue©l3Y ý3 = 
(TL3isineL3)e )e (T, 

3cosgf3e 
Ik 

e (4.30) 
+(TL7(sin0L7)e 1kL7cosoL7x)e 1kL7si10L7Y+(Tf1COS017eJk17c0XB17-1 )e ik17sinOf7Y 

In a similar manner for plate 4 the in-plane displacement wave field in they direction: 

ý4 = 
(T 

L4 SU1OL4 e-ikL4cuc9L4x)e 
ikL4sin9L4Y + 

(T! 
4 COS 014 8 k, 4co. S6,4x)e_ikl4. cin014Y 

(4.31) 
+(TLasingLae ikL8c0s0L8x)e-ikL8sin9L8Y 

- (T, 
acos8, ae 

41800-018x 
e -418x1n018Y 
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And finally for plate 5 

b5=(TLSSf70L5e 
-1450080152), -145 sinOLSY+(T, COSei3c"°' 5a)e ikISsin95Y 

(4.32) 
+(TL6SlfOL6e'kL6cos6L6Z)e ikL6si"BL6Y_(T16COS0,6eiki6cos016=)e-lkl68010l6Y 

From consideration of the wave field equations 4.16 to 4.32 above there are 32 unknown 

wave amplitudes as follows: 

Thi, Tb2'Tb3, Tb4, Tbs, Tb6, Tn>, Tb8, T�i, T�z, T�3, T, 4, T,, s, T�6, T,,,, T�8, (4.33) 
TLI'TL2 TL3, TL4, Tcs, TL6. TL,, Tos, TTi, TT2 Tn, TT41TrsiT76, Trn'T7.8. 

A solution for these unknowns requires 32 equations which can be determined from 

consideration of the requirements of displacement continuity and the force/moment 

equilibrium equations at the plate junctions. The joint can be subdivided into 4 nodes as 

indicated in figure 4.6. From the requirements of the displacement continuity we can 

determine that at node 1 (x = 0, y=0, z= 0) we have the following conditions: 

7l _ 172 (4.34), z7 = -ýS (4.35), ýl _ ý2 (4.36) 

ýl _ 17s (4.37), Cl = ý2 (4.38), ý, _ ýs (4.39) 

The assumption of a rigid connection between plates 1,2 and 5 requires that rotational 

displacements are equal which gives the following conditions, 

01 _ 02 (4.40), 0, = Sys (4.41) 

where the rotational displacement is given by 01= 
a 17' 

, ý2 - 
0172 

and qSS = 
017s 

c? x ax Oz 

At node 2 (x = 0, y=0, z= h) a similar set of boundary conditions can be specified for 

translation displacements as those for node 1: 

173 = 774 (4.42), 773 = -ýS (4.43), ý3 = ý4 (4.44) 
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ýs =17s (4.45), 1; 3 = C4 (4.46), C3 = ýs (4.47) 

and for the rotational displacements based on the assumption of a rigid connection we 

have 

03 = 04 (4.48), 03 = 0s (4.49) 

0175 

where the rotational displacement is given by O3 =3 04 = ax4 and q özs 

017 

Consideration of the displacement continuity requirements provides sixteen of the 

required thirty-two equations. The remaining sixteen equations come from consideration 

of the joint equilibrium requirements. Figure 4.6 illustrates the free body diagram of the 

joint. Summation of the forces and moments at node 1 gives: 

EFx=O=> Fxi -Fsz-Fxs=0 (4.50), Y-Fy=O=F,, i-Fy2-Fys=0 (4.51) 

EF==O=>Fz, -F, 2+FZs=O (4.52), EMy=O=: >MI-M2-Ms=O (4.53) 

And similarly at node 2, 

ZFx=0 Fx3-Fx4+Fx5=0 (4.54), EFy=0 F,, 3-Fy4+F,, s=0 (4.55) 

EF: =0=: >F: 3-F: 4-F: s=O (4.56), EMy=0=: ýM3-M4+M5=0 (4.57) 

And at node 3 the following, 

IFx=0=* Fx3=0 (4.58), EFy=0 F,, 3=0 (4.59) 

EF: =0=: > Fr3=0 (4.60), EM, y=0ýM3=0 (4.61) 

And at node 4 the following, 

2; Fx=O Fx4=O (4.62), EFy=O=: >Fy4=0 

EF: =O 4 F: 4=0 (4.64), EMy=O=M4=0 
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Figure 4.6 Free body diagram of hull frame joint 
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The moment Mi is related to the bending wave displacement rji of plate i by the 

following equation from Cremer [66]. For plate 5, the x term in the 2"d order partial 

derivative is replaced by az term: 

zz 
Mi =-B, 

&Z' 
+ f1, zh 

(4.66) 
Oýy 

The relationship between the transverse shear forces Ff1, Ff2, Fzs, Fi4, Fxs and the 

respective bending wave displacements is given by equation 4.67 from Cremer [66]. 

The x terms are replaced with z terms for plate 5: 

Fü= B, 
ä a2' 

2 
(4.67) 

aY 

The in-plane longitudinal forces F I, Fx2, Fx3, Fx4 and Fzs for plates 1 to 5 are related to 

the in-plane wave displacements by the following equation given by Langley [79]. As 

with equation 4.66 the x terms are replaced with z terms for plate 5: 

F. �, _i 
Ei h, i+ fjr 

ai 
(4.68) 

e 

In equation 4.69 given by Langley [79] the in-plane shear force in the y direction, Fy1 for 

any plate i is related to the in-plane wave displacements. As with equation 4.66 the x 
terms are again replaced with z terms for plate 5: 

Fyi_ -E, h; 4i+a,; ' (4.69) 
21+ ij, iiy ax 

Using the wave and force/moment equations previously outlined, the 32 continuity and 

equilibrium equations can be expressed in matrix format which can be solved 
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numerically by standard methods such as Gauss elimination in terms of the unknown 

wave amplitudes Tb;, T,,;, TLI and TTY. 

With the wave amplitudes determined it is necessary to calculate the wave transmission 

coefficients. The power leaving a joint depends on the amplitude of the wave and the 

angle of incidence. The wave transmission coefficient is defined for plate 1 and 2 as 

Power transmitted across the joint to plate 2 (4.70) z1 z Power incident on the joint at plate I 

For an incident bending wave on plate 1, the bending wave transmission coefficient is 

given by Cremer [66] as 

2P, 2cosOb2 1 khr 
Zºhah - 

IT2hI 
[2p., 

COSOh, 

]1,, 

1,, 1, 
kh2 

twnsmiaed 

(4.71) 

The transmission coefficient for conversion from bending waves on plate 1 to 

longitudinal waves on plate 2 is given by 

ps? COS e 

TAU 

kL2 

ker 

2Pst cos ©b, 
inedenº ºrYUisniiued 

(4.72) 

The transmission coefficient for conversion of bending waves to transverse waves from 

plate 1 to plate 2 is given by 

P, vIcos©r2 2 kh, 
Zrh2r 

1T211 

ký2 

[2P, 

cos Beº 
nnc , dent ýiaisndlrrd 

(4.73) 

For incident longitudinal and transverse wave types, the incident power is given by 
Langley and Heron [79] and can be substituted for the bending wave incident power 
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term in equations 4.71 to 4.73. In SEA the wave field is assumed to be diffuse and 

therefore all angles of incidence are considered equally probable. It is normal to 

consider the average angular transmission coefficient at for each frequency which is 

calculated by integrating the transmission coefficient over the angle of incidence as 

follows: 

Tave = r12 (O) cos 6U O (4.74) 
0 

The above equation is solved numerically since the determination of the wave 

transmission amplitude matrix is not possible by direct methods. All of the wave 

equations and transmission coefficients presented in this chapter have been derived on 

the basis of an incident bending wave on plate 1. Solution for incident transverse and 

longitudinal waves can be achieved by removing the incident bending wave term in 

equation 4.15 and substituting a unit incident longitudinal or transverse wave term into 

equations 4.23 and 4.28 as appropriate. 

The validity of the solution can be checked by ensuring that the power flow out of the 

joint equals the power flow in since the model is conservative. This is expressed as 

follows: 

TIblb+Z1b1L + TIbIT+TIb2b+Z1b2L+rIb2T -1 (4.74) 

where rib!, are the reflection coefficients and zib2, are the transmission coefficients 

where i =b, L, T. 

The model has been validated by comparing with results from other previously defined 

models e. g. Smith [78] and Fraser [94]. 
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4.2.4 Plate - Beam Model 

The other type of stiffener design encountered in ship construction is the offset bulb 

plate as discussed previously. The theoretical model developed in the previous section 

does not cover the bulb plate stiffener, but with a few simple modifications the theory 

can be adapted to include this type of construction. 

The basic geometry of the joint is shown in figure 4.7. The model is similar to that 

shown in figure 4.4 except that the flange plates 3 and 4 have been replaced by a beam 

element. For the joint described there are 16 unknown transmission coefficients as 

follows: 

{Tbi, The. Tbs. Tb6, T�i, T�2"Tns, Tn6. TLI, TL2'TLSJTL6ITri, Tr2'Trs1T76} (4.75) 

Using the previously defined wave equation for plates 1,2 and 5 and the displacement 

continuity and force/moment equilibrium equations for the intersection of plates 1,2 

and 5 at node I will provide twelve of the sixteen equations required to determine the 

transmission coefficients. The remaining four equations are provided by consideration 

of the equilibrium requirements at the junction of the web plate 5 and the beam as 

shown in the free body diagram in figure 4.8. 

It is therefore only necessary to consider the interface of plate 5 at z=h and the beam 

stiffener. Considering the equilibrium the joint at node 2, the plate force and moments 

are resisted by the beam element, which permits the following equilibrium equations to 

be written. 

MS = Mhewn (4.76), Fxs = Fx-heani (4.77 

Fys = Fy-beam (4.78), F: s = F: -bean, (4.79) 

Considering the beam forces in the x direction, the total resisting force is composed of a 
bending component and an acceleration term as defined in Cremer [66]. The total 

resisting force Fx_beam is given by 
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40. 

Figure 4.7 Geometry of plate-beam joint 
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Figure 4.8 Free body diagram of plate-beam joint 
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4 

Fx-nrum _ -B: ä4 co 2 P, 775 (4.80) 

Where BZ is the bending stiffness about z-axis and p' is the mass per unit length of the 

beam. For a rectangular beam element the bending stiffness BZ is given by, 

__ 
Ehbd3 (4.81) B= 12 

The total resisting force in the z direction is given by Fz-beam. 

4 

Fz-beam = -B: s -w2A4s (4.82) 

where Bx is the bending stiffness about the x-axis and pp is the mass per unit length of 

the beam. For a rectangular beam element the bending stiffness B,, is given by 

Bx=Edhh 12 
(4.83) 

The total force in the y-direction is due to the compression and tension forces of the 

beam and the acceleration force of the beam which is given by 

i 
FY-beam °-a ys - C02 pl CS (4.83) 

OY 

where A is the cross-sectional area of the beam and E is Young's modulus. 

The bending moment, at the plate edge is opposed by the torsion characteristics of the 
beam. Cremer [66] has shown that the moment transferred from a plate to a beam will 

result in a torsion moment and rotational acceleration of the beam as shown. 
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Mneam -_ -G 
a 22s 

-2 Jýs (4.84) 
ý 

Where J is the torsional stiffness of the beam element and G is the shear modulus of 

elasticity of the beam material. For a rectangular beam element the torsional stiffness is 

calculated from the following 

J=E 3°d 3 
if hb>d or J=E3h3h if d>hn (4.85) 

Combining equations 4.76 to 4.85 above with the appropriate equation for plates 1,2 

and 5 allows the transmission coefficients for the plate-beam model to be determined. 

4.3 Parametric Design Study. 

In the previous section a model was developed for the prediction of wave transmission 

coefficients in ship hull frame joints. In this section the wave transmission 

characteristics of hull frame joints are investigated in a numerical parametric study to 

identify what are the important features (if any) of joint design that determine the 

characteristics of the power transmitted across the joint. 

In this parametric study two of the stiffener designs shown in figure 4.1 were selected 

for detailed analysis. The first joint (Type 1) is the flat bar stiffener which is the 

simplest of the possible hull frame variations since it consists of only three plates, 
Analysing the three-plate model first allows the effect of the web plate on the 

transmission characteristics to be isolated. The second joint to be analysed (Type 2) is 

the full five plate hull frame stiffener which will allow the effects of the flange plate and 

web plate on the overall transmission characteristics to be identified. 

The parametric study has focused solely on variations in the stiffener geometric 

parameters. In all of the parametric models, the hull plate elements were chosen to have 

a constant thickness of 6 mm. The material chosen for the analysis models was plain 

-91- 



Chapter 4- Structural Vibration in Hull Frames 

carbon steel as this is the most commonly used material in ship construction. The use of 

composite materials is considered to be outside the scope of this work. 

The results of the parametric study present the variation in the joint transmission loss 

with frequency. The relation between the transmission loss Ry and the transmission 

coefficient rj is given by equation 4.86. 

Ru =101ogio 
1 (4.86) 

(TY) 

The analysis of each joint has been performed with a full bending, longitudinal and 

transverse wave model, with the results presented for an incident bending wave source. 

The transmission loss has been calculated from 60 Hz to 7000 Hz at 20 Hz intervals as 

this provides a reasonable balance between accuracy and frequency range. 

4.3.1 Web Plate Parametric Model 

The parametric modelling has considered the effect the variation in the depth and 

thickness of the web plate on the transmission characteristics. The analysis results 

presented are for stiffeners of depth 200 mm and 800 mm and thickness of 4 mm and 8 

mm as these are typical of the dimensions of stiffeners commonly found in ship 

construction. The hull plates I and 2 for all joints analysed are 6 mm thick steel plate. 

The bending, longitudinal and transverse wave transmission loss curves are plotted in 

figure 4.9 for a 200 mm by 4mm web plate. It can be seen that the bending wave 

transmission loss curve consists of a series of shallow, broadening curves interspersed 

with a series of sharp peaks. As the frequency increases, the shallow curves lengthen 

and flatten while the amplitude of the sharp peaks increase. Examining the longitudinal 

and transverse wave transmission loss curves it can be seen that they are broadly similar 
in shape and frequency content. At low frequencies the transmission loss curves are 

sharp and pronounced, but as the frequency increases the peak-to-peak amplitude 

reduces and the curves broaden out. At higher frequencies it can be seen that there 

appear to be ̀ ripples` in the transmission loss curves. 
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The relationship between the bending, longitudinal and transverse wave TL curves can 

be explained by considering the web plate to be equivalent to a cantilevered beam. For a 

cantilever beam the first five resonant frequencies can be calculated from equation 4.87 

[Ref. 95]. 

, 
ýr=pr 

B. 2 

ml 
(4.87) 

for i=1,2,3,4,5 then al = 0.56,3.50,9.82,19.25,31.83. Where 1 is the web depth, B is 

the stiffness of the web plate and m' is the mass per unit area. The fundamental 

frequency of a cantilever is also given by Cremer [66]. 

The first five resonant frequencies calculated by assuming that the web plate behaves as 

a cantilever are predicted to occur at 86 Hz, 543 Hz, 1523 Hz, 2985 Hz, and 4938 Hz. In 

the bending wave transmission loss curve, there are five sharp peaks which agree well 

with the predicted bending frequencies of the web plate. The frequencies at which the 

peaks in the bending wave TL occur are not modes of the web plate since it is infinitely 

long in the y direction, rather the peaks are at frequencies where matching of the 

bending wavenumbers of plates 1 and 2 and the web plate occurs. This matching of 

bending wavenumbers results in an increase in the impedance mismatch due to the web 

plate at the joint and increases the transmission loss. The increase in the amplitude of 

the peak at the wave matching frequencies is due to the increase in the number of 

incident waves where wavenumber matching occurs resulting in the larger transmission 

loss. 

In the longitudinal and transverse wave transmission loss curves it can be seen that the 
local minimum values in the transmission loss curve occur at approximately the 

resonant frequencies of the web plate. When the matching of the bending wavelength of 

the web and plates I and 2 occurs, the eccentricity of the web plate from plates 1 and 2 

results in longitudinal and transverse waves being excited on hull plates 1 and 2. The 

maximum peaks in the longitudinal and transverse wave transmission loss curves occur 
at the following frequencies; 240 Hz, 960 Hz, 2180 Hz, 3820 Hz and 6660 Hz which are 
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Figure 4.9 BLT Transmission loss curves for 4 mm x 200 mm web plate 
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frequencies where the wavelength is a multiple of half the web depth and does not 

excite in-plane waves. 

With a 200 mm by 8 mm thick web plate a similar set of transmission curves is obtained 

as shown in figure 4.10. The bending wave transmission loss curve again consists of a 

series of curves that broaden and flatten as the frequency increases interspersed with 

four peaks that sharpen and increase in amplitude as the frequency increases. Treating 

the 8 mm by 200 mm web plate as a cantilever, the first four frequencies are predicted 

with equation 4.87 to occur at 173 Hz, 1086 Hz, 3046 Hz and 5975 Hz. The frequencies 

at which the peaks in the transmission loss curve occur are lower than the predicted 

frequencies and it is because the prediction using equation 4.87 is based on the 

assumption of a rigid boundary. The junction of plates 1,2 and 5 is flexible and this 

reduces the wave matching frequencies. The difference is more obvious with the 8 mm 

thick web because of the increased bending stiffness of the web plate which is greater 

than that of plates 1 and 2. 

The longitudinal and transverse wave transmission loss curves are again very similar in 

shape and frequency content, initially having sharp peaks that reduce in amplitude and 

broaden as the frequency increases. As with the 4 mm by 200 mm web the local 

minimum values in the transmission loss curve occur at approximately the same 

frequencies as the peaks in the bending wave transmission loss curve. This is for the 

reasons discussed previously. 

One aspect that is clear is that the longitudinal and transverse wave transmission loss 

curves show large variations in the magnitudes with frequency. For SEA models it may 
therefore be prudent to average the transmission loss for a number of frequencies in 

each third octave frequency band rather than rely on the transmission loss calculated at 
the centre frequency of the band. 

The bending, longitudinal and transverse transmission loss curves are shown in figure 

4.11 for a4 mm by 800 mm web plate. The bending wave curve transmission loss curve 
initially appears complex as there are a series of closely spaced ̀damped' peaks with the 
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Figure 4.10 BLT Transmission loss curves for 8 mm x 200 mm web plate 
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transmission loss generally increasing until approximately 2800 Hz. Between 2800 Hz 

and 3000 Hz there is a transition in the transmission loss curve after which the curve is 

dominated by a series of sharp peaks. 

For the longitudinal and transverse wave curves it can be seen that they are again very 

similar in shape and frequency content. The curves have a series of sharp peaks and as 

the frequency increases the peak-to-peak amplitude reduces and the curves broaden out. 

At approximately 2800 Hz both curves level off and the peak-to-peak amplitude remains 

constant at approximately 20 dB for the longitudinal wave curve and 10 dB for the 

transverse wave curve. 

From the previous analysis of the 200 mm web results, the minimum value in the 

longitudinal and transverse transmission loss coincided approximately with the resonant 

frequencies of the web. Equation 4.87 gives the first five frequencies but for the higher 

frequencies, the bending wavenumbers match can be predicted from the equation 4.88 

which is derived from equations 4.1 and 4.3. 

8B (212 1) for n =1,2,3,4,5 etc (4.88) 
m1 

For the fundamental frequency this equation is not particularly accurate when compared 

with equation 4.87, but at higher frequencies the above equation is sufficiently accurate 

for the purpose of explaining the transmission loss curves. Tables 4.1 and 4.2 compare 

the predicted resonant frequencies from equations 4.87 and 4.88 for the web plate 

considered in this section. 

Comparing the predicted frequencies for the 800 mm web with the frequencies at which 
the local minimum values of the longitudinal and transverse transmission loss curves 

occur it can be seen that there is good agreement. On the deeper web plates the matching 

of bending waves on plate 1,2 and the web results in the generation of in-plane waves as 
discussed previously. The major difference between the 200 mm and 800 mm web 
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Web Plate Dimensions (Depth x Thick ness) 
200 x4 200 x8 800 x4 800 x8 

ps (kg/m2) 1201.5 9611.7 1201.5 9611.7 
B (N/m) 31.2 62.4 31.2 62.4 
fI (Hz) 86.9 173.8 5.4 10.9 
f2 (Hz) 543.1 1086.3 33.9 67.9 
f3 (Hz) 1523.3 3046.6 95.2 190.4 
f4 (Hz) 2987.6 5975.3 186.7 373.5 
f5 (Hz) 4938.2 9876.4 308.6 617.5 

Table 4.1 Predicted frequencies using equation 4.87: web plate as a cantilever 

Web Plate Dimension s (Depth x Thickness) 
200 x4 200 x8 800 x4 800 x. 8 

ps (kg/m2) 1201.5 9611.7 1201.5 9611.7 
B 7V/m) 31.2 62.4 31.2 62.4 
f1 (Hz) 60.9 121.8 3.8 7.6 
f2 (Hz) 548.3 1096.6 34.3 68.5 
f3 (Hz) 1523.1 3046.1 95.2 190.4 
f4 (Hz) 2985.2 5970.4 186.6 373.2 
f5 (Hz) 4934.7 308.4 616.8 
f6 (Hz) 7371.6 460.7 921.5 
f7 (Hz) 10295.9 643.5 1287.0 
f8 (Hz) 856.7 1713.4 
f9 (Hz) 1100.4 2200.8 
f 10 (Hz) 1374.6 2749.1 
f 11 (Hz) 1679.2 3358.4 
f 12 (Hz) 2014.3 4028.5 
f 13 (Hz) 2379.8 4759.6 
f 14 (Hz) 2775.8 5551.6 
f 15 (Hz) 3202.2 6404.5 
f 16 (Hz) 3659.2 7318.3 
f 17 (Hz) 4146.5 8293.1 
f 18 (Hz) 4664.4 9328.8 
f 19 (Hz) 5212.7 10425.2 
f 20 (Hz) 5791.5 
f 21 (Hz) 6400.7 
f 22 (IN 7040.4 
f 23 (Hz) 7710.5 
f 24 (Hz) 8411.5 
f 25 (Hz) 9142.5 

Table 4.2 Predicted frequencies using equation 4.88: web plate as a cantilever 
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Figure 4.11 BLT Transmission loss curves for 4 mm x 800 mm web plate 
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results is the levelling off of the longitudinal and transverse transmission loss curves 

above 2800 Hz. 

From the bending wave transmission loss curve it can be seen that there is a transition in 

the transmission loss curve at approximately 2800 Hz. Below this transition frequency 

there are a series of curves where the minimum transmission loss occurs at the 

frequencies of the web. At 1600 Hz, 2020 Hz, 2380 Hz and 2780 Hz it can be seen that 

there are sharp peaks that increase in amplitude and bandwidth as the frequency 

increases above 2800 Hz become dominant. These peaks are very close to the 11'h, 12"' , 
13' and 14' frequencies of the web plate as listed in table 4.2. The peaks due to the first 

ten frequencies are present but are not obvious for two reasons. 

The first reason is that the 20 Hz frequency resolution is insufficient on the deeper web 

plate to show the detail at low frequency. A more detailed analysis was undertaken 

around one of the lower wave matching frequencies with a 0.5 Hz interval which 

confirmed a narrow bandwidth peak in the bending wave transmission loss. The second 

reason is that at the lower frequencies there are fewer incident waves where the trace 

wavelength matches the web wavelength occurs. When the transmission coefficient is 

integrated over all angles of incidence the effect on the transmission loss is diminished. 

As the frequency increases, the number of incident waves where the trace wavelength 

matches the wavelength of the web increase and when the average transmission 

coefficient is calculated it reflects the increase in the impedance mismatch of the joint. 

The transition above 2800 Hz is due partially to the development of in-plane wave of 

the web. The first transverse wave is predicted to occur at 2211 Hz and the first 

longitudinal wave is predicted to occur at 3359 Hz. The excitation of in-plane waves in 

the web plate results in a significant change in the joint dynamics The in-plane waves 

are reflected from the web-plate boundary, and the in-plane waves excite bending waves 

on plates I and 2 modifying the transmission loss curve. The sharp peaks that are seen 
in the bending wave transmission loss curve above 2800 Hz are due to the matching of 
the incident wave and the web-plate bending waves discussed previously. At the higher 
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Figure 4.12 BLT Transmission loss curves for 8 mm x 800 mm web plate 
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frequencies there are many more incident waves which match and this becomes a 

dominant feature of the transmission loss curve. This results in the longitudinal and 

transverse transmission loss curves levelling off. 

The transmission loss curves for a8 mm x 800 mm web plate are shown in figure 4.12 

and it can be seen that these are very similar to the 4 mm x 800 mm web transmission 

loss curves shown in figure 4.11. There are fewer peaks in the 8 mm curves due to the 

lower number of resonant modes of the web-plate. The transition in the bending wave 

transmission loss curve again occurs at approximately 2800 Hz and the longitudinal and 

transverse curves level off at this frequency. The transition frequency at 2800 Hz is 

unchanged since the in-plane longitudinal and transverse waves of the web plate are 

independent of the web thickness and determined by the depth of the web plate and the 

boundary conditions. As with the 200 mm x8 mm thick web plate the flexibility of the 

junction of plates 1,2 and 5 reduces the wave-matching frequencies of the web-plate 

when compared to the predicted frequencies in tables 4.1 and 4.2. 

4.3.2 Hull-Frame Plate Parametric Mode! 

In the previous section the parametric model of the web plate identified how the wave 

transmission characteristics changed as a function of the web depth and thickness. In 

this section the effect of the flanges on the transmission characteristics is investigated. 

The results are presented for 200 mm and 800 mm deep web plates with 4 mm and 8 

mm thick webs The parametric models utilised the same thickness of flange plates on all 

models but with different widths combined with the different web depths and thickness. 

This is a limited number of variations but with five plates there are a large number of 

possible combinations that could be considered. The two flange lengths considered are 
100 mm, which is typical of the dimensions encountered in practise, and 500 mm which 
is more extreme but will allow the effect of flange length to be determined. The 

transmission loss curves are analysed and compared with the results presented in the 

previous section. 
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Figure 4.13 show the bending, longitudinal and transverse transmission loss curves for a 

4 mm by 200 mm deep web for 100 mm wide flange plates. Comparing these results 

with the transmission loss curves in figure 4.9 for the 200 mm by 4 mm web plate the 

results initially appear to be quite different and more complex. This is because the 

addition of the flange plates changes the web plate boundary condition and it can no 

longer be equated to a cantilever, instead it can be considered as equivalent to a pinned- 

pinned beam or a clamped-clamped beam. Equation 4.87 is still valid to predict the first 

five frequencies except the variable a, changes. For the first five frequencies of a 

pinned-pinned beam a, is 1.57,6.28,14.15,25.15,39.3 and for a clamped-clamped 

beam a; is 3.501,9.82,19.26,31.83,47.46. Table 4.3 gives the predicted frequencies for 

the clamped-clamped boundary condition as it shows the best agreement. 

From the web-plate analysis the first step was to identify the wave matching frequencies 

of the web plate and this is best achieved by correlating examining the frequency peaks 

in the bending wave transmission loss curve and the corresponding local minimum in 

the longitudinal and transverse transmission loss curves. 

For the longitudinal and transverse waves it can be seen that they are similar in shape 

and frequency content when compared to the corresponding curves in figure 4.9 they are 

very different. The regular smooth in-plane transmission loss curves obtained for the 

web plate only are replaced by complex irregular transmission loss curves because of 

the change in the boundary conditions. The local minimum values in the transmission 

loss curves occur at the wave matching frequencies of the web-plate listed in table 4.3. 

For the 200 mm by 4 mm web plate the first five wave matching frequencies are 

predicted to occur 548 Hz, 1523 Hz, 2985 Hz, 4933 Hz and 7371 Hz and the minimum 

values in the in-plane transmission loss curves occur at approximately these frequencies. 

It can also be seen that there are dips in the curves at 120 Hz and 3300 Hz. The dip at 
3300 Hz correlates to the first in-plane mode in the web plate predicted to occur at 3360 

Hz. It is more difficult to find any correlation for the dip at 120 Hz and at this low 

frequency must be, equivalent to a rigid body mode of the frame which because of it's 

eccentricity excites in-plane waves in plate 1 and 2. 
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Web Plate Dimension s (Depth x Thickness) 
200 x4 200 x8 800 x4 800 x8 

ps (kg/m2) 1201.5 9611.7 1201.5 9611.7 
B (N/m) 31.2 62.4 31.2 62.4 
fI (Hz) 543.1 1086.3 33.9 67.9 
f2 (Hz) 1523.3 3046.6 95.2 190.4 
f3 (Hz) 2987.6 5975.3 186.7 373.5 
f4 (Hz) 4938.2 9876.4 308.6 617.5 
f5 (Hz) 7362.9 - 460.2 920.4 

Table 4.3 Predicted frequencies using equation 4.87: 

web plate as a clamped-clamped beam 

Flange Plate Dimensions 
(Depth x Thickness) 

100x8 500 x8 
ps (kg/m2) 1201.5 9611.7 
B (N/m) 31.4 62.4 
f1 (Hz) 695 27.8 
f2 (Hz) 4344 173.8 
f3 (Hz) 12175 487.0 
f4 (Hz) 955.7 
f5 (Hz) 1913.8 

Table 4.4 Predicted frequencies using equation 4.87: flange plate as a cantilever 

Flange Plate Dimensions 
(Depth x Thickness) 

100 x8 500 x8 
p, (kg/m2) 1201.5 9611.7 
B (N/m) 31.2 62.4 
fI (Hz) 60.9 19.5 
f2 (Hz) 487.4 175.5 
f3 (Hz) 4386.4 487.4 
f4 (Hz) 12184.5 955.3 
f5 (Hz) 1579.1 
f6 (Hz) 2358.9 
f7(Hz) 3294.7 

.f8 
(Hz) 4386.4 

.f9 
(Hz) 5634.1 

f 10 (Hz) 7037.8 

.fI1 
(Hz) 8597.4 

Table 4.5 Predicted frequencies using equation 4.88: flange plate as a cantilever 
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Assuming that the flange plates are cantilevers, the first two predicted resonant 

frequencies of the 100 mm flange plates using equation 4.87 occur at 695 Hz and 4344 

Hz. It can be seen that the are two peaks in the bending wave transmission loss curve at 

820 Hz and 4420 Hz and these are due to wave matching between the web plate and 

flange plates. The predicted wave matching frequency is based on the assumption of a 

rigid boundary condition between the flange and web plate hence the difference with 

the actual wave matching frequency. 

Figure 4.14 show the bending, longitudinal and transverse transmission loss curves for a 

4 mm by 200 mm deep web with 500 mm wide flange plates. Comparing the bending 

wave transmission loss curve for the 100 mm flange plates shown in figure 4.13 it can 

be seen that the general trend is similar but there are additional peaks. The wave 

matching frequencies of the web plate listed previously can be identified by their peaks 

in the bending wave transmission loss and the corresponding local minimum values in 

the in-plane transmission loss curves. The other peaks in the bending wave transmission 

loss are found to coincide with the predicted wave matching frequencies for the flange 

plates shown in tables 4.4 and 4.5. For example the 4" mode of the flange plate is 

predicted to occur at 955 Hz and the 6" mode is predicted to occur at 2359 Hz and 

corresponding peaks can be observed in the bending wave transmission loss curve near 

to these frequencies. The effect of the wider flange plates and change in boundary 

conditions on the in-plane transmission loss however is to change the transmission loss 

graphs because of the more complex wave interaction between the five plates . 

In figure 4.15 the bending, longitudinal and transverse transmission loss curves are 

shown for a 200 mm by 8 mm web-plate for the 100 mm wide flange plates. Comparing 

the 100 mm flange plate results in figure 4.15 with the web only results in figure 4.8 it 

can be seen that there is a similarity in the trend between the curves but the flange plates 

change the transmission characteristics. In the longitudinal and transverse wave curves 

there are a series of dips in the transmission loss which correlate to the dips in the 

bending wave transmission loss curve. For the 200mm by 4 mm web plate results in 

figure 4.13 the peaks in the bending wave transmission loss correlate to the dips in the 
in-plane transmission loss graphs. As discussed in the web plate results the peaks are 
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present in the 8 mm web plate bending wave graph but the resolution of the analysis is 

insufficient to bring them out. 

In figure 4.16 the bending, longitudinal and transverse transmission loss curves are 

shown for a 200 mm by 8 mm web-plate for 500 mm wide flange plates. The 500 mm 

flange plate results shown in figure 4.16 it can be seen that the bending wave 

transmission loss curve follows the same trend as the 100 mm flange plate results but 

there are many more sharp peaks in the curve. These peaks occur close to the predicted 

frequencies of the flange plates given in tables 4.4 and 4.5. The additional peaks in the 

longitudinal and transverse wave loss curves are found to coincide with peaks in the 

bending wave transmission loss curve, which coincide with frequencies of the flange 

plate as with the 200 mm by 4 mm results in figure 4.14. 

The transmission loss curves for the 800 mm by 4 mm web plate with 100 mm wide 

flange plates are shown in figure 4.17 Comparing the bending wave transmission loss 

curve results for the 100 mm wide flanges plate with those obtained from the 

corresponding web-plate parametric model shown in figure 4.11 the curves are very 

similar. The main obvious difference is between 3000 Hz and 4000 Hz where there are 3 

peaks in the transmission loss. The peaks at 3120 Hz is the 14" resonant mode of the 

web plate predicted to occur at 3200 Hz and the peak at 3700 Hz is the 15`h resonant 

mode of the web plate predicted to occur at 3659 Hz. The peak at 3300 Hz is due to the 

excitation of the first longitudinal mode of the web plate which is predicted to occur at 

approximately 3358 Hz. Examining the longitudinal and transverse transmission loss 

curves it can be seen that they are broadly similar to the transmission loss curves shown 
in figure 4.11. 

The transmission loss curves for the 800 mm by 4 mm web plate with 500 mm wide 
flange plates are shown in figure 4.18. It can be seen that the trend is very similar to the 

100 mm flange plate results but the spectrum has more peaks in the bending wave 
transmission loss curve and local minimum in the in-plane transmission loss curves. As 

with the 100 mm web-plate results these additional peaks coincide with the resonant 

modes of the flange plates. For example it can be observed that there are peaks at 500 
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Hz, 960 Hz, and 1560 Hz which are close to the 3'1 mode (487 Hz), 4 ̀h mode (955 Hz) 

and the 5" mode (1579 Hz) of the 500 mm flange plates. 

The longitudinal and transverse wave transmission loss curves have the same general 

trends as the 100 mm flange plates and tend to level off at a mean value although the 

general appearance of the curves is `noisier'. The combination of deep web and flange 

plates gives very similar transmission loss curves to the web only result. This is 

because for the short web plates, the flanges give an approximate a clamped-clamped 

boundary for the web plate. As the web plate increases in depth the flexibility of the 

flange/web junction increases and tends towards a clamped-free boundary. This is why 

the transmission loss curves for narrow and deep flanges for the 800 mm deep web plate 

resemble the web only results. The bending, longitudinal and transverse transmission 

loss curves for an 800 mm by 8 mm thick web plate with 100 mm wide flange plates are 

shown in figure 4.19. Comparing the 100 mm flange plate results in figure 4.19 with the 

transmission loss results for the 800 mm deep by 8 mm thick web-plate results shown in 

figure 4.12 it can be seen that the bending wave transmission loss curve is extremely 

similar. The peak at 800 Hz is again observed in the bending wave transmission loss due 

to wave matching between the web plate and the flange plates and a corresponding 

change in the in-plane transmission loss. The other difference is that between 3000 Hz 

and 4000 Hz there are two peaks at 3200 Hz and 3659 Hz. From the results in figure 

4.17 and 4.19 it can be concluded that the small flange plates on a deep web plate are 

generally insignificant because of their low mode count and do not effect the wave 

transmission characteristics to any significant degree and can be ignored. 

The bending, longitudinal and transverse transmission loss curves for an 800 mm by 8 

mm thick web plate with 500 mm wide flange plates are shown in figure 4.20. 

Examining the 500 mm wide flange plate results it be can seen that there are additional 

peaks in the bending wave transmission loss curves due to the flange plates. Again the 

peaks in the bending wave transmission loss due to the matching of bending waves on 

the web plate occur at the same frequencies at which the local minimum values in the 

longitudinal and transverse wave curves occur. Where the peaks in the bending wave 
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transmission loss curves are due to wave matching between the web plate and the flange 

plates then they can be correlated to events in the in-plane transmission loss curves. 

4.4 Discussion 

The results for the parametric survey presented in section 4.3 of this chapter have 

provided some insight into the transmission characteristics. It can be seen that for the 

800 mm web results with 100 mm and 500 mm flange plates are very similar when 

compared to the corresponding web plate only results presented in section 4.3.1. For 

deep web plates it appears that the addition of web plates does not have any significant 

effect on the bending, longitudinal and transverse transmission loss curves. Figure 4.21 

shows the bending wave transmission loss for the 800 mm by 8 mm web plate with no 

flange plate, 100 mm flanges and 500 mm flanges. It can be seen that the predicted 

transmission loss is very similar apart from localised differences due to the flanges, 

therefore the flanges do not have any significant effect on the overall transmission loss. 

In figure 4.22 the bending to longitudinal transmission loss is also plotted for the 800 by 

8 mm web plate. It can be seen that the flange plates do not significantly effect the 

transmission loss as the curves are all very similar. Therefore for deep web plates it is 

reasonable to assume that neglecting the flange plates will not adversely change the 

power transmission across the joint. This would simplify the modelling of joints by 

reducing the input data required to define the joint. It would also reduce the computation 

time for solution of the wave transmission characteristics since only a 16 by 16 matrix 

requires to be solved to a web only model instead of a 32 by 32 matrix for the full frame 

model. 

In figure 4.23 the bending wave transmission loss RIb2b for the 200 mm by 4 mm web 

plate is shown. It can be seen that transmission loss curves for the three different 

parametric models are similar but there is a small but significant difference between the 

results in comparison to the deep web results. It can be seen that there are differences of 

up to 2-3 dB in the transmission loss between the web only results and the flanged 

results. For small frames the decision to model the flange plates could be significant. A 
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difference of 2-3 dB in the transmission loss for one joint may not appear significant, 

but in a ship where the structure is near periodic and the joint configuration is repeated, 

a difference of 2dB can be extremely important. For every joint crossed the difference 

between the predicted structure borne noise by the two modelling approaches will 

accumulate. Only experimental studies of the joint will determine the more accurate of 

the two modelling approaches. It would be anticipated at this stage that the full frame 

model would be the more accurate as it models full behaviour of the frame. 

In figure 4.24 the bending wave transmission loss RIM for the 200 mm by 8 mm web 

plate is shown. It can be seen that transmission loss curves for the three different 

parametric models are similar but again there is a small but significant difference 

between the results. 

4.5 Conclusions 

In this chapter the design of hull frame stiffeners and the variations were introduced. A 

transmission model and the important equations have been described that will permit the 

wave transmission characteristics of the basic stiffener designs commonly found in 

ships to be predicted. The method utilised has been established by other researchers for 

other joint configurations and the results of a parametric analysis have been presented 

which allow the effects of the different elements of the frame stiffener (i. e. web-plate, 

flanges) on the transmission characteristics to be determined. 

The depth of the web-plate is important as this determines the number of wave matching 
frequencies of web plate. In the absence of flange plates the web-plate can be 

approximated to a cantilever and the maximum transmission loss across the stiffener 

occurs when the incident wave is an integer multiple of the V. wavelength of the web- 

plate. Flange plates can affect the transmission characteristics but this depends on the 

web-plate to which they are connected. For a deep web it has been shown that wide and 

narrow flanges have no significant effect on the transmission characteristics and can be 

neglected. If the web-plate is small then flange plates can be significant. Flange length 

is also important as it determines how significant a role the flange plays by increasing 
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the number of wave-matching frequencies between the flanges and web plate. The 

parametric survey has shown that small frames can give a difference of 2 to 3 dB in the 

predicted transmission if the flanges are omitted. This is important in a ship context 

given the near-periodic arrangement of frames on the structure, as any small differences 

in modelling will be amplified with each joint crossed. It is believed that the full frame 

should be more accurate as it models the complete joint. 

The longitudinal and transverse transmission loss curves show large variations in the 

magnitudes with frequency. For SEA models it may therefore be prudent to average the 

transmission loss for a number of frequencies in each third octave frequency band rather 

than rely on the transmission loss calculated at the centre frequency of the band, 

-120- 



Chapter 5- SEA Modelling of Laboratory Test Structures 

Chapter Five 

SEA Modelling of Laboratory Test Structures 

5.1 Introduction 

In chapter two the basic methodology of SEA was introduced to the reader 

whilst in chapter three the experimental measurement techniques were reviewed and in 

chapter four a theoretical model was developed to predict the power transmitted across 

hull frame structures. In this chapter all of the elements previously developed are 

brought together as a series of experimental structures are used to validate the 

theoretical joint model developed in chapter four. Initially a series of simple hull-frame 

structures are reviewed to verify the accuracy of the basic frame model and then a larger 

more complex laboratory test structure with an array of frames elements is reviewed to 

verify the performance of the joint. 

5.2 Simple Laboratory Structures 

To verify the mathematical model developed, a series of laboratory measurements were 

made on simple experimental hull frame structures. In this section the results from the 

laboratory measurements are compared with predictions from SEA models of the test 

structure using the hull frame model developed in chapter four to calculate the average 

transmission coefficients. 

The laboratory models were constructed in a reverberation chamber from two thin 

aluminium plates bolted to the flanges of a steel I-beam with M10 bolts. The free edges 

of the plates were supported above the chamber floor on foam lined battens. To prevent 
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equi-partition of energy occurring additional damping was applied to the plate 

designated as the receiving subsystem and this was applied by laying sand filled bags 

along the plate free edges to absorb some of the energy of the incoming waves to the 

plate edges. The laboratory test arrangement is shown in figure 5.1. 

There are two aspects of the test structure that must be considered in relation to the 

mathematical model. To emphasise this, figure 5.2 illustrates the cross section of the 

laboratory structure and the mathematical model. 

The first and most important difference is the use of bolts to connect the aluminium 

plates to the bottom flange of the I-beam. The theoretical model was developed with a 

continuous line contact assumed between the web plate of the frame and the hull plates 

(plates 1 and 2). In previous work by Smith (Ref. 78) on stud walls where plasterboard 

sheets were nailed to a wooden batten, the possibility of this joint type functioning in 

two different ways was highlighted. First the joint can behave as a continuous line 

contact or because of the nails, it can behave as a series of point contacts. The important 

relationship is the pitch of the fixings and the frequency at which a half bending 

wavelength is equal to the pitch of the fixings. Below this frequency the connection 

behaves as a line contact but above it behaves as a series of point contacts at the 

fixings. 

To investigate if the use of bolts to connect the plates to the I-beam resulted in a 

continuous line contact or a series of point contacts a simple set of experiments were 

conducted. For the bolted configuration a set of acceleration level difference 

measurements were made using the procedures discussed in chapter three, section 3.2. 

Initially measurements were made with plate 1 as the source and plate 2 as the receiving 

subsystem. Damping measurements were taken on the receiving the subsystem using the 

reverberation time technique discussed in chapter three, section 3.3. Measurements 

were then taken with plate 2 as the source and plate I as the receiving subsystem after 
the additional damping treatment had been moved. The bolts were then removed and a 
thin layer of epoxy resin was applied to the edge of the aluminium plates to bond the 
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plate to the flange of the I-beam to give a line contact. After allowing the resin bond to 

cure, the measurements were repeated. 

In figure 5.3 the measured acceleration level difference is shown for the bolted and 

bonded joints for power input to plate 2. It can be seen that the two curves show the 

same variation with frequency. The bolted result is consistently higher than the bonded 

result but the difference is within the range of experimental error for the measured data. 

In figure 5.4 the measured total loss factor for plate 1, ii,, is plotted for the bolted and 

bonded joints and it can be seen that the total loss factor for the bonded plate is 

marginally higher, probably due to the additional damping provided by the epoxy resin 

of the joint. Using the measured acceleration level difference and the total loss factor, 

and correcting for the masses of the subsystems, the measured coupling loss factor can 

be calculated. Figure 5.5 shows the measured coupling loss factor for the bolted and 

bonded joints and it can be seen that the CLF 1721 for both joints is very similar across 

the frequency spectrum proving that the bolted joint behaves as a continuous line 

contact. Similar results were found when comparing the coupling loss factor 7712 for the 

bonded and bolted joints. 

The reason for the bolted joints behaving as a continuous line contact rather than a 

series of point contacts at the bolts is due to the clamping effect of the bolts and the 

compression of the flange and plate between the nut and bolt head. As mentioned, the 

work by Smith [Ref. 78] was on party wall constructions where the plates were nailed 

to a batten, this is in fact similar to the riveted joint construction found in aerospace 

structures. These types of nailed/riveted construction do not produce the same 

magnitude of compression load on the plate between the fixing and the batten as a bolt 

and nut and hence the pitch and number of the fixings becomes important in 

determining if the joint behaves as a continuous line contact or a series of point contacts 

at the fixings. 

The second difference between the experimental and theoretical model is the presence 
of the bottom flange of the I-beam because in the joint model the web plate of the 

stiffener is connected directly to the hull plates. There are several reasons for using the 
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experimental model employed here. The first is the use of the bolted connections allows 

different I-beam section sizes to be employed with the same plates minimising material 

consumption while the use of aluminium plates reduces the weight of the test structure 

allowing it too be easily assembled and handled. The material properties of aluminium 

are approximately one-third those of steel and therefore the plates will be more flexible 

and have a higher mode count. The joints were constructed so that the aluminium plates 

were not in contact along their common edge thus the structure-borne sound waves are 

transmitted between the plates via the flanges. The bottom flange therefore acts as part 

of the aluminium plates and does not have any adverse effect upon the experimental 

model apart from producing a localised stiffening effect where the flange and plate 

overlap. To prove this a dynamic stiffness matrix model which included the bottom 

flange plates was analysed and it was found that the difference in the transmission loss 

is approximately I dB across the entire frequency spectrum. The effect of the bottom 

flange is considered to be insignificant and can be neglected. 

The experimental measurements were undertaken with three different I-beam section 

sizes which are listed in table 5.1. 

Table 5.1 1-Beam Section Sizes 

Nominal 

Section Size 

Web Depth 

(mm) 

Web Thickness 

(mm) 

Flange Width 

(mm) 

Flange 

Thickness 

NO 

Mass 

(kg/m) 

127 x 76 127 5.6 76.4 9.6 16 

203 x 133 203 5.4 133.4 7.6 25 

406 x 178 402.6 7.6 178 10.9 54 

The size of the I-beams selected for the experimental work are representative of the 
range of typical hull frame stiffeners found in ship construction. A series of 

measurements were taken for each section size used. Acceleration level difference 

measurements between the source and receiving subsystem in both directions for the 
bending and in-plane waves were undertaken on the test structure as discussed in 
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chapter three. In addition damping measurements were made on each receiving 

subsystem with the plates connected and the reverberation time of the chamber and 

acceleration-sound pressure level difference were also measured in each test series. 

5.3 SEA Modelling of Simple Laboratory Structures 

For the purposes of the analysis three joint approaches are used in the SEA models to 

predict the structure-borne noise transmission which are then compared with the 

measured acceleration level differences. The three modelling approaches used are as 

follows: 

(a) Frame Model: the full frame model developed in the previous section is used to 

predict the average angular transmission coefficient. 

(b) Web model: the full frame model is simplified by omitting the flange plates of the 

stiffener. For real ship structures this would greatly reduce the data input for the 

joints. 

(c) Eccentric beam model: the stiffener is modelled as a beam subsystem rather than an 

assembly plates. This is a commonly used modelling approach for ship structures 

used by other researchers. A previously developed plate-beam model by Smith [Ref. 

78] is used in the analysis. 

In addition to the three different joint models employed for the prediction of the average 

angular wave transmission coefficients, a series of different SEA models were created 
for the analysis of the power flow. The SEA software code used to perform the analysis 
is PPC, an in-house analysis code developed at Heriot Watt University. 

The 7 subsystem SEA model of the test structure in figure 5.1 is shown in figure 5.6. 

where each plate is modelled as supporting bending, longitudinal and transverse 

wavetypes, with each wavetype modelled as a subsystem. For plate 1, the bending wave 
subsystem is 1, the longitudinal wave subsystem is 1001 and the transverse wave 
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subsystem is 2001 and the subsystems on plate 2 are numbered in a similar manner. The 

reverberation chamber (subsystem 3) is only coupled to the bending wave subsystems I 

and 2 and the radiation efficiency and coupling loss factor from the plate to the chamber 

were calculated using equations 2.11,2.12 and 2.13. As discussed in chapter 2, the 

radiation efficiency is based on the assumption of simply supported boundary conditions 

with multipliers for built-in edges. There will also be coupling between the longitudinal 

subsystem and the reverberation chamber subsystem due to the Poisson effect however 

this will be at least an order of magnitude lower than the coupling between the bending 

wave subsystems and the chamber subsystem and can be neglected. There will also be 

some nearfield radiation due to the hammer impacting on the plate, however this was 

calculated to be insignificant and is neglected. 

Because the plate edges are supported on foam lined battens, the boundary conditions 

are assumed to be simply supported rather than clamped and the radiation multiplier, m, 

is assumed to be 1. Also, the plates are supported approximately 50 mm above the floor 

of the reverberation chamber and it is assumed that only one side of the plate is radiating 

to the reverberation chamber. 

The 7 subsystem SEA model in figure 5.6 initially appears quite complex, however by 

removing the appropriate coupling terms between subsystems it can easily be reduced to 

a2 subsystem or 3 subsystem model as required. For example to reduce the model to a3 

subsystem model all the coupling terms between the bending wave subsystems and the 

in-plane wave subsystems are removed leaving just the power flow between the bending 

wave subsystems I and 2 and the reverberation chamber 3. 

5.3.1 Comparison of Predicted Coupling Loss factor 

Before considering the experimental results the predicted coupling loss factor from the 
different modelling approaches will be discussed. In figure 5.7 the predicted coupling 
loss factor reiz is plotted in third octave frequency bands for the 406 x 178 beam for the 
three different modelling approaches. It can be seen that the full model and web model 
are in close agreement in most frequency bands. In contrast the predicted coupling loss 
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factor from the beam model is significantly lower than the full frame model e. g. 

approximately 9 dB in the 125 Hz band and 19 dB in the 10 kHz band. 

In figure 5.8 the predicted coupling loss factor 17,2 for the 203 x 133 I-beam is plotted 

for the three different modelling approaches. Again it can be seen that the full model 

and the web plate model are in good agreement over most of the frequency spectrum 

except at low frequencies. Between the 125 Hz band and the 315 Hz frequency bands 

the web plate model coupling loss factor shows agreement with the predicted coupling 

loss factor from the beam model. Above the 315 Hz frequency band, the predicted 

coupling loss factor from the beam model again diverges from the predicted coupling 

loss factor of the full model and the web plate model. 

Figure 5.9 shows similar results for the 127 x 76 I-beam for the three different 

modelling approaches. For this small beam size it can be seen that the full model agrees 

with the web plate model between the 630 Hz and the 10 kHz frequency bands. 

However between the 125 Hz and 630 Hz frequency bands, the web model is very 

similar to the predicted coupling loss factor from the beam model. 

There are two important points that arise from the modelling approach. The first is that 

the web model exhibits a clearly defined transition frequency above which it behaves as 

a plate, but below the transition frequency the web model behaves as a beam model. The 

second point is the flange plates are clearly shown to be significant and that the web 

plate model will not model the full behaviour of the frame. In figure 5.8, the transition 

frequency for the 203 x 133 I-beam occurs in the 315 Hz frequency band and if the 

frequency band results were extended below 125 Hz the transition frequency for the 406 

x 178 I-beam would be found. When comparing the predicted acceleration level 

difference results the beam model results need only be considered for the small 127 x 76 

I-beam size. 
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5.3.2 Subsystem Properties 

In this section the basic subsystem properties of damping, statistical mode count and 

modal overlap are investigated for the bending wave subsystems of the two aluminium 

plates. 

To prevent equi-partition of energy occurring the damping of the receiving subsystem 

in the tests was artificially increased by the addition of sand filled bags at the plate 

edges. Because of this the damping must be measured to allow a value of total loss 

factor to be added to the receiving subsystem. Figure 5.10 shows the measured internal 

loss with and without damping treatment on the plates, and it can be seen that the 

addition of the sand bags significantly increases the total loss factor of plate 1 and 2. 

The total loss factor of the undamped aluminium plates was measured in an anechoic 

chamber, and therefore the total loss factor is due to the internal damping of the 

aluminium plates and the power radiated to the environment. The increase in the 3 mm 

and 6 mm curves at 2 kHz and 4 kHz coincides with the critical radiation frequency for 

the 6 mm plate predicted to occur at 2015 Hz and at 4030 Hz for the 3 mm plate. It can 

be seen that the effect of the sandbags is to increase the low frequency damping of the 

aluminium plates by 10 to 17 dB in the 125 Hz to 1600 Hz frequency bands. A line fit 

was applied to the total loss factor of the damped aluminium plates for input to the SEA 

models. 

Figure 5.11 shows the predicted statistical bending mode count N for the 6 mm plate 

and the 3 mm plate using equations 2.29 and 2.34 from chapter two. Plate 2 being 

thinner has the twice the number of modes of plate I and the mode count on plate I is 

between 2 and 6 modes per frequency band below 500 Hz. As discussed in chapter 2a 

reasonable mode count is not sufficient to guarantee the low frequency limit of the SEA 

model. 

Using the total loss factor and equation 2.38 from chapter two, the modal overlap M for 

plates one and two has been calculated. The modal overlap M is plotted between the 
125 Hz and 10 KHz third octave frequency bands for the two plates in figure 5.12 and 
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it can be seen that for plate two the modal overlap is above unity in the 400 Hz 

frequency band but for plate 1 the modal overlap does not rise above unity until the 

4000 Hz frequency band. As discussed in chapter two, section 2.3, the modal overlap 

provides a measure of the low frequency limit for the SEA prediction and as M 

decreases below unity the accuracy of the SEA model decreases. The problem here is 

that even with a reasonably high number of resonant number of modes per frequency 

band, the low level damping of the aluminium and low modal density results in a low 

modal overlap, which is the problem with plate 1. This is different to building structures 

where there can be a low number of resonant modes per frequency band but the higher 

damping of building materials results in satisfaction of the modal overlap condition. 

Craik [Ref. 37] for instance has shown that two modes per frequency band in building 

structures is all that is required to achieve modal overlap of unity. It is therefore 

expected that because of the low modal overlap that the accuracy of the SEA predictions 

will show poorer agreement with the measured acceleration level difference in the low 

frequency bands. 

5.3.3 Comparison of Predicted and Measured Acceleration Level Difference 

In figure 5.13 the predicted and measured acceleration level difference for the 127 x 76 

I-beam is shown for power input to plate 1 and in figure 5.14 for power input to plate 2. 

The predicted acceleration level differences are from the full plate model, the web 

model and the beam model. It can be seen that the predicted acceleration level 

difference from the full plate model shows good agreement with the measured results 
from 125 Hz to the 10 kHz frequency band. As predicted from the examination of the 

coupling loss factors the acceleration level differences for the web plate model shows 

good agreement with the full plate model between 630 the Hz and 10 kHz frequency 

bands but from 125 Hz to 630 Hz the web plate model and the beam model give poor 

agreement. At all frequencies it can be seen that the beam model gives very poor 

agreement and it can be discounted as a modelling approach for I-beams. 
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In figure 5.15 the predicted and measured difference between the sound pressure level 

(Lp dB re 20pPa) of the reverberation chamber and the acceleration level (La dB re 10-6 

ms-2) of the plate is shown. The results are presented for plate I and for plate 2 as the 

source subsystem. It can be seen that the predicted and measured results show excellent 

agreement over the frequency spectrum which shows that the assumptions made 

regarding the plate boundary conditions, the radiation multiplier and the surface area 

coupled to the reverberation chamber are correct. The acoustic coupling loss factor is of 

a similar order of magnitude as the structural coupling loss factor. 

In figure 5.16 the predicted and measured acceleration level difference for the 203 x 133 

I-beam is shown for power input to plate I and in figure 5.17 for power input to plate 2. 

The predicted results for the full plate model and web model are in close agreement over 

the frequency spectrum however when compared with the measured results in the 125 

Hz to 315 Hz frequency bands the agreement is poorer. The dips in the predicted 

acceleration level difference in the 630/800 Hz, 2 kHz, 4 kHz and 6.3 kHz frequency 

bands are where wave matching is predicted to occur for the 203 x 133 beam as 

discussed previously in chapter four. 

In Figure 5.18 the predicted and measured difference between the sound pressure level, 

(LP dB re 20 pPa), of the reverberation chamber and the acceleration level (La dB re 10-6 

ms-2) of the plate is shown. The results are presented for plate 1 and for plate 2 as the 

source subsystem. Again it can be seen that the predicted and measured results show 

excellent agreement over the frequency spectrum indicating the assumptions regarding 

the coupling between the plates and the chamber are correct. 

In figure 5.19 the predicted and measured acceleration level difference for the 406 x 178 

I-beam is shown for power input to plate 1 and in figure 5.20 for power input to plate 2. 

The predicted results for the full plate model and web plate model are in close 

agreement over the entire frequency spectrum. The effect of the excitation of the wave 

matching with the I-beam is not so obvious as seen previously in the 127 x 76 and 203 

x 133 I-beams. This is because the 406 x 178 beam has many more wave matching 
frequencies and consequently the effect of the wave matching on the transmission does 

-136- 



d u C 

Dm 
v 

Jý 

C' 
Ii 

Chapter 5- SEA Modelling of Laboratory Test Structures 

..... ....... ........... I ........... _... _........ _ _. _.................. __. .. -. -. __.... ........... ... I 

Figure 5.16 Comparison of predicted and measured ALD for 203 x 133 beam 

25 
°' --4 - Measured 

-6- Full Plate Model 
_ý_\M h DI b 11Anrlnl 

42 
pE 20 
G/ V 
> 
J 

-r 
C' 
O, 

W 
v 
V 
V 

Q 
10171 

TýT'ýTý"T ýI TT1r1T 

U) 000 1f) 000000O0O0000 SO 
C4(000. - OOMOO IL) O00 4) 00 

.NN) st U) (0 00 0N (D O I[1 .-00 MOO 
ý- -NNM 'q U) t0 cD O 

r 

Frequency (Hz) 

Figure 5.17 Comparison of predicted and measured ALD for 203 x 133 beam 

70 

« 65 

60 

55 

50 

451 
C440 

820bÖM 8O §8 

CO8 
OQ 

TTNNMV c0 a0 
NNM st 

cf) 
- kn fa 

Frequency (Hz) 

Figure S. 18 Comparison of the predicted and measured difference between the sound 

pressure level and the acceleration level for the 203 x 133 beam 

-137- 

UY OOC U) OOOOOOg 00 
`Q 

00 Q 00 
C14 to 0 U') 

NNMI 
(0 m0N O(0 

0 If) 
:, 

O `Ö' MO 
UA 1D a0 O rrNN Co 

1 

Frequency (Hz) 



Chapter 5- SEA Modelling of Laboratory Test Structures 

U 
1 

Gm 
dv 

j 

W 
V 
V 

Figure 5.19 Comparison of predicted and measured ALD for 406 x 178 beam 

25 

öm 20 
Cv 

Ä 

CN 

J 

V 
ä, 

W) OOO to OO Cl OOOgSSSS 
N (O O if) .-OOMOOS 

Lr 
r- NNM IT OOOOr 04 (D 

-NNO to 

Frequency (Hz) 

Figure 5.20 Comparison of predicted and measured ALD for 406 x 178 beam 

75 
-0-Lp3 - Lag measured --9-Lp3 - La2 predicted 

70 -A- Lp3 - Lal measured -*- Lp3 - La1 predicted 

65 

60 -----_-------. -_ 

50 

45 
N00 

CC) 
0-000M0 

C7 
0SO CD 00MO0rrNNMV 

U') CO CD 0N CD 
0NM 

a0 
C) 

cO 

Frequency (Hz) 

Figure 5.21 Comparison of the predicted and measured difference between the sound 

pressure level and the acceleration level for the 406 x 178 beam 

-138- 

0fIT 
rTl ""1 I1I1! II11 1ý"ý'ý 

If) OOO U) OQOOOOOOOOOOOSS 
N c0 O LA O0 Cl) 00 If) 00O to g0M00 

NN C7 V t[) (O 00 oN c0 0 It) . - 
"- '. NN 1r) It N {D Co O 

Frequency (Hz) 



Chapter 5- SEA Modelling of Laboratory Test Structures 

not stand out. This is confirmed from the coupling loss factor curves in figure 5.9 and it 

can be seen that there are no distinct peaks. The predicted and measured acceleration 

level differences show reasonably good agreement over most of the frequency spectrum 

except in the 125 Hz to 500 Hz frequency bands where the low modal overlap exists. 

In figure 5.21 the predicted and measured difference between the sound pressure level, 

Lp, of the reverberation chamber and the acceleration level of the plate is shown. The 

results are presented for plate I and for plate 2 as the source subsystem. It can be seen 

that the predicted and measured results show excellent agreement over the frequency 

spectrum. 

5.3.4 Discussion 

For the results presented here it is possible to conclude at this point that the use of a 

beam subsystem to represent the frame stiffener is inappropriate and a plate 

representation is more accurate. It is however not possible to determine at this stage 

which of the two modelling approaches, full plate or web plate model give the more 

accurate prediction, though it would be expected that the full model would be better. 

From the SEA models of the different beam sizes it can be seen that good agreement is 

generally seen between the measured and predicted vibration level above the 400 Hz 

frequency band. This is the frequency where the modal overlap of the bending wave 

subsystem rises above unity for plate 2. Below 400 Hz it can be seen that there can be 

quite large fluctuations in the measured vibration level with which the SEA models do 

show good agreement. The large fluctuations in the vibration level are indicative that the 

experimental structure is not truly multi-modal in these frequency bands and therefore 

the modal overlap is a good indicator of the low frequency limit, in this instance 400 

Hz. 

For the 203 x 133 and 406 x 178 beams it can be seen in figures 5.17 and 5.20 for the 
source on plate I that there is good agreement in the 2 kHz to 10 kHz frequency bands 

between the measured and predicted vibration level. For the source on plate 2 the results 
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in figure 5.16 and 5.19 are not quite as good in the 2 to 10 kHz frequency bands. For 

simplicity the measured internal loss factor from plate 2 was used in all SEA models 

and it is this that causes the poorer agreement in the results for the source on plate 2. 

5.4 Complex Laboratory Structure 

The previous section validated the accuracy of the theoretical model developed in 

section 4.2 for predicting the structure borne noise transmission across simple hull 

frame structures by comparison with simple experimental models. Whilst the ability to 

predict structure borne noise transmission across one joint is useful, a ship is a large 

complex structure with thousands of joints and a number of different joint types e. g. tee 

joint, corner joint, cross joint etc. It is therefore much more important to be able to 

predict vibration transmission for this situation and this is the ultimate objective. The 

next stage then is to examine a larger structure, with a variety of joint types and a large 

number of joints and subsystems but in a controlled laboratory environment. 

An isometric view of the large experimental structure used in the laboratory is shown in 

figure 5.22. The structure is a large steel tank originally designed as a water filled wave 

tank to test models of offshore structures. The tank is constructed from plates bolted to 

steel I-beams which are welded together to form frames which are distributed at regular 

intervals along the tank length. The tank is approximately 14 metres long, 2.4 metres 
high and 1.83 metres wide. The side plates are approximately 1.22 in x 2.4 in and the 

bottom plates are approximately 1.22 mx1.83 m. and all are 6 mm thick steel plate. 

The internal steel bulkhead is 8 mm thick steel plate and has dimensions 1.83 in x 2.4 

m. There are also two 10 mm thick polycarbonate plates which are approximately 1.22 

mx2.4 m and were originally installed as viewing windows. These are located on the 

south side of the tank as shown in figure 5.22. Each end of the tank has a hydraulic ram 

mechanism used to drive large hinged plate for the production of waves when the tank is 

filled with water, however during testing all wavemaking machinery was switched off. 

Figures 5.23 shows an end elevation of the tank structure which is constructed from two 
plates. Figure 5.24 shows the front elevation and figure 5.25 shows a plan view of the 
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tank structure. In figures 5.23 to 5.25 the different joint types used in the tank 

construction are identified i. e. Joint type 1, Joint type 2, etc. The joints of the tank can 

be classified into tee joint, corner joint and hull frame joint which are representative of 

the joints found in ship construction. The details of the individual joint construction 

found in the tank structure are shown in figures 5.26 and 5.27. It can be seen that the 

hull frame joints shown in figure 5.26 are of the same construction as discussed in the 

previous section. The only difference is in joint type 3 where the two plates have a 

different thickness and a4 mm thick steel packing plate has been inserted between the 

side plate and flange. However there are only two joints of this type in the tank structure 

and therefore this joint variation should not prove critical. 

The tank is constructed from a total of forty three plates with seventy six joints. All 

frames of the tank are constructed with 127 x 78 RSJ sections to which the side and 

bottom plates are bolted except at the polycarbonate plates where 152 x 120 1 beams are 

used. The bolt size was M10 with a 150 mm pitch and this is identical to that used in the 

simple laboratory tests with the aluminium plates. Because the polycarbonate plates do 

not have the bending strength of the steel plates, to withstand the hydrostatic pressure 

when the tank is filled with water a reinforcing steel frame was added to increase the 

bending stiffness of the plate. Details of the framework are not presented. 

The corner joints between the side and bottom plates and the side and end plates are 

formed by bolting the plates to an RSA section. The behaviour of this bolted joint was 

verified using the aluminium plates and an RSA section in the procedure outlined 

previously in section 5.2. This was again done to verify that the bolted corner joint acted 

as a continuous line contact, rather than a series of point contacts at the bolted 

connections. Good agreement was found between the measured and predicted 

attenuation proving that the bolted joint behaved as a continuous line contact, though 

the results are not presented here. 

5.5 Measurement Surveys of Complex Laboratory Structures 

A large number of vibration measurement surveys were conducted on the tank structure 

and some of the results are presented in this section. Each plate of the structure was 
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given a unique identification number at the start of the experimental work which was 

used in all subsequent measurements surveys. Figure 5.28 shows the plate numbering 

system adopted for the experimental work which subsequently forms the basis of the 

SEA model subsystem numbering. The measurements were conducted in accordance 

with the procedures outlined in chapter three. When examining the results, it is 

instructive to refer back to this diagram. 

5.6 SEA Modelling of Complex Laboratory Structures 

The SEA modelling of the tank structure consists of two models, a bending wave model 

(B model) and a bending, longitudinal and transverse wave model (BLT model). For the 

bending wave model, the subsystem numbers are as shown in figure 5.28. For the BLT 

model, the bending wave subsystems are also the same as shown in figure 5.28 and the 

corresponding longitudinal wave subsystems numbers are incremented by 1000 and the 

transverse wave subsystems numbers are incremented by 2000 e. g. 122,1122 and 2122 

are the numbers of the bending, longitudinal and transverse wave subsystems of plate 

122. 

The results are presented by the comparison of the measured and predicted acceleration 

level differences in third octave frequency bands. The results presented are for the B and 

the BLT wave SEA models but it would be expected that the predictions from the BLT 

wave SEA should be better than the B wave model. As with the aluminium plate 

model, the frame joints will also be modelled in two different ways, thus giving four 

SEA models of the tank structure for which results will be presented. 

(a) Frame Model: the full frame model developed in the chapter four is used to predict 

the average angular transmission coefficient. 

(b) Web model: the full frame model is simplified by omitting the flange plates of the 

stiffener. 

In chapter two the importance of the cross joint model was discussed and it this joint 

that is used for the tee and corner joints in the SEA model of the tank. The tee and 
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corner joints are formed by omitting the relevant plates from the joint formulation. The 

analysis software PPC includes the cross joint in it's joint libraries and the accuracy of 

the joint formulation has been verified by previous researchers who have used the code 

e. g. Craik [Ref. 37], Smith [Ref. 78]. 

5 . 6.1 Subsystem Properties 

Before reviewing the results the subsystem properties such as the mode count and modal 

overlap will be considered. In figure 5.29 the statistical mode count Nb of the bending 

wave subsystems is shown plotted in the 100 Hz to 10 kHz frequency bands for a6 mm 

thick steel side plate, the 8 mm thick steel bulkhead and the 10 mm thick polycarbonate 

plate. It can be seen that in the 100 Hz frequency band there are 8 modes per band for 

the polycarbonate plate but in the steel plates there are only four modes per band. The 

mode count for the steel plates reaches 10 by the 250 Hz frequency band 

The predicted modal overlap of the bending wave subsystems, Mb, is shown in figure 

5.30 and it can be seen that for the 6 mm and 8 mm steel plates is above unity in the 

100 Hz frequency band, and in the 125 Hz frequency band for the polycarbonate plate. 

Therefore from figure 5.30 it can be seen that the low frequency limit can be taken as 

100 Hz if necessary. This is in contrast to the modal overlap of the aluminium plates 

shown in figure 5.21 where the modal overlap was predicted to reach unity occur in 

much higher frequency bands. This difference in the low frequency limit is because the 

total loss factor of the aluminium plates only include one structural coupling, while the 

tank plates are coupled to at least three other subsystems thus increasing the total loss 

factor. 

It is also important to consider the subsystem properties for the in-plane wave types. In 

figure 5.31 the longitudinal mode count NL is plotted for the 6 mm steel plate, the 8 mm 

steel plate and the 10 mm thick polycarbonate plate. The statistical mode count was 

calculated using equations 2.40 and 2.47. It can be seen that the statistical mode count 
for the steel plates is extremely low in comparison to the bending mode count Nb in 

figure 5.29. The first mode of the 6 mm steel plate is predicted to occur at 2 kHz and 
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2.5 kHz for the 8 mm steel plate. In figure 5.32 the modal overlap is shown for the 6 

mm and 8 mm steel plates and the 10 mm polycarbonate plate and was calculated using 

equations 2.35 and 2.40. It can be seen that the modal overlap of steel plates does not 

rise above unity until the 2 kHz and 2.5 kHz frequency bands. It therefore can be 

concluded that the tank plates can be only be considered as supporting longitudinal 

wave subsystems at the higher end of the frequency spectrum and that the dominant 

transmission path will be through the bending wave subsystems. 

In figure 5.33 the transverse mode count NT is plotted for the 6 mm steel plate, the 8 

mm steel plate and the 10 mm thick polycarbonate plate. The statistical mode count was 

calculated using equations 2.36 and 2.29. It can be seen that the statistical mode count 

for the steel plates is extremely low in comparison to the bending mode count Nb in 

figure 5.29. The polycarbonate plate again has a much higher mode count. In figure 5.34 

the modal overlap is shown for the 6 mm and 8 mm steel plates and the 10 mm 

polycarbonate plate. The modal overlap was calculated using equations 2.36 and 2.40. It 

can be seen that the modal overlap of steel plates does not rise above unity until the 2 

kHz and 2.5 kHz frequency bands, two frequency band down from the corresponding 

longitudinal subsystem. It therefore can be concluded that the tank plates can be only be 

considered as transverse wave subsystems at the higher end of the frequency spectrum. 

A more appropriate modelling strategy might be to combine the longitudinal and 

transverse wave subsystems into a single in-plane subsystem with the modal density 

added rather than consider them separately which would have the benefit of reducing the 

model data significantly. 

S. 6.2 Internal Loss Factor 

Before reviewing the results it is important to discuss the internal loss factor of the tank 

materials to be used in the SEA models. The tank structure uses two materials in its 

construction, steel and polycarbonate, and it is important to measure the internal loss 

factor of the two materials to allow a value to be set in the SEA model. Obviously the 

measured internal loss factor of steel will be important when looking at ship structures. 
The internal loss factor of the two materials used in the tank construction has been 

measured using the reverberation decay method discussed in chapter three, section 3.3. 
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The internal loss factor of steel has been previously measured by Irie and Nakamura 

[25] and was utilised by Hynna et al [35] in their SEA models and the following 

relationship was derived by Irie by fitting a line to the experimental data, 

7kI=O. 41 f--0- 7 (5.1) 

where 71jd is the internal loss factor of subsystem i and f is the frequency. Note that this 

equation represents the material internal loss factor and does not include the energy lost 

by radiation from the plate to the environment. The important feature is that the internal 

loss factor is not a constant value with frequency as quoted in Cremer [Ref. 66] but 

decreases with frequency. In figure 5.35 the measured internal loss factor from 

individual steel plates on the tank structure is plotted against the predicted internal loss 

factor from equation 5.1. It can be seen that there is good agreement between the 

measured and predicted internal loss factor over the frequency spectrum. 

The internal loss factor of the bending wave subsystems has been measured for both 

material used in the tank construction, however it is also necessary to specify the 

damping of the in-plane wave subsystems. It is extremely difficult to measure the 

damping of the in-plane waves because of the problems associated with exciting the in- 

plane waves independently of the bending waves. Therefore some assumption about the 

internal loss factor is required and in the analysis model it is assumed that the internal 

loss factor of the in-plane subsystems is the same as the internal loss factor of the 

bending wave subsystems. 

Shown in figure 5.36 is the measured internal loss factor for a polycarbonate plate on 

the south side of the tank. Because polycarbonate is a polymer material, there is no 

readily available damping data for comparative purposes. The nearest material is 

plexiglass, for which Cremer [Ref. 66] gives the internal loss factor as between 103 dB 

and 106 dB re 1012. The measured internal loss factor is approximately 100 dB over 

most of the frequency spectrum, but reduces at higher frequencies. Consequently the 

measured internal loss factor has been used directly in all of the SEA models rather than 

the constant value given by Cremer [Ref. 66]. 
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5 . 6.3 Predicted Attenuation With Distance 

The first set of results presented are for a power input to subsystem 222 on the north 

side of the tank and illustrate the predicted attenuation with distance along the side of 

the tank. In figure 5.37 the predicted and measured acceleration level differences from 

subsystem 222 to 223 is shown for the full frame and web plate models with the B and 

BLT variations. It can be seen that for the predicted transmission across one joint that 

there is no significant difference between the B and the BLT variations in either the hull 

frame or web plate joint model. Both modelling approaches show good agreement with 

the measured results, with the full frame being marginally closer to the measured 

results. 

In figure 5.38 the predicted and measured acceleration level difference from subsystem 

222 to subsystem 226 is shown for the full frame and web plate models for the B and 

BLT wave SEA models. Results are only presented in the 125 Hz to 8 kHz frequency 

bands because insufficient power was injected above 8 kHz for the subsystem 

acceleration level to rise above the background noise level. It can be seen that for the 

predicted attenuation across 4 joints there is now a clear difference between the 

measurements and the predictions. Comparing the B and BLT wave SEA models it can 

be seen that there is no significant difference between the results below the 2000 Hz 

frequency band, however above 2000 Hz there is some variation but the difference does 

not exceed 2 dB. Examining the joint modelling approaches it can be seen that the 

predicted attenuation by the web plate model is approximately 3 to 4 dB above the 

measured attenuation over most of the frequency bands. In contrast the predicted 

attenuation from the full frame model is in very poor agreement with the measured 

attenuation in the 125 Hz to 500 Hz frequency bands. Above the 500 Hz band, the 

predicted attenuation from the full frame joint shows slightly better agreement than the 

web plate results. 

In figure 5.39 the predicted and measured attenuation from subsystem 222 to 230 is 

again shown for the full frame and web plate joints for the B and BLT models. Results 

are only presented in the 125 Hz to 5 kHz frequency bands because insufficient power 
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was injected above 5 kHz for the subsystem acceleration level to rise above the 

background noise level. It can be seen that for the predicted attenuation across 8 joints 

there is now a significant difference between the predictions. It can be seen for the web 

plate joint model the predicted attenuation by the B and BLT wave SEA models is the 

same until the 2500 Hz frequency band and show good agreement with the measured 

attenuation where the difference is less than 3 dB. The predicted attenuation from the 

full frame joint models shows that the B model prediction is approximately 5 dB higher 

than that predicted by the BLT model. However both the B and BLT wave SEA models 

show poor agreement over most of the frequency bands. The BLT model only shows 

agreement with the measured attenuation above the 2000 Hz frequency band. 

To illustrate attenuation with distance along the side of tank, the difference between the 

measured and predicted attenuation along the eleven plates of the north side on the 

tank is shown in figure 5.40 for subsystems 221 to 231 for the source on plate 222. 

Results are presented from the B and BLT model for the SEA model utilising the web 

plate joints. The results presented show the difference between the predicted and 

measured level difference for each subsystem i. e. +3 dB indicates the predicted 

acceleration level difference is 3 dB above the measured level difference. 

For the results presented it can be seen that the difference between the B model and the 

BLT model is typically no more than 0.5 dB in most of the subsystems. The difference 

between the predicted and measured attenuation is less then 3 dB across the first three 

joints but beyond the first three joints it can be seen that difference between the 

predicted and measured attenuation increases to between 4 dB and 7dB over the next 

three joints. It can also be seen that in the 2 kHz and 4 kHz frequency bands the results 
from the BLT model show better agreement. This is due to the energy being stored in 

the in-plane subsystems, which the analysis of the subsystem properties indicated would 

not be of any significance until the 2 kHz frequency band. 

In contrast in figure 5.41 the same information is presented as in figure 5.40, but this 
time for the full frame model. It can be seen that as the number of joints increases, the 
difference between the predicted and measured attenuation increases for the II and BLT 
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For the predicted attenuation for the full frame model it can be seen that the attenuation 

of the B model is the same as the BLT model over the first 5 joints. As the number of 

joints increases between the source and receiving subsystems, the predicted attenuation 

from the B model is significantly higher than that predicted from the BLT model. It is 

clear that between the 125 Hz and 1 kHz frequency bands the predicted attenuation 

shows increasingly poor agreement with each joint crossed, however in the 2 kHz and 4 

kHz frequency bands the difference between the predicted and measured attenuation 

from the BLT wave SEA model over all subsystems is less than 3 dB. 

5.6.4 Predicted Attenuation Throughout Structure 

In the previous section results were presented for attenuation along the North side of the 

tank in subsystems 221 to 231 for power input to 222. In this section results are 

presented for power input to subsystem 128, which is adjacent to the internal bulkhead. 

The results are presented for attenuation throughout the entire tank structure. As 

previously the results are presented for the web plate and full frame joint models for 

SEA models using bending wave subsystems only (B model) and using bending, 

longitudinal and transverse wave subsystems (BLT model). The results are presented 

for the plates on the North side, the South side and the bottom of the tank by 

comparison of the predicted and measured acceleration level differences. 

In figure 5.42 the predicted and measured attenuation across two joints from subsystem 
128 to subsystem 130. The two joints are joint type I (Ref, fig 5.26) and it can be seen 
that the measured attenuation is approximately 5 to 7 dB over most of the frequency 
bands. The predicted attenuation from the full frame B and BLT models is identical over 
most of the frequency bands. The results from the B wave and BLT wave SEA models 
using the web plate joints are also very similar but it can be seen that the predicted 
attenuation is better than the frame model in the 125 Hz to 500 Hz frequency bands. 

In figure 5.43 the predicted and measured attenuation across two joints from subsystem 
128 to subsystem 126 is shown. It can be seen that the measured attenuation is 

approximately 10 dB across the two joints. This is higher than the measured attenuation 
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across two joints shown in figure 5.43. This is because the first joint is the tee joint 

formed between the bulkhead and the side plates and consequently energy is transmitted 

to the bulkhead 600 and side plate 128. It can be seen that for the web-plate and hull- 

frame joint models, the B and BLT wave SEA models are almost identical but there is 

better agreement in the 125 Hz and 500 Hz low frequency bands between the measured 

and predicted attenuation from the web plate models. 

In figure 5.44 the predicted and measured attenuation across six joints is shown. It can 

be seen that the measured attenuation is approximately 20 dB between the 125 Hz and 

1600 Hz frequency bands, however between the 2000 Hz and 8000 Hz frequency bands 

the measured attenuation increases by approximately 16 dB. Examining the predictions 

it can be seen that there is clear difference between the SEA models. The predicted 

attenuation from the full frame joint B wave SEA model is much greater than the 

measured attenuation, varying by 10 to 20 dB in the 125 Hz to 2.5 kHz frequency bands. 

The most accurate prediction is from the web plate BLT wave SEA model. This shows a 

difference of approximately 1 to 4 dB over most of the frequency bands which is good 

agreement considering the 95% confidence levels. The largest errors are observed in the 

3.15 kHz to 8 kHz frequency bands where the predicted and measured trends are 

different . 

The change in the measured attenuation in the 3.15 kHz to 8 kHz frequency bands is 

believed to be a consequence of the polycarbonate plates The first effect to consider is 

that each polycarbonate plate has a reinforcing steel framework and this is not included 

in the SEA models. The steel framework is composed from small channel sections and 

at higher frequencies these break the polycarbonate plates down into a series of smaller 

plates and increases the number of joints. The result of this is seen in the increase in the 

measured attenuation. The second effect to consider is the construction of the steel- 

polycarbonate joint shown in figure 5.26. In practice the use of the 4 mm thick packing 

plate may change the joint dynamics at high frequencies because of the localised 

stiffening it produces on the bottom flange plate and therefore the joint is not being 

correctly modelled. The other effect to consider is that in the 6.3 kHz frequency band 

the bending wavelength on the polycarbonate plates is at the limit of thin plate theory. 
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Figure 5.45 Predicted and measured attenuation from subsystem 128 to 530 
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Figure 5.46 Predicted and measured attenuation from subsystem 128 to 526 
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Figure 5.47 Predicted and measured attenuation from subsystem 128 to 522 
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In figure 5.45 the predicted and measured attenuation is shown for transmission from 

subsystem 128 to subsystem 530 on the bottom of the tank structure. As with the 

previous graphs, the predictions from all four SEA models are very similar. The web 

plate joint model shows better agreement with the measured attenuation between the 

125 Hz and 500 Hz frequency bands. The predictions show excellent agreement with 

the measured attenuation between the 125 Hz and 1.25 kHz frequency bands but above 

the 1.25 kHz frequency band the measured attenuation reduces. 

In figure 5.46 the measured and predicted attenuation from subsystem 128 to subsystem 

526 on the bottom of the tank structure is shown. It can be seen that the measured 

attenuation is approximately 3 to 4 dB higher than that measured on the adjacent side 

plate 126. Examining the predicted attenuation it can be seen that the results from all the 

SEA models are very similar and in good agreement with the measured attenuation 

across the entire frequency spectrum. 

In figure 5.47 the measured and predicted attenuation from subsystem 128 to subsystem 

522 on the bottom of the tank is shown. It can be seen that the measured attenuation is 

approximately 20 dB between the 200 Hz and 1.6 kHz frequency bands, but above the 

1.6 kHz band the attenuation rises by approximately 6 dB between the 2 kHz and 6.3 

kHz frequency bands. It can be seen that this is similar to the measured trend observed 

in figure 5.44 except the attenuation between the 2 kHz and 6.3 kHz frequency bands is 

significantly lower. This is believed to be due to the attenuation in the flanking path 

transmission in these frequency bands due to the stiffening framework on the 

polycarbonate sheets discussed previously. The SEA predictions follow the same trend 

observed in figure 5.44 with web plate joint BLT wave SEA model giving excellent 

agreement with the measured attenuation between the 125 Hz and 3.15 kHz frequency 

bands. The predictions from the full frame B and BLT wave SEA models gives 
increasingly poor agreement as the attenuation with distance increases. 

Figure 5.48 shows the predicted and measured attenuation from subsystem 128 on the 
South side to subsystem 230 on the North side of the tank structure. As was observed in 
figure 5.45 for the measured attenuation to subsystem 530, there is a reduction in the 
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attenuation between the 1.25 kHz to 5 kHz frequency bands. The measured attenuation 

is approximately 3 to 4 dB higher than measured on subsystem 530. The predicted 

attenuation for both joint modelling approaches is the same for the B and BLT wave in 

the lower frequency bands for the SEA models. 

In figure 5.49 the predicted and measured attenuation from subsystem 128 to subsystem 

226 on the North side of the tank is shown. It can be seen that the predictions from all 4 

SEA models are very similar. Close to the source subsystem the joint modelling 

approach does not appear to have a significant effect on the predicted structure-borne 

transmission. Only in the 2.5 kHz to 8 kHz frequency bands does the predicted 

attenuation show any signs of divergence. This is consistent with the results previously 

presented for subsystems 530,130,230,126 and 526. 

In figure 5.50 the predicted and measured attenuation from subsystem 128 to subsystem 

222 show the same trends observed for plate 122 on the opposite side of the tank and 

plate 522 on the bottom of the tank. It can be seen that the measured attenuation is 

approximately 17 dB in the 200 Hz to 1.6 kHz frequency bands, which is lower than 20 

dB attenuation seen in plate 122 which is closer to the source subsystem 128. 

In a similar manner to that shown in figures 5.40 and 5.41, the attenuation for the entire 

structure is shown in the 125 Hz and 250 Hz frequency bands in figure 5.51, figure 5.52 

shows the attenuation in the 500 Hz and I kHz frequency bands and in figure 5.53 the 

attenuation in the 2 kHz and 4 kHz frequency bands is shown. Results are only shown 
for the web plate joint B and BLT wave SEA models as this was clearly the more 

accurate prediction method. The results are again presented in the form of the difference 

between the predicted and measured acceleration level difference. The results are 

presented in the form of an array for each frequency band. If the array is compared with 
the numbering diagram of the SEA model in figure 5.28, the end plates and internal 

bulkhead have been removed from the figure and the North and South sides of the tank 
have been ̀ folded' onto the same plane as the bottom plate subsystems. The comparison 

should then become obvious. 
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For the results in figure 5.51 for the 125 Hz and 250 Hz frequency bands it can be seen 

that for the majority of subsystems the difference between the predicted and measured 

attenuation is particularly good, generally less than ±3 dB for the BLT wave SEA 

model. The results along all the bottom plates of the tank are extremely good. It is only 

at the far end of the tank that the difference between B and BLT predictions become 

obvious. There is very little difference between the predictions until the far end of the 

structure is reached. 

In figure 5.52 the difference between the predicted and measured attenuation 

throughout the structure are presented for the 500 Hz and 1 kHz frequency bands. It can 

be seen that over the majority of the structure the difference between the predicted and 

measured attenuation is less than ±3 dB in most subsystems. The results on the bottom 

of the tank again show very good agreement. As stated previously, there is very little 

difference between the B and BLT wave SEA models. It is only in the subsystems at the 

end of the structure that the difference between the models becomes apparent and it is 

the BLT wave SEA model that shows the better agreement 

In figure 5.53 the difference between the predicted and measured attenuation is 

presented for the 2 kHz and 4 kHz frequency bands. In bottom plate subsystems 528 to 

530 and side plate subsystems 228 to 230 the agreement is poorer than in the other 

frequency band results presented. This is due to the reduction in the measured 

attenuation seen in figures 5.45 and 5.48 between 2 kHz and 4 kHz which is also present 

in the listed subsystems. In contrast to the other frequency band results presented, the 

BLT wave results show better agreement in the subsystems remote from the input 

subsystem. This is due to the existence of in-plane modes on the plates and the 

conversion of bending wave energy to in-plane energy becomes important in these 
frequency bands. Therefore at higher frequencies the BLT wave SEA model is the more 

appropriate solution. 
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5.6.5 Discussion 

In section 5.6.3 the results for the predicted attenuation along the North side of the tank 

structure were presented from four SEA models. The results presented showed that 

modelling the frames as a web plate and considering bending, longitudinal and 

transverse subsystems gave good agreement between the predicted and measured 

attenuation in 125 Hz to 2 kHz frequency bands. It could also be seen in the results (e. g. 

figures 5.37 and 5.38), that the web plate and full frame model were in close agreement 

in most frequency bands, however between the 125 Hz and 500 Hz frequency bands 

there was a consistent difference . 

In figure 5.54 the predicted coupling loss factor is shown for joint type I for the full 

frame and web plate models. It can be seen that in the 630 Hz to 10 kHz frequency 

bands there is very close agreement between the two joint model, but in the 125 Hz to 

500 Hz frequency bands the web plate coupling loss factor is approximately 2 to 3 dB 

higher than the full frame model. In the analysis of the transmission across one joint 

presented in section 5.2 it was found that the difference between the modelling 

approaches is because the web plate behaves as a beam model in these low frequency 

bands. This explains the difference observed in the attenuation with distance results. As 

the distance and number of joints between the source and receiving subsystem increases, 

the 2 to 3 dB difference in the coupling loss factors in the low frequency bands 

becomes important as the error accumulates with each subsystem. This is clear from the 

results shown in figures 5.37 to 5.39. The slight difference shown in the high frequency 

bands 3.15 kHz to 10 kHz also results in an accumulated error between the two 

modelling approaches but the difference is much smaller, less than 1 dB, the overall 
difference between the two modelling approaches is smaller. 

In figure 5.55 the predicted coupling loss factor for joint type two is shown for the web 

plate and full frame joint models. It can be seen that the web plate exhibits beam like 

behaviour in between the 125 Hz and 315 Hz frequency bands because of the deeper 

web plate. It can be seen that in the 800 Hz and 10 kHz frequency bands that there are 
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small differences in the predicted coupling loss factor which will contribute to the 

accumulated error with distance. 

Considering the results presented in section 5.6.4 for the structure borne noise 

transmission throughout the structure for a power input to subsystem 128. It could be 

seen that the results presented showed good agreement with the measured attenuation. 

The reason for selecting subsystem 128 as the source is that the transmission path is 

more complex that of subsystem 222 which was coupled to two frame joints (type 1) 

and a corner joint (type 5). Subsystem 128 has one frame joint (type 1), one corner joint 

(type 5) and the tee joint (type 6). 

Figure 5.56 presents a comparison of the bending wave coupling loss factor from 

subsystem 128 to connected subsystems. It can be seen that the coupling loss factor 

from subsystem 128 to 129 (joint type 1) is approximately 7 dB higher than that from 

subsystem 128 to 127 (joint type 6 A-C). The coupling loss factor from the side plate to 

bottom plate 8 (joint type 5) is almost the same as that from side plate 128 to bulkhead 

600 (joint type 6 A-B). Consequently less power flows across the tee junction than to 

subsystem 129 which is entirely different to the power flow from subsystem 222. 

The choice of joint modelling approach (i. e. web plate or full frame) is not significant 

close to the source subsystem. It is only at the remote subsystems where the difference 

between the joint modelling approach becomes apparent. The difference between the 

predictions in the attenuation with distance results were consistent with the observed 

variations in the coupling loss factor for the two joint modelling approaches discussed 

earlier in this section. In figure 5.57 the predicted transmission loss RJb2b for the 127 by 

76 I-beam for the web plate and full frame models is plotted and it can be seen that 

except for 1.25 kHz to 2.5 kHz there is a difference in the two modelling approaches. 

In figure 5.58 the variation in the transmission coefficient r1b2b with the angle of 
incidence is plotted for the 250 Hz frequency band. It can be seen that because of the 

boundary conditions imposed by the flange plates in the full frame model there are only 
two narrow incident angles where total transmission occurs. In contrast for the web plate 
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model, which has been equated to a cantilever, it can be seen that there is a much wider 

range of incident wave angles which result in near total transmission. This is why the 

web-plate has the higher coupling loss factor and gives the better predicted attenuation 

with distance. Figure 5.59 shows the variation in the transmission coefficient t, b2b with 

the angle of incidence for the 2.5 kHz frequency band. Although the angles of incidence 

where total transmission occur are different for the two models, the overall shape of the 

two curves are very similar. When integrated over all angles of incidence the average 

transmission coefficient will be very similar and this is shown in the transmission loss 

figure 5.57 and this is why at higher frequencies the predicted attenuation from the full 

frame and web plate models shows better agreement. 

The one aspect that has not been discussed regarding the tank structure is the nature of 

the tank itself. From figure 5.22 it can be seen that the tank structure is spatially periodic 

as defined by Cremer [Ref. 66] i. e. the frames are spaced uniformly. It is often stated in 

the literature that `classical' SEA is unable to predict the attenuation in spatially 

periodic structures because it is unable to model the wave filtering characteristics. In 

practise a periodic structure acts as stop and pass band wave filter, i. e. stopping some 

wavelengths from propagating but passing other wavelengths unattenuated. In examples 

that have been presented by other researchers, ̀classical' SEA models have been found 

to over predict the attenuation because it does not allow for the passing of unattenuated 

waves across the periodic structure. This is the reason that researchers in this field such 

as Heron [Ref. 60] and Langley [Ref. 59,79,80] have developed the techniques of wave 

intensity analysis and the dynamic stiffness matrix method. However the results 

presented in this chapter have shown that `classical' methods can produce good 

agreement in a structure of a periodic nature. The modelling approach used in this 

thesis would be termed `classical' SEA. 

As an example a five plate model was analysed with four web joints, with the cross 

section of the structure shown in figure 5.60. The plates were given the dimensions of 
the steel side plate and the web plates given the dimensions of the joint type 1 (Ref, 

figure 5.26). The structure was modelled in two different ways, the first being the 

classical method where each plate is defined as a subsystem and each joint defined 
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individually. The second model was constructed using the dynamic stiffness matrix 

method, where plate one was defined as the source subsystem and plate five was 

defined as the receiving subsystem. One joint was defined consisting of plates two, 

three and four with the four web plates. 

Figure 5.61 plots the predicted attenuation from plate one to plate five from 100 Hz to 

10 kHz on a logarithmic scale. It can be seen that the 'classical' SEA approach renders a 

smooth attenuation prediction with two peaks which coincide with the wave matching 

frequencies of the web plate. The dynamic stiffness matrix curve has the same trend but 

there are peaks across the entire frequency spectrum. This is because the dynamic 

stiffness matrix model has three web plates there are now many more incident bending 

wavelengths which will match the bending wavelength of the web plates. Applying a 

line fit to the dynamic stiffness matrix results it can be seen that the difference between 

the classical SEA predictions and the line fit to the dynamic stiffness matrix prediction 

is approximately 3 to 4.5 dB. 

The problem with the dynamic stiffness matrix model is that it only predicts attenuation 

in one dimension and therefore can not be used in a two dimensional structure. The 

tank is spatially periodic but is also a two dimensional structure, and consequently there 

will be flanking transmission paths. The dynamic stiffness matrix approach does not 

allow for flanking transmission, but because the SEA model of the tank includes the 

effect of the flanking transmission this improves the accuracy of the predicted 

attenuation. 

In addition the tank is a real structure with nominally identical dimensions, but there are 

manufacturing and construction tolerances included which will result in variation 
throughout the structure from frame to frame. This is important for the wave filtering 

characteristics as the analytical model assumes a perfect structure to obtain wave 
filtering. However small deviations in practice can reduce the wave filtering effects by 

breaking up the stop and pass frequency bands. 
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5.7 Summary 

In this chapter the theoretical model developed in chapter four has been used in the SEA 

models of the laboratory test structures. Results were presented from a simple two plate 

laboratory structure to verify the transmission across one joint using I-beams of different 

sizes. It was shown that the modelling the frames as an assembly of plates was 

appropriate for small, medium and deep frame sizes, however ignoring the flange plates 

and only considering the web plate also gave good agreement. 

Results were presented for a large, ship-like laboratory structure constructed from steel 

plates and I-beams welded to make frames. Results were presented for power input into 

two different subsystems and good agreement was shown between the measured data 

and the predicted vibration levels. It was seen that for the small beam sizes used in the 

frames, that ignoring the effect of the flange plates resulted in better agreement in most 

frequency bands. This is because the web plate model gives higher average transmission 

coefficient than the full frame model. 

The use of SEA models utilising bending and in-plane wave subsystems was found to 

give more accurate predictions at remote locations in the lower frequency bands. This is 

because in practise the test structures can support in-plane waves even though the SEA 

model subsystem properties indicate in-plane waves would be generated and supported. 

5.8 Conclusions 

It is concluded from the SEA modelling work presented that the theoretical joint 

developed in chapter four can be applied to simple single joints structures to give 

accurate predictions when the modal overlap of one of the subsystems is above unity. 
When applied to more complex multi joint structures the full frame model over predicts 
the attenuation in the vibration level as the number of joints between the source and 

receiving subsystem increase. Better results are found when the flange plates are ignored 

and only the web plate is modelled. This conclusion could not be drawn from the single 
joint results. 
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Chapter Six 

SEA Modelling of Ship Structures 

6.1 Introduction 

In the previous chapter the theoretical model developed in chapter four was applied to 

SEA models of simple and complex laboratory structures. Although the laboratory 

structures have allowed the application of SEA to be demonstrated, they are still 

relatively simple when compared to the complexity of a real ship structure. In this 

chapter the application of SEA to large parts of a ship structure is investigated and to 

accomplish this measurement surveys were performed on sections of a 4,500 tonne 

warship during it's construction at Yarrow Shipbuilders. Because the surveys were 

performed on a naval vessel, precise details of the ship construction such as plate 

thickness, stiffener dimensions, stiffener spacing etc., cannot be given in this chapter, 

instead general details such as overall dimensions and tonnage are presented. 

The sections of the ship structure selected allow different aspects of SEA modelling to 

be investigated. The sections of the ship surveyed include the following: 

(a) Large Ribbed Near-Periodic Deck Plate; 

(b) Single Tier Unit of Ship Superstructure; 

(c) Double Tier Unit of Ship Superstructure; 

(d) Curved Section of Ship's Hull. 

In addition to the vibration surveys undertaken on the ship sections, a large amount of 
damping data was gathered on the individual ship sections surveyed, and the complete 
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ship structure. The chapter begins with analysis of the internal loss factor data gathered 

on the different sections of the ship structure before a reviewing the SEA modelling of 

the different sections of the ship structure, commencing with the simplest structure 

surveyed and proceeding to increase the complexity of the structure. 

6.2 Large Ribbed Deck Plate 

In this section the analysis of vibration transmission across a large ribbed deck plate 

from a partially constructed unit is presented. The geometry and overall dimensions of 

the structure surveyed is shown in figure 6.1. It essentially consists of a large steel deck 

plate, with welded ribs consisting of an array of regularly spaced frame stiffeners in the 

x-direction and bulb plate stiffeners in the y-direction. In the x-direction there is a total 

of fourteen regularly spaced small flat bar stiffeners between the frame stiffeners, but 

these are not shown on the figure. Attached to the structure are two ribbed bulkheads 

and two ribbed side shells, one of which has been removed from the figure for clarity. 

As the structure was under construction at the time, the welding of the side shells was 

incomplete at their interface with the deck plate and tack welds were used to hold the 

side shells in position, however all other welding on the structure was complete. The 

source subsystem was as shown in figure 6.1. 

The depth of the flat bar stiffeners is approximately one third of the frame stiffeners 

and the bulb stiffeners are approximately half the depth of the frame stiffeners. The size 

of the frame stiffeners is somewhere between that of the 203 x 133 and 406 x 178 1- 

beams analysed in chapter four. The modal density for the deck area is approximately 
0.6 modes per Hertz and the modal overlap is above unity in the 125 Hz frequency band. 

After reviewing the geometry of the structure and considering the relative size of the 

ribs, it was decided to model the structure in two different ways. The first modelling 

approach discussed is a coarse model of the ribbed deck plate which is described in the 
following section. This is followed by a section in which a more detailed SEA model is 

described. 
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6.2.1 Coarse SEA Model 

In the coarse SEA model the small flat bar stiffeners running in the y direction on the 

deck plate were ignored and only the frame and bulb plate stiffeners were modelled. 

This approach was also applied to the bulkheads where small rib stiffeners were ignored 

but the side shell bulb plate stiffeners, which were the same size as those on the deck 

plate, were included. In figure 6.2 the coarse SEA model of the deck plate is shown with 

the corresponding subsystem numbers. The bulkheads and side shells are included in the 

model but no measured or predicted data is presented as transmission across the deck 

plate is the focus of the analysis. In practical terms the coarse model is the preferred 

modelling approach, since it would require the definition of fewer subsystems and 

joints. As with chapter four, the different joint modelling approaches are investigated to 

determine the most suitable approach. 

(a) Model 1: The SEA model of the structure consists of bending, longitudinal 

and transverse wave subsystems. The frame stiffeners in the x and y 

directions are modelled with flange plates and all other rib stiffeners are 

modelled as web plate joints. The model has a total of 47 plate subsystems 

with 52 joints and 616 coupling loss factors. 

(b) Model 2: The SEA model of the structure consists of bending, longitudinal 

and transverse wave subsystems. All rib stiffeners on the deck plate are 

modelled as web plate joints i. e. the flanges of the frame stiffeners are 

ignored. 

(c) Model 3: The SEA model of the structure consists only of bending wave 

subsystems. All rib stiffeners are modelled as web plate joints, the flanges of 

the frame stiffeners are ignored. The model has a total of 47 subsystems 

with 52 joints and 136 coupling loss factors. 
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6.2.2 Detailed SEA Model 

The alternative approach for the SEA model of the ribbed deck plate, the bulkheads and 

side shells is to consider all the stiffeners of the structure. Each subsystem on the deck is 

defined as the section of deck plate contained within 4 stiffeners. As a consequence the 

number of bending wave subsystems increases from 52 in the coarse SEA model to 150 

in the detailed SEA model and the number of joints in the BLT model increases from 

112 in the coarse model to 529 in the detailed SEA model. It canbe seen that even for a 

very small section of the ship structure, the change from a coarse to a detailed modelling 

strategy rapidly increases the complexity and size of the SEA model. 

In figure 6.3 the detailed SEA model of the deck plate is shown with the corresponding 

subsystem numbers where measurements were taken. Comparing the coarse and 

detailed SEA models of the deck plate it can be seen that 3 to 4 stiffeners per subsystem 

were omitted in the coarse model. The same modelling strategy and designation is used 

as for the coarse model. 

(a) Model 1: The SEA model of the structure consists of bending, longitudinal 

and transverse wave subsystems. The frame stiffeners in the x and y 

directions are modelled with flange plates and all other rib stiffeners are 

modelled as web plate joints. The number of subsystems is 172 and there are 

257 joints. For the BLT model the total number of coupling loss factors is 

2765. 

(b) Model 2: The SEA model of the structure consists of bending, longitudinal 

and transverse wave subsystems. All rib stiffeners on the deck plate are 

modelled as web plate joints i. e. the flanges of the frame stiffeners are 
ignored. The number of coupling loss factors is the same as model 1. 

(c) Model 3: The SEA model of the structure consists only of bending wave 

subsystems. All rib stiffeners are modelled as web plate joints, the flanges of 
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(d) the frame stiffeners are ignored. The total number of coupling loss factors is 

580. 

Before reviewing the results from the two modelling approaches, the basic subsystem 

properties such as statistical mode count, modal overlap and coupling loss factors are 

reviewed in the next section for the coarse model. 

6.2.3 Coarse SEA Model - Subsystem Properties 

In figure 6.4 the statistical mode count for the bending wave subsystem 4, longitudinal 

wave subsystem 1004 and transverse wave subsystem 2004 is shown. The number of 

modes in the bending wave subsystems is higher than observed in figure 5.29 for the 

steel plates in the laboratory structure. The in-plane subsystems have no modes in the 

100 to 1250 Hz frequency bands, but above the 1600 Hz frequency band the in-plane 

modes start to occur. The in-plane mode count however is based on the dimensions of 

the subsystem, but in practice there will be in-plane modes in the lower frequency bands 

that propagate across the entire deck plate, which will be relatively unattenuated by the 

rib stiffeners. 

In figure 6.5 the modal overlap M of bending wave subsystem 4, longitudinal wave 

subsystem 1004 and transverse subsystem 2004 are shown. It can be seen that the 

predicted modal overlap of the bending wave subsystem is above unity in all frequency 

bands between the 100 Hz and 10 kHz frequency bands but in the laboratory structure 

this did not occur until the 160 Hz frequency band. The modal overlap MT for the 

transverse wave subsystem and MI for the longitudinal wave subsystem does rise above 

unity until the 5 kHz frequency band. 

In figure 6.6 the predicted coupling loss factor for joint type A (see figure 6.2) from 

bending wave subsystem 3 to subsystem 11,713_11, is shown. Also plotted is the coupling 
loss factor for joint type B (see figure 6.2) from bending wave subsystem 3 to 

subsystem 4, r13_4 , 
for the web plate and full frame modelling approaches. It can be seen 

that the coupling loss factor 713.11 is higher than r13_4 across the entire frequency 
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spectrum, therefore more power will be transmitted in the y-direction. For joint type B 

the web plate modelling approach gives a smooth curve as was observed in chapter 5 

which is higher by 2 to 5 dB than the full frame model in the 100 Hz to 500 Hz 

frequency bands. 

Above the 500 Hz frequency band, the full frame and web plate modelling approaches 

are similar but only in certain frequency bands is the predicted coupling loss factor from 

the two modelling approaches are identical e. g. 630 Hz, 2.5 kHz, 3.15 kHz etc. 

6.2.4 Detailed SEA Model- Subsystem Properties 

In figure 6.7 the predicted mode count for bending wave subsystem 7, longitudinal wave 

subsystem 1007 and transverse wave subsystem 2007 are shown. Because the 

subsystems are smaller than those in the coarse model, the mode count is lower. In 

particular the mode count for the in-plane wave subsystems is very low, only rising to 2 

or 3 modes above the 4 kHz frequency band. The comments about the artificial nature of 

the statistical mode count for in-plane wave subsystems discussed in section 6.2.3 on 

the coarse subsystem properties are applicable to the detailed model. 

In figure 6.8 the modal overlap is plotted for the bending wave subsystems, longitudinal 

wave subsystems and transverse wave subsystems. It can be seen that the modal overlap 

of the bending wave subsystem, Mb, rises above unity in the 200 Hz frequency band. 

Therefore despite the size of the detailed subsystems being one-quarter to one-fifth of 

the size of the coarse model subsystems, the modal overlap is above unity in most of the 

frequency bands and therefore the detailed model should be accurate down to 200 Hz. 

For the transverse and longitudinal wave subsystems the modal overlap MT and ML does 

not rise above unity until the 2.5 kHz and 4 kHz frequency bands. 

In figure 6.9 the different bending wave coupling loss factors are plotted for subsystem 
7. The coupling loss factor for joint type 1 is for the small web plate stiffeners shown in 

figure 6.6. It can be seen that this is much higher than any of the other coupling loss 

factors in all frequency bands, but it is common to all three SEA models. Also plotted is 
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the coupling loss factor for joint type 2 for the longitudinal stiffeners in the y direction. 

It can be seen that this is much lower than joint 1 in the mid and high frequency bands. 

More power will be transmitted in the x direction than the y direction from each 

subsystem. The coupling loss factor for joint type 3 is plotted for the full frame joint 

model and for the web plate joint model. It can be seen that the difference in the 

coupling loss factor due to the modelling approach follows the trend observed in the 

coarse model and the laboratory structures i. e. at low frequencies the difference between 

the coupling loss factor is due to the web plate behaving as a beam. 

6.2.5 Coarse SEA Model - Comparison Of Predicted And Measured Attenuation 

In figure 6.10 the predicted attenuation from source subsystem I to subsystem 3 (see fig 

6.2) across the first frame joint is shown. It can be seen that the measured and predicted 

attenuation shows good agreement in most frequency bands. The difference between 

model 2 (BLT wave web plate model) and model 3 (B wave web plate model) is very 

small across the first joint. It can be seen that the prediction from model 1 shows 

slightly better agreement with the measured attenuation between 200 Hz and 8 kHz. 

In figure 6.11 the predicted attenuation from source subsystem 1 to subsystem 4 across 

two frame joints is shown. The model 1 results (the full frame model) show poor 

agreement in the low frequency bands, but do improve at the higher frequencies 

although the prediction does not follow the trend observed in the measured attenuation. 

The predicted attenuation from model 2 shows good agreement over most of the 

frequency spectrum and follows the trend of the measured attenuation. The prediction 
from model 3 shows good agreement with the measured attenuation between the 125 Hz 

and 1 kHz frequency bands, but above this the predicted attenuation increases. 

In figure 6.12 the predicted attenuation form source subsystem 1 to subsystem 5 across 
three frame joints is shown. The prediction from model 2 shows good agreement with 
the measured attenuation in most frequency bands and follows the trend of the 

measured attenuation. The results from model 3 (the B- wave SEA model), show the 

same trend as the measured attenuation, however there is a significant difference 
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between the predicted and measured attenuation that increases with frequency. The 

results for model 1 show poor agreement below 2.5 kHz with the measured attenuation. 

In figures 6.13 the predicted and measured attenuation from subsystem 1 to subsystem 

22 is shown. It can be seen that the predicted attenuation from model 2 shows the best 

agreement with the measured attenuation. As with the results shown in figures 6.10 to 

6.12 the results from model 3 (the B-wave SEA model) shows the correct trend when 

compared to the measured attenuation, but the prediction is too high. For model 1, the 

predicted attenuation shows poor agreement in the lower frequency bands but improves 

above the 400 Hz frequency band. 

In figures 6.14 the predicted and measured attenuation from subsystem Ito subsystem 

23 is shown. The predicted attenuation from model 2 shows the best agreement with the 

measured attenuation between 250 Hz and 8 kHz. The results from model 3 (the B-wave 

SEA model) again show the correct trend when compared to the measured attenuation, 

but the prediction is too high. For model 1, the predicted attenuation shows poor 

agreement in the lower frequency bands but improves above the 400 Hz frequency band. 

In figure 6.15 the predicted and measured attenuation shows from subsystem 1 to 

subsystem 31 on the opposite side of the deck plate. The predicted results from model 2 

again shows good agreement with the measured attenuation and the predictions from 

models 1 and 3 are very similar. 

6.2.6 Detailed SEA Model - Comparison Of Predicted And Measured Attenuation 

In figure 6.16 the predicted attenuation from source subsystem 1 to subsystem 5 (see fig 

6.3) across three web plate stiffeners and the first frame joint is shown. The measured 

and predicted attenuation show good agreement in most frequency bands. The 

difference between model 2 (BLT wave web plate model) and model 3 (B wave web 

plate model) is very small across the four joints in the low frequency bands but in the 4 

kHz to 8 kHz frequency bands there is a small difference between the predictions. The 

-192 



Chapter Six: SEA Modelling of Ship Structures 

30 
d u 

25 

C) v 

20 
C 
CS 

15 
d 
v v Q .ý 

--- --- -_- ----- ----------- 

------- 
----------------------------- -e-Measured E3 Model 1 

-&- Model 2 -e- Model 3 

Ln oo ýn 0000 000000 
NO$ u) .-o0oo u) 0oo 
rrNN V) (O a0 O^ c0 NNM 

'at O 

Frequency (Hz) 

Figure 6.13 Comparison of measured and predicted attenuation La j-La22 

40- 

35 ---------- --------------- 
Id 

is MO 30 ------ ----- ------------------------ 

J 25 ---- - --------- ---- ---- ---- 
C 

fJ 20 ---------------------------------------- 
40 Measured -B-Modell 15 ------------- Model 29 Model 3 

OOOOOOQ 
10 

10 O C) 0 U) C) 000o00 
N t0 O It) .OOMOQ 1A OOO iA O0OO 
r r- NN /7 dO (0 CO cT- N (0 

NN1 
OIq 

it) 40 00 

Frequency (Hz) 

Figure 6.14 Comparison of measured and predicted attenuation La1-La13 

su 
u 

25 

20 

Ow 

15 

10 

----Measured -a- Modell 

--Model2 --e-Model 3 

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

V) 0N 
(D g N" 888 800 _N8088g00 

Frequency (Hz) 

Figure 6.15 Comparison of measured and predicted attenuation La, l-La31 

-193- 



Chapter Six: SEA Modelling of Ship Structures 

prediction from the model 1 (BLT wave full frame) shows better agreement with the 

model 2 prediction above the 400 Hz frequency band. 

In figure 6.17 the predicted attenuation is shown from source subsystem 1 to subsystem 

10 across seven web plate joints and two frame joints. The results from model 1(the full 

frame BLT model) shows poor agreement with the prediction from model 2 (web plate 

only BLT model) below the 400 Hz frequency band. The predicted attenuation from 

model 2 generally follows the trend of the measured attenuation but the prediction is 

between 3 to 8 dB higher than measured over most of the frequency spectrum and. The 

prediction from model 3 shows poor agreement with the measured attenuation as the 

frequency increases. 

In figure 6.18 the predicted attenuation is shown from source subsystem 1 to subsystem 

15 across three frame joints and eleven web plate joints. It can be seen that the 

prediction from model 2 is 6 to 12 dB higher than the measured attenuation in most 

frequency bands but follows the trend of the measured attenuation. The results for 

model 1 is in agreement with the predicted attenuation from model 2 except in the 125 

Hz to 400 Hz frequency bands The results from model 3 (the B-wave SEA model), 

show the same trend as shown in figure 6.20 but the predicted attenuation is higher than 

measured. 

6.2.7 SEA Model - Comparison Of Detailed and Coarse Results 

In this section a comparison of the results from the coarse and detailed SEA modelling 

approaches is presented. It was found that the best results from each modelling approach 

were obtained from a model with bending, longitudinal and transverse subsystems and 

with all frame joints modelled as a web-plate and only these are shown. To compare the 

detailed SEA results, the energy of the subsystems between the frames and bulb 

stiffeners were combined to give the equivalent coarse subsystem energy and then the 

energy level difference was computed relative to the source subsystem. The energy level 

difference was corrected for the subsystem masses to give an acceleration level 

difference that could be compared with the coarse model results. 
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In figure 6.19 the predicted and measured attenuation from subsystem Ito subsystem 3 

(see fig 6.2) is shown. The prediction from the coarse SEA model show very good 

agreement with the measured attenuation following the variation in the attenuation with 

frequency. The results from the detailed SEA modelling approach also shows better 

agreement in the lower frequency bands. The detailed model also follows the general 

trend for the measured attenuation but is consistently 4 dB above the coarse SEA 

prediction. 

In figure 6.20 the predicted and measured attenuation from subsystem I to subsystem 4 

(see fig 6.2) is shown. The prediction from the coarse SEA model shows very good 

agreement with the measured attenuation, the difference being typically less than I dB. 

The result from the detailed SEA modelling approach follows the general trend for the 

measured attenuation but the predicted attenuation is 8 to 9 dB higher than measured. 

In figure 6.21 the predicted and measured attenuation from subsystem 1 to subsystem 5 

(see fig 6.2) is shown. The prediction from the coarse SEA model shows very good 

agreement with the measured attenuation following the variation in the attenuation with 

frequency and a difference between 1 to 4 dB. The result from the detailed SEA 

modelling approach follows the general trend for the measured attenuation but the 

predicted attenuation is 6 to 12 dB higher than measured. The predicted attenuation 

from the detailed model also levels off and does show the variation with frequency seen 

in the measured attenuation. 

In figure 6.21 the predicted and measured attenuation from subsystem I to subsystem 
31 (see fig 6.2) is shown. The prediction from the coarse SEA model show good 

agreement in the low and high frequency bands with the measured attenuation following 

the variation in the attenuation with frequency. The agreement is not as good in the mid- 
frequency range with a difference of 4 to 5 dB between the measurements and 

predictions. The prediction from the detailed SEA modelling approach is similar to that 
from the coarse model of 0 to 3 dB higher across the frequency spectrum. 

-196- 



Chapter Six: SEA Modelling of Ship Structures 

25 
-e-Measured 
-1- Detailed 
-"-Coarse 

c 20 

Gm 
v 

JJ 15 

0w 
ego "ý 

10 
Q 

5 
ui 000 U) o000000000co00 
9- v- 0NM00 

(0 
mÖ 

Ir- K- 
CD 

N 
C: ) Ln 

N 9- V) le 
0 

t0 C) o0o 

Frequency (Hz) 

Figure 6.19 Comparison of measured and predicted attenuation LQj-L,, 3 

35 

d c 30 

o_ m 
a) 

v 

JJ 25 
Cs 

w 'ö j 

d 

20 

-e- Measured 
-$- Detailed 
--a- Coarse 

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

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

jý-om ---------------- 

- ---- -- ------ --------- 
�oo* 

15 
I) OOONOOOOOOOOOOOOOO 
N go NN 

(V) 
V U) 

(M0 000 
0N (0 0 

t(A 
,-ÖÖ00 

T- V' (14 N C') st tf) CO CO 

Frequency (Hz) 

Figure 6.20 Comparison of measured and predicted attenuation Lal-La4 

-197- 

I- ---------------. ---------------------- -- -- -- ---------, -- -- 



Chapter Six: SEA Modelling of Ship Structures 

40 

35 

30 

JJ 

_i 
25 

d 
C) 

20 

15 

-e-- Measured 
-o- Detailed 

I-A 

- Coarse 

4--------------------------------------------------- 

y-- -----sue iah-- w---i. -ý I 

J- - -ý - ý- -F-----------------------------------`______---I 

ýA 000N00O0O000000000 
NN r1 

q 
Ca CD U) CD 

000 
0N LO C) 0 C) LO 0 C3 0 C) 

CO 
N0 

U) M00 
Co 

00 

Frequency (Hz) 

Figure 6.21 Comparison of measured and predicted attenuation LQI-Las 

30 

C) 
c 25 

v 
dv 

20 
-r 

J 

15 
"ä 

10 

--e --Measured 
-e- Detailed 
--A-- Coarse 

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

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

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

Un O00 LM o000Oo00oOO00 
N (0 0 1O V- O0 C) O0 U) 000 U) 0OO NN CO) V W) (O 00 ON (D O U() V- OOM 

r' '" V- NNM'N CD 

Frequency (Hz) 

Figure 6.22 Comparison of measured and predicted attenuation LQl-La3j 

-198- 



Chapter Six: SEA Modelling of Ship Structures 

From the results presented in this section it is could be concluded that the coarse 

modelling approach is the best modelling approach, however the results presented here 

are for an incomplete section. In the next section a complete superstructure unit is 

investigated. 

6.3 Ship Superstructure Unit 

In the previous section of this chapter, the SEA modelling of a complex ribbed section 

of ship structure was discussed. In this section the SEA modelling of a more 

conventional section of the ship superstructure is reviewed. The geometry of the 

superstructure section is shown in figure 6.23. The structure is symmetrical consisting 

of two side shells, a central bulkhead, a transverse bulkhead, a ribbed deck plate, a series 

of smaller front bulkheads and side pods. The structure as shown in figure 6.23 is 

considerably simplified, as the deck plate has ribs in the transverse direction, while the 

central bulkhead, side shells and front bulkheads all have stiffeners in the vertical 

direction. Figures 6.24 to 6.27 show the stiffening arrangements. 

Figure 6.24 shows the stiffening arrangement of the side shell which has longitudinal 

frame stiffener and vertical rib stiffeners. Figure 6.25 shows the cross section details of 

the stiffener arrangement for the central bulkhead which interfaces with the transverse 

bulkhead. Figure 6.26 shows the cross section of the interface between the deck plate 

and the transverse bulkhead and the stiffeners running in the transverse direction. The 

deck plate on each side of the central bulkhead is also bisected by a frame stiffener in 

the longitudinal direction. Figure 6.27 shows a cross section through the side shells, 

centre and transverse bulkhead and the rib stiffeners. 

The mass of the unit is approximately 5 tonnes with the approximate dimensions of 4m 

x 8.5 x 4.5m. The modal density n(fj of the deck plate is approximately 1.2 modes/Hz, 
for the centre bulkhead n(/) is 1.35 modes/Hz and for the side shell n(/) is 0.76 

modes/Hz. As a consequence of the high modal density the modal overlap is above 

unity for most subsystems in the 125 Hz frequency band. The approximate sizes of the 

stiffeners in the structure are as follows. The bulb stiffeners are the same size of those 

-199- 



Chapter Six: SEA Modelling of Ship Structures 

A 

rNXII 

3.5 m 

Figure 6.23 Isometric view of superstructure unit 

-I Side Shell 

- 200 - 

ýý 

Figure 6.24 Cross sectional details of stiffeners on side plate 



Chapter Six: SEA Modelling of Ship Structures 

Deck Plate 

Side Shell 

Transverse 

Longitudinal 

Central Bulkhead 

Transverse 
Bulkhead 

Angle 
Stiffeners 

Figure 6.25 Plan views of stiffeners at centre bulkhead. 

Vertical 
Transverse 
Bulkhead 

Longitudinal I Stiffeners 1 0., / 

Figure 6.26 Cross sectional details of stiffeners on deck plate 
Central 
Bulkhea Side Shell 

Stiffeners 

Front Bulkheads 

Figure 6.27 Cross sectional details of stiffeners on deck plate 

-201- 



Chapter Six: SEA Modelling of Ship Structures 

Centre 

Side 230 
Bulkhead: 103 

1 

Deck Plate: 2 

`--- Side Pod 

Transverse 
Bulkhead: 400 Side Shell: 113 

Figure 6.28 Superstructure SEA subsystem numbers 

Deck 

Side to deck joint 

2 

3 

Side Pod 

Corner 
Joint 

Tee Joint 
2 

3 

'1 4 

Corner 
Joint 

Side pod joint model 
Figure 6.29 Side joint modelling 

-202- 



Chapter Six: SEA Modelling of Ship Structures 

on the ribbed deck plate analysed previously and the angle stiffeners are also of a 

comparable size to the flat bar stiffeners of the ribbed deck plate. The frame stiffeners 

on the deck plate and side shell are smaller than the 203 x 133 I-beam analysed 

previously in chapter 5. 

6.3.1 Coarse SEA Model 

In the coarse SEA model the stiffening on the side shell, deck plate, central bulkhead 

and transverse bulkhead will be ignored and the structure will be considered simply as 

an assembly of flat plates. As the ship superstructure is generally remote from the 

principal noise sources on the ship, a coarse model would be the preferred modelling 

solution as it would simplify the modelling process. The results from coarse and 

detailed SEA modelling approach to the structure will again be presented to test this 

assumption. 

Two coarse SEA model of the ship superstructure have been analysed to determine the 

most suitable modelling approach. Figure 6.24 to 6.27 show that even a relatively 

simple section of ship superstructure has a variety of different joint types. The SEA 

models of the superstructure are as follows: 

(a) Model 1: The SEA model consists of bending, longitudinal and transverse 

wave subsystems. The damping of each subsystem is predicted with the Irie 

equation. The damping of in-plane subsystems is assumed to be identical to the 

bending wave subsystems. The SEA model consists of 150 subsystems, 52 joints 

and 2656 coupling loss factors. 

(b) Model 2: The SEA model is identical to model 1 in construction but consists 
only of bending wave subsystems. The damping of each subsystem is predicted 
with the Irie equation 3.4. The SEA model consists of 50 subsystems, 52 joints 

and 256 coupling loss factors. 
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Figure 6.28 shows the numbers of the SEA subsystems for which results are presented. 

Because of the symmetry of the structure the centre bulkhead was selected as the source 

subsystem. The excitation was applied by tapping randomly over the entire surface of 

the plate, between the stiffeners. The coarse SEA model consists of corner joints, tee 

joints and the cross joint, which have been used for example by Craik [37] to predict 

structure borne noise transmission in building structures, as indicated in figure 6.28. The 

other feature that is neglected is the joint between the side shell and deck plate, which is 

not perpendicular as the side shells have a slight taper and the joint angle is greater than 

90° as indicated in figure 6.29. 

6.3.2 Detailed SEA Model 

The modelling strategy follows that of the coarse model and two detailed SEA models 

of the ship superstructure have been analysed to determine the most suitable modelling 

approach. The subsystems of the detailed model are defined by the stiffeners and plate 

boundaries. For example the section of side shell shown in figure 6.24 is defined as one 

subsystem in the coarse models but eight subsystems in the detailed models. The SEA 

models of the superstructure are as follows: 

(a) Model 3: The SEA model consists of bending, longitudinal and transverse 

wave subsystems, The frame joints and bulb stiffeners are represented by the 

web plate joint. The damping of each subsystem is predicted with the Irie 

equation. The damping of in-plane subsystems is assumed to be identical to the 

bending wave subsystems. The SEA model consists of 150 subsystems, 52 joints 

and 2656 coupling loss factors. 

(b) Model 4: The SEA model is identical to model 3 in construction but consists 
only of bending wave subsystems. The damping of each subsystem is predicted 
with the Inc iequation.. The SEA model consists of 50 subsystems, 52 joints and 
256 coupling loss factors. 
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Before reviewing the results from the models and the measurement survey, the basic 

subsystem properties such as statistical mode count, modal overlap and the coupling 

loss factors are reviewed in the next section. 

6.3.3 SEA Subsystem Properties 

In figure 6.30 the bending, longitudinal and transverse statistical mode count Ne, Ni and 

Nr for the smallest subsystem 113 on the side shell and the centre bulkhead 103 in the 

coarse SEA models are plotted. It can be seen that for bending wave subsystem 113, 

there are approximately 3 modes in the 100 Hz band and 10 bending modes in the 250 

Hz frequency band. Bending wave subsystem 103 has approximately 25 modes in the 

100 Hz frequency band and 78 modes in the 250 Hz band. For the bending wave 

subsystems the smallest subsystem in the SEA model has a reasonable number modes at 

250 Hz to suggest that an accurate prediction can be obtained down to this frequency. 

For the longitudinal subsystem 1103, the first mode occurs in the 1 kHz frequency band 

and by 4 kHz there are approximately 10 modes per band. For the transverse wave 

subsystem 2103 the first mode is predicted to occur in the 800 Hz frequency band and 

by 2.5 kHz there are approximately 10 modes per band. Above 2.5 kliz the in-plane 

subsystems on the centre bulkhead are expected become important as bending waves are 

converted to in-plane waves and energy is stored. For the small side shell subsystems, 

the first mode in the longitudinal wave subsystem 1113 is predicted to occur in the 3.15 

kHz frequency band and by 8 kHz there are approximately 5 modes in the band. The 

first mode in the transverse wave subsystem 2113 is predicted to occur in the 2.5 kliz 

frequency band and by 8 kHz there are approximately 14 modes in the band. From 

examination of the mode count of the in-plane subsystems of the small side shell 

subsystem is therefore not expected become important until the 6.3 kHz to 8 kHz 

frequency bands. 

In figure 6.31 the predicted modal overlap Mb, Mt and Mi is shown for the bending, 
longitudinal and transverse wave subsystems for 103 and 113 in the 100 Hz to 10 kHz 

frequency bands. It can be seen that for subsystem 113 the modal overlap of the bending 
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wave subsystem 113 does not exceed unity until the 1 kHz frequency band. The modal 

overlap of the longitudinal and transverse wave subsystems 1113 and 2113 does not 

exceed unity in any of the frequency bands. Therefore the in-plane subsystems should 

not be of any significance for subsystem 113 and the predictions from the two SEA 

model should be the same. The modal overlap of the bending wave subsystem 103 is 

above unity in all frequency bands. The modal overlap does not exceed unity for the 

longitudinal wave subsystem until the 3.15 kHz frequency band and the 2 kHz 

frequency band for the transverse wave subsystem. Therefore the in-plane subsystems 

should not be of any significance until the 2 kHz frequency band for subsystem 103. 

In figure 6.32 the predicted coupling loss factor from bending wave subsystem 103 to 

the deck plate bending subsystem 2, longitudinal subsystem 1002 and transverse wave 

subsystem 2002 is shown between the 100 Hz to 8 kHz frequency bands. It can be seen 

that the bending wave coupling loss factor decreases linearly with frequency while the 

bending to inplane coupling loss factors increase with linearly with frequency. The 

magnitude of the bending-inplane coupling loss factor is much lower than the bending- 

bending coupling loss factor, therefore the amount of power transmitted to in-plane 

subsystems will be small and the predictions from the BLT and B wave SEA models 

should be very similar. 

6.3.4 SEA Model - Comparison Of Predicted And Measured Attenuation 

In this section a comparison of the results from the coarse and detailed SEA modelling 

approaches with the measured attenuation is presented. To compare the results, the 

energy of the subsystems between the frames and bulb stiffeners were combined to give 

the equivalent coarse subsystem energy and the energy level difference was then 

computed relative to the source subsystem. The energy level difference was corrected 
for the subsystem masses to give an acceleration level difference that could be compared 

with the coarse model results. 

Figure 6.33 shows the measured attenuation between the centre bulkhead subsystem 103 

and the side shell subsystem 230 from the 125 Hz to 3.15 kHz frequency bands. No 
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results are presented in the higher frequency bands because the input power to the 

structure was insufficient to get above the background noise level. The predictions from 

the coarse BLT and B wave SEA models show good agreement with the measured 

acceleration level difference in the 400 Hz to 3.15 kHz frequency bands. Below the 400 

Hz frequency band, the measured attenuation decreases and although there is reasonable 

agreement in the 200 Hz and 250 Hz bands, this is probably due to chance. The 

predicted acceleration level difference from the detailed SEA model is 4 to 5 dB higher 

than the coarse SEA prediction. 

In figure 6.34 the measured acceleration level difference between subsystem 103 and 

transverse bulkhead subsystem 400 is shown. The predictions from the coarse BLT and 

B wave SEA models show good agreement with the measured acceleration level 

difference in the 400 Hz to 10 kHz frequency bands. Below the 400 Hz frequency band 

the measured attenuation decreases with frequency while the predicted attenuation 

increases. The predicted acceleration level difference from the detailed model is 5 to 8 

dB higher than the coarse results. 

In figure 6.35 the measured acceleration level difference between subsystem 103 and 

side shell subsystem 113 is shown. The predictions from the coarse BLT and B wave 

SEA models show good agreement with the measured acceleration level difference in 

the 400 Hz to 10 kHz frequency bands. Below the 400 biz frequency band the measured 

attenuation decreases with frequency while the predicted attenuation increases. The 

predicted acceleration level difference from the detailed model is at best 4 to 6 dB 

higher than the coarse results. 

The results presented in this section are typical of all the superstructure results when 

comparing the measured and predicted attenuation from the SEA model i. e. good 

agreement in the 400 Hz to 10 kHz frequency bands, but below 400 Hz the measured 

attenuation reduces as the frequency decreases. The poor performance below 400 Hz is 

surprising given the predicted modal density, mode count and modal overlap of the 

centre bulkhead, deck plates and main side shells will be of a similar order. The mode 

count and overlap of the other subsystems fall between those shown in figures 6.30 and 

- 209 - 



Chapter Six: SEA Modelling of Ship Structures 

6.31 for subsystem 103 and 113. The measured attenuation shows a clear difference 

below 400 Hz and therefore the SEA model of the superstructure does not represent the 

model in the 125 Hz to 400 Hz frequency range. The results from the detailed modelling 

approach gave poor agreement with the coarse prediction and measured data. 

The other feature is that the predicted attenuation from the BLT and B wave SEA 

models are very similar. This was expected given the differences between the bending- 

bending and the bending-in-plane coupling loss factors. Therefore for the SEA models 

of superstructure sections an SEA model consisting entirely of bending wave 

subsystems is probably sufficient. 

A double tier section of ship superstructure was also analysed using the same modelling 

strategy employed for the single superstructure. Similar results were found for that 

structure as well with the coarse, BLT wave model giving the best agreement with the 

measured vibration level, although no results are presented here. 

6.4 Section of Ship Hull 

In the section 6.2 , the attenuation across a large ribbed plate was studied. In this section 

a part of the ship hull is examined, a substantially more complex ribbed structure. The 

hull section weighs approximately 45 to 50 tonnes, is 13 metre long, 15 metres wide and 

5 metres high. Figure 6.36 shows a half section of the hull structure being modelled. It 

can be seen that the hull structure consists of a series of approximately periodically 

spaced transverse frames, continuous longitudinal stiffeners and a deck structure. The 

structure as shown is considerably simplified as the equipment mountings and small 
intermediate stiffeners (1 L, 2L, 4L, 6L, 9L, 1 OL, I1 L) have been neglected. In addition 
to this there are cut-outs and man holes in areas of the deck plate and the frames and 
longitudinal stiffeners between the deck and hull plate . 

Because of the large size of the structure a full set of measurements were not performed 

and therefore the survey was restricted to examining the attenuation in the longitudinal 

direction and the attenuation around the hull. For practical reasons the source subsystem 
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was selected on the hull plate. The preferred option would have been to apply the 

excitation at the equipment mountings on the deck plate, however it would not have 

been possible to input sufficient power with the hammer to obtain excitation at the deck 

plate and the hull plate. 

In the next section the SEA modelling of the hull section is discussed with regard to 

subsystem selection and joint modelling. As the results from the superstructure and 

ribbed plate studied previously show that detailed modelling does not improve the 

accuracy of the predictions, a coarse SEA model will be implemented. 

6.4.1 The SEA Model of the Hull 

The SEA modelling of the hull section presents a number of modelling problems that 

were not seen in the large laboratory test structure and the ribbed plate studied 

previously. 

In figure 6.37 a cross section of the hull is shown with the longitudinal stiffeners. For 

the transverse joints, i. e. around the hull, the first assumption is that the singly curved 

hull plates can be approximated to a flat plate so that the stiffeners 12L and 13L can be 

modelled with the theoretical model given in chapter four. The radius of curvature of the 

hull is between 5m and 7.5 m which gives an equivalent ring frequency of 110 Hz. 

Above the ring frequency the curvature of the hull plate can be ignored and the 

assumption of a flat plate is valid. The keel plate and longitudinal stiffeners 3L, 5L, 7L 

and the margin plate can not be modelled using the hull frame joint. Instead the joint 

developed by Smith [78] for two parallel plates connected by a perpendicular plate is 

used for the deck/hull structure. For the keel plate and joints 3L and 5L this is 

justifiable because the curvature of the hull plates is small. For joint 7L and the margin 

plate the curvature of the hull makes the use of the parallel plate joint difficult to justify, 

instead a dynamic a stiffness matrix modelling approach may be better for these joints 

as it would accommodate the angle between the hull plate and stiffener. Figure 6.38 

shows the joint representation for the main transverse joints. 
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Figure 6.40 Hull section SEA subsystem numbers 
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Figure 6.39 shows a typical frame section with the longitudinal stiffeners, deck and hull 

plates. For the longitudinal joints it is again assumed that the singly curved hull plates 

can be approximated to a flat plate so that the stiffeners 13L, 12L and the margin plate 

can be modelled with the frame joints. The joints between the deck plate and hull plate 

can be modelled with the parallel plate joint. The one feature that is common to all the 

frames is that between 13L and the keel plate the frame depth is continuously 

increasing. In the analysis model the average depth of the frame plate between 

longitudinal stiffeners has been used. 

Figure 6.26 shows the numbers of the subsystems of the SEA models where the 

attenuation with distance results are presented in this section. Figure 6.25 also shows the 

location of the subsystems around the hull relative to the source subsystem for which 

results are presented. The bulkhead at frame 0 shown in figure 6.22 is remote from the 

source subsystem and has not been included in the SEA model. The SEA models of the 

hull created for analysis are as follows: 

(a) Model 1: The SEA model of the structure consists of bending, longitudinal 

and transverse wave subsystems. The frame stiffeners in the x and y 

directions are modelled without flange plates and all other rib stiffeners are 

modelled as web plate joints. The SEA model has approximately 24,900 

coupling loss factors and 338 subsystems. 

(b) Model 2: The SEA model of the structure consists of bending wave 

subsystems only. All rib stiffeners on the deck plate are modelled as web 
plate joints. i. e. the flanges of the frame stiffeners are ignored. The SEA 

model has approximately 2126 coupling loss factors. 

(c) Model 3: The SEA model of the structure consists of bending, longitudinal 

and transverse wave subsystems. The frame stiffeners in the longitudinal and 
transverse directions are modelled with flange plates and all other rib 
stiffeners are modelled as web plate joints. 
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(d) Model 4: The SEA model of the structure consists only of bending wave 

subsystems. The frame stiffeners in the longitudinal and transverse directions 

are modelled with flange plates and all other rib stiffeners are modelled as 

web plate joints. 

Theoretically it would be expected that model with the full frame model with flange 

plates would give the best results. From the complex laboratory structure in chapter 5 

and the ribbed deck plate in section 6.2 it has been shown that a full bending, 

longitudinal and transverse wave model with web plate joints will give the most 

accurate results. Therefore model 1 would be expected to give the most accurate 

prediction. 

6.4.2 SEA Model- Subsystem Properties 

In figure 6.41 the predicted statistical mode count for the source subsystem I is shown 

and the longitudinal and transverse subsystems 1001 and 2001. It can be seen that there 

is one mode in the 125 Hz band and 10 modes in the 1 kHz frequency band. For the 

longitudinal subsystems the first mode occurs in the 4 kHz frequency band and for the 

transverse subsystem the first mode occurs in the 2.5 kHz frequency band. From the 

predicted mode count it would be assumed that below I kHz the predictions from SEA 

model will not be accurate. The low in-plane mode count would also indicate the in- 

plane modes are relatively unimportant and therefore the B wave and BLT wave SEA 

models will give similar results. The properties are similar to those of the large flat plate 

analysed in section 6.2. 

In figure 6.42 the predicted modal overlap Mb, MI and M, is shown for subsystems 
1,1001 and 2001 respectively. It can be seen that for the bending subsystem the modal 

overlap exceeds unity in the 200 Hz frequency band even though there is a low mode 

count. The modal overlap indicates that the SEA model should theoretically be accurate 
down to the 200 Hz frequency band. The longitudinal modal overlap M' for 1001 

exceeds unity in the 5 kHz frequency band and the transverse modal overlap M, for 2001 
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exceeds unity in the 2 kHz frequency band. The in-plane subsystems should not be 

significant until the higher frequency bands. 

In figure 6.43 the coupling loss factors for the longitudinal stiffeners 12L and 13L are 

plotted for the web plate and full frame models. It can be seen that the predicted 

coupling loss factors for the two stiffener sizes and modelling approaches are very 

similar across the frequency spectrum, with a difference of 1 to 2 dB. In contrast the 

coupling loss factor in the longitudinal direction, ? 11.2, for frame 15 is shown. It can be 

seen that the coupling loss factor is 4 to 5 dB higher than the transverse coupling loss 

factors and therefore more power will be transmitted in the longitudinal direction. 

6.4.3 SEA Model - Comparison Of Predicted And Measured Attenuation 

In this section the measured and predicted attenuation from the four SEA models of the 

hull is presented. The results are given between the 160 Hz and 8 kHz frequency band. 

Figure 6.44 shows the results for the measured attenuation between source subsystem I 

and subsystem 3. The results from the four SEA models are very similar in all 

frequency bands and the SEA predictions show good agreement over all frequency 

bands. 

Figure 6.45 shows the results for the measured attenuation in the longitudinal direction 

between subsystem 1 and subsystem 6 on the hull. It can be seen that predicted 

attenuation from the BLT wave SEA models 1 and 3 show good agreement between the 

500 Hz to 8 kHz frequency bands, generally the prediction is within 1 to 2 dB. The 

predicted attenuation from the B wave SEA models is approximately 1 dB higher than 

the BLT predictions. Below the 500 Hz band there is a dip in the measured attenuation 

at 250 Hz which the SEA models do not predict. 

Figure 6.46 shows the measured attenuation in the longitudinal direction between 

subsystem 1 and subsystem 9 on the hull plate. The results from the four SEA models 

are very similar with the difference between the B and BLT models is approximately I 

to 1.5 dB in all frequency bands. The agreement between the measured and predicted 
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attenuation is reasonably good from 1.25 kHz to 8 kHz. Below the 1.250 kHz frequency 

band the agreement is not particularly good a difference between 3 to 6 dB between the 

measurement and the prediction. The 95% confidence level of the measured attenuation 

is E 3.7 dB in the 200 Hz band and ±2.1 dB in the 800 Hz frequency band, and 

therefore there could be better agreement in the lower frequency bands. 

In figure 6.47 the measured attenuation from subsystem 1 to subsystem 127 (see fig 

6.39) on the hull between the keel plate and the longitudinal stiffener 3L is plotted from 

the 160 Hz to 5 kHz frequency bands. The prediction from all four SEA models show 

excellent agreement with the measured attenuation over the entire frequency spectrum. 

In figure 6.48 the measured attenuation from subsystem 1 to subsystem 128 on the hull 

between the keel plate and the longitudinal stiffener 3L is plotted from the 160 Hz to the 

5 kHz frequency bands. It can be seen that in the 160 Hz to 2 kHz frequency bands 

there is good agreement with the measured attenuation. Above 2 kHz the measured 

attenuation is 4 to 5 dB higher than the predicted attenuation from the BLT wave SEA 

models. Above 2.5 kHz the measured attenuation is 2 to 3 dB higher than the predicted 

attenuation from the B wave SEA models which show a gradual divergence with 

frequency from the BLT results. 

In figure 6.49 the measured attenuation from subsystem 1 to subsystem 132 on the 

opposite side of the hull between the margin plate and the 12L is plotted from the 160 

Hz to 8 kHz frequency bands. It can be seen that in the 160 Hz to 2.5 k1Iz frequency 

bands there is poor agreement with the predictions from the B wave SEA models and 

the measured attenuation. Above 2.5 kHz the predicted attenuation is in good agreement 

with the measured attenuation. For the BLT wave SEA models there is good 

agreement from 315 Hz to 4.0 kHz with the difference between the measured and 

predicted attenuation being less than 5 dB. The 95 % confidence level on the measured 
data is approximately 2.5 dB at 315 Hz to 1.5 dB at I kHz, therefore the agreement 
between the predicted and measured attenuation could be better than shown. 
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Above 4 kHz the attenuation is underpredicted, which could be due to the effect of the 

small intermediate longitudinal stiffeners on the measured data but which have been 

neglected for the SEA model. These small stiffeners will not have any significant effect 

on the attenuation on the low frequency structure-borne noise, but will increase the 

attenuation in the higher frequency bands. 

The results from the SEA models show good agreement for the predicted attenuation 

around the hull and for attenuation with distance over the first 6 frames. However as 

was observed with the detailed SEA model of the large ribbed plate, as the number of 

joints between the source and receiving subsystems increases the difference between the 

prediction and measurement increases, with the attenuation being overpredicted in the 

lower frequency bands. 

6.5 Discussion 

The results presented in this chapter raise a number of issues regarding the application 

of SEA to ships for discussion. The first point relates to the theoretical model developed 

in chapter 4 of this thesis. The best predictions were obtained from the web joint models 

which was also found the complex laboratory structure the results presented in chapter 

5,. Including the flange plates does not significantly improve or detrimental to the 

results when considering the complex hull section, however for the simpler large ribbed 

plate the accuracy of the prediction at low frequencies is improved by omitting the 

flange plates. It has also been shown that the curved plates of the hull can be considered 

as flat plates because the ring frequency is low. In fact the radius of curvature in most 

ships will be large and consequently the ring frequency will always be low. Therefore 

the flat plate assumption will be valid for most ships. 

The predicted SEA properties have shown that the modal overlap for bending wave 

subsystems is generally above unity in the 125 Hz to 160 IHz frequency bands. It has 

been argued by Nilsson [14,15,16] that SEA could not be applied to ships below 250 Hz 

because of the low mode count of structural elements such as the deck and hull. The 

analysis has indicated a mode count of 3 to 4 modes typically in the 125 Hz for the 
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coarse SEA models. The analysis of subsystem properties suggests that an SEA model 

can be valid down to this frequency. 

The predicted modal properties for the in-plane subsystems indicate that in-plane 

subsystems should not be significant until the higher frequency bands, typically above 

2.5 kHz. This would not indicate that there should not be any significant difference 

between the B and BLT wave SEA models until the higher frequency bands. However 

errors in the SEA model due to a low mode count in the longitudinal and transverse 

wave subsystems are not important if the coupling loss factor between the B and LT 

subsystems and the LT and B subsystems is low and all sources excited are bending 

waves. For the experimental measurements, hitting the structure with a hammer will 

principally excite bending waves but in practice the engines, prop shaft and gearboxes 

will excite bending and in-plane waves. 

The subsystem properties such as mode count and modal overlap are based on the area 

of the subsystem, and indicate that in-plane subsystems should only be important in the 

higher frequency bands for the SEA models. In practice the deck and hull will support 

in-plane waves across the entire deck plate, along and around the hull, therefore there 

will be in-plane waves in the low frequency bands. The F3LT wave SEA model gives 

the better prediction of attenuation because all the joint models are based on the 

assumption of transmission on semi-infinite plates which will therefore support in-plane 

waves in low frequency bands and this gives a good approximation to the real structure, 

even though the calculated subsystem properties indicate there are no modes in the low 

frequency bands. The presence of the tee joints formed between the deck and bulkheads 

and the bulkhead and the side shell are important as bending waves will be converted to 

in-plane waves and vice versa and this energy exchange is not represented in the B wave 
SEA model, hence it's poorer performance. Therefore in-plane waves are important 

when predicting attenuation with distance. 

The analysis results presented in this chapter for the complex laboratory structure have 

shown that the most accurate predictions are obtained for models that include all 
bending, longitudinal and transverse wave types. The models based exclusively on 
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bending wave only models were found to consistently predict a higher acceleration level 

difference than measured, this was particularly clear in the attenuation with distance 

results e. g. figs 6.16,6.17 and 6.18. The analysis of the structures in this section has 

shown that detailed modelling of the structure does not improve the accuracy of the 

predicted attenuation. The coarse modelling strategy has been shown to give the most 

accurate prediction of the attenuation. This is advantageous since it will reduce 

modelling time and the overall size of the model. The major disadvantage is that this 

means it will not be possible to apply automatic sub-structuring to generate SEA models 

without implementing some modelling criteria\rules in the creation of an SEA model. 

The ability to predict the attenuation in vibration level distance is the most important 

aspect for a ship. It has been shown in section 6.2 for a large ribbed deck plate that 

reasonably accurate predictions have been achieved. In the more complex hull section 

the attenuation with distance results in the longitudinal and transverse hull sections are 

reasonably accurate. The predictions are however extremely sensitive to the damping 

level of the model and small changes can have a significant effect on the attenuation 

level, particularly over several structural joints. The results presented in this chapter 

have used the same damping value for all subsystems based on the loss factor data 

described in chapter three, section 3.2 which can be taken as a minimum damping level 

for plain steel plates. In practice on the finished vessel there will be damping throughout 

the structure such as cement/polymer floor coverings and floating floors applied to the 

deck and damping layers applied to the hull. The measured attenuation with distance 

results on the finished vessel could be very different from those measured in this work. 

The approach used in this thesis has been referred to as classical SEA by Heron [60] 

where each subsystem and joint is defined. From the data presented it is not possible to 

rule out classical SEA in favour of methods such as the dynamic stiffness matrix or 

wave intensity analysis as the most suitable modelling approach. It is interesting to note 
that difference between the measured and predicted attenuation in real ship sections is 

considerably less than that reported by Langley et al (59,96] and Heron [60] for simple 

one-dimensional periodic laboratory structures, who report errors as large as 40 to 50 dB 

over five to six subsystems. 
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From the results presented in section 6.2 it can be seen for the detailed model that as the 

number of joints between the source and receiving subsystems increases the difference 

between the predicted and measured attenuation increases. The results presented for the 

full frame model shows increasingly poor agreement with the measured attenuation for 

each joint crossed. Comparing the results with the coupling loss factor curves shown in 

figure 6.9, it can be seen that good agreement is observed only in the frequency bands 

where the coupling loss factor for web plate and full frame joint model are very similar 

e. g. 630 Hz, 2.5 kHz, 3.15 kHz bands etc. In the other frequency bands where there is a 

difference between the two predicted coupling loss factors, the difference in the 

predicted attenuation mirrors this, but it increases with each joint crossed. It does not 

require a large number of joints to be crossed before the predicted attenuation from the 

full frame joint model becomes inaccurate. The results for the full frame and web plate 

joint modelling approaches are very similar in the 400 Hz to 8 kHz frequency bands. 

The difference between the two modelling approaches in the 125 liz to 400 Hz 

frequency bands is consistent with the difference seen in the coupling loss factor curves. 

The agreement between the two joint modelling approaches is better in the detailed SEA 

model than in the coarse model where the differences between the coupling loss factor 

are amplified as the number of joints between the source and receiving subsystem 

increase. The better agreement between predictions in the detailed model is due to the 

`smoothing` effect of the coupling loss factor for the small web plate stiffeners which 

reduces the difference between the two modelling approaches. Neither joint modelling 

approach in the detailed model gives an accurate prediction of the attenuation with 
distance. A small reduction in the damping model could improve the accuracy of the 

prediction. 

The predictions from the coarse model were shown to be in good agreement the 

measured data but the actual plate may be considered too small with insufficient joints 

to verify the attenuation with distance. The results from the hull section also show 
reasonably good agreement with the measured data and a small reduction in the 
damping of the SEA model could improve the accuracy of the prediction and extend the 

range of the model. However as the number of joints crossed increases, the difference 
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between the predicted and measured results will increase if there is a systematic bias 

error in the assumed value of internal loss factor (Ref. Craik [97]). 

A consequence with having to model all three wavetypes is that the size of the SEA 

model rapidly increases. For a single joint between two plates, a bending wave model 

has 4 coupling loss factors for the joint, but for a full wavetype model there are 36 

coupling loss factors per joint. Given that an SEA model will have several thousand 

joints, the model will become extremely large. There are therefore practical benefits in 

using a bending wave and in-plane wave model where the longitudinal and transverse 

wave subsystems are combined to form one subsystem supporting both wavetype. This 

would give 16 coupling loss factors for a two plate joint. Craik [98] has investigated this 

approach for building structures. 

From the coarse BLT SEA models analysed, some estimates of overall model size can 

be obtained. The large ribbed plate in section 6.2 weighed approximately 5 tonnes and 

the model had approximately 52 joints, 47 subsystems and 616 coupling loss factors 

giving an estimate of 10.5 joints, 9.4 subsystems and 123 coupling loss factors per 

tonne. The superstructure unit weighed approximately 6 tonnes and had approximately 

49 joints, 67 subsystems and 2638 coupling loss factor giving an estimate of 8.2 joints, 

11.2 subsystems and 440 coupling loss factors per tonne. The hull section weighed 

approximately 45 tonnes and had approximately 312 joints, 24,900 coupling loss factors 

and 338 subsystems, giving an estimate of 7 joints, 7.5 subsystems and 553 coupling 

loss factors per tonne. The average is then 8.6 joints, 9.4 subsystems and 365 coupling 
loss factors per tonne. For a ship weighing two thousand tonnes (a relatively small 

vessel !) then a coarse SEA model could be expected to have 17200 joints, 18800 

subsystems and 730,000 coupling loss factors. This poses a serious problem in terms of 

modelling effort, joint computational time and solution of the loss factor matrix. A more 

computationally efficient solver could be employed for the solution of the power 
balance equations and loss factor matrix such as Irons frontal solver which is used in 

finite element codes instead of Gaussian elimination. 
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The remaining point this leads to is the proposed use of a finite element pre-processor to 

generate the ship model which is then input to a conversion program which interrogates 

the FE model database to create a complete SEA model of a ship. This approach was 

used by Kim et al [34] and Hynna et al [35]. The problem with using an FE model to 

create the SEA model is that the process is entirely dependant on the conversion 

software and its capability to interrogate the FE model database. This is an extremely 

complex problem and the potential to create an SEA model that is strewn with errors is 

high. It is questionable that any analyst would be able to rigorously check the input deck 

with confidence. Some of the problems that could be expected to be encountered are as 

follows. 

(a) Identification of subsystems: Equating finite elements to subsystems is an 

obvious step but likely to create a large number of redundant joints and 

meaningless subsystems. e. g. two elements of the same thickness, same 

material and connected to each other in the same plane would be identified 

as two subsystems and a single joint in the conversion process, even though 

there is no attenuation I In a ship FE model there could be thousands of such 

elements resulting in a large SEA model with thousands of meaningless 

subsystems and joints. 

(b) Finite elements have a topological order that define a normal vector that 

gives the orientation of the top and bottom surfaces for plates and shell 

elements. This information would have to be correctly interpreted to 

correctly define the orientation of subsystems when defining SEA joint 

connectivity. 

(c) For beam finite elements the orientation vector is used to define the principal 
bending axes of the beam. If beam subsystems are used then the conversion 

process must correctly interpret the beam orientation vector to correctly 
define the beam SEA subsystem and orientation for joint definitions. 
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(d) Beam elements are frequently used to represent stiffencrs in finite clement 

models. This work has shown that beam elements are unsuitable for 

modelling ship frames and a plate definition is better. It would therefore be 

necessary to convert beam elements to plate subsystems and correctly 

identify the frame when defining the joint. 

(e) It has also been shown in this work that coarse modelling of the structure is 

sufficient and in some cases necessary. Small stiffeners can be disregarded 

and this is reasonably intuitive when examining structural drawings. For a 

conversion program some rules require to be incorporated to determine 

which size of stiffeners are to be modelled and which are to be discarded. 

(f) If acoustic subsystems are required, then acoustic elements or solid elements 

will require to be defined in the finite element model. Without these 

elements it would be extremely difficult to generate acoustic subsystems. It 

would also be necessary to correctly identify which plate elements are 

coupled to the solid/acoustic element to ensure the walls and decks are 

correctly coupled. 

One feature particular to the hull section is the tapering frame section (see figs 6.39 and 

6.40). These are an interesting feature because of the constantly changing depth and it 

was shown in chapter four that the trace wavelength of incident waves which match the 

frame depth are important in determining the transmission characteristics. For a tapered 

web, there is therefore an infinite number of wave matching frequencies. In the hull 

model for analysis purposes the average web depth was used, however further research 

experimentally and theoretically on the transmission characteristics of tapered frames is 

merited. 

6.6 Conclusions 

In this chapter the SEA modelling of real ship structures has bccn studied. The results 
for two large, approximately periodic sections of the ship were investigated and a 
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section of the ship superstructure. The sections of the ships are in a physical sense near 

periodic in that they are connected in a regular, repetitive spatial pattern in two 

dimensions, however mathematically they are not since they do not consist of identical 

subsystems. The analysis has shown that all three wave types require to be included in 

the SEA model. The practical option would to use a bending wave and in-plane wave 

model, where the longitudinal and transverse wave subsystems are combined to form 

one subsystem. The analysis has shown that the full frame model developed in chapter 

four gives poor agreement in low frequency bands when applied to a large ribbed deck 

plate, but on other larger structures the inclusion of flange plates is not significantly 

detrimental. The best results were obtained with a web plate joint model ignoring the 

flange plates. This is consistent with the results for the complex laboratory structure 

presented in chapter 5. 

Two different SEA modelling strategies were investigated, a coarse and detailed 

approach. It was found that the coarse modelling approach gave the best agreement with 

the measured data, as the detailed modelling approach predicts a higher acceleration 
level difference. This is advantageous as it will help reduce the model size. Model size 

statistics are given based on the measured data which allow the number of joints, 

subsystems and coupling loss factors to be estimated for a ship SEA model. however 

this also means that implementation of automatic sub-structuring to generate SEA 

models of ship sections is more problematic. 

The results for the near-periodic structures of the large ribbed plate and hull section 

show good agreement for the coarse BLT wave SEA model with web plate joints. The 

results presented for large ribbed plate show excellent agreement with measured data. 

The hull section results show good agreement for attenuation around the hull and in the 
longitudinal direction. The difference between the measured and predicted attenuation is 

good accounting for the 95 % confidence level in the low frequency bands. The results 

are however sensitive to the damping level and these results do not allow for the 
increased damping in a finished vessel due to floating floors, damping layers on the 
hull, polymer\cement floor coverings. The measured attenuation therefore may be quite 
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different to the results presented in this chapter. This requires further work to quantify 

the effect of ship damping treatments and it's implication for the SEA modelling. 

It was shown for sections of the superstructure that a coarse modelling approach gave 

better agreement with the measured data than the detailed modelling approach. The 

superstructure can be simplified to an assembly of flat plates and stiffeners neglected. 

Given that the superstructure is remote from the principal noise sources on a ship, this is 

not unreasonable. 
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Chapter Seven 

Conclusions and Recommendations 

7.0 Conclusions 

In this thesis the prediction of structural vibration transmission in ships by statistical 

energy analysis has been investigated. The thesis examined wave transmission models 

to predict the transmission coefficients for ship hull frame joints. Measured and 

predicted vibration results for simple single joint structures, complex multi joint 

laboratory structures and sections of a ship were presented. From this work the 

following conclusions are drawn. 

The analysis of the vibration transmission across a single frame joint in chapter five 

compared the measured and the predicted acceleration level difference for different sizes 

of hull frame stiffener. The frame stiffener was modelled as a beam subsystem, a single 

plate and an assembly of plates. It was shown that modelling the frame as a beam 

subsystem gave poor agreement with measured data because the predicted coupling loss 

factor is too low. The model developed in chapter four representing the frame as an 

assembly of plates was shown to be a better modelling approach for a single joint. 

Modelling the web plate of the frame only and ignoring the flange was also shown to 

give an accurate prediction for a single joint. 

From the parametric survey of the hull frame model in chapter four it was shown that, 

for deep frames joints, the predicted transmission loss was very similar for wide flanges, 

narrow flanges or completely omitting the flange plates. The extra effort in modelling 
the flanges therefore does not significantly affect the accuracy of the predicted 
transmission loss. For small frames it was shown that the predicted joint transmission 
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loss is higher if the flange plates are included by 1 to 3 dB, and the choice of joint 

modelling approach is therefore important. It was also shown that for transmission 

models including longitudinal and transverse waves there is significant variation of 

transmission loss within frequency bands. The transmission loss can vary by 50 to 60 

dB between the maximum and minimum values. Rather than rely on the transmission 

loss calculated at the centre frequency it would therefore be prudent to average the 

transmission loss at 4 to 5 frequencies between the lower and upper frequencies of a 

frequency band. 

The analysis models of the complex multi joint laboratory and ship structures have 

shown that the extra effort involved in modelling the flange plates does not result in a 

more accurate prediction. The results for the web plate joint models gave a consistently 

better prediction of the attenuation in vibration with distance. This is because the web 

plate model predicts in the lower frequency bands that there are more incident waves 

that give total transmission. There are several advantages in being able to omit the 

flange plates. The joint modelling, definition and data entry is considerably simplified, 

the analysis time is reduced as there are only 16 unknown transmission coefficients for 

the web plate model instead of the 32 unknown transmission coefficients in the full 

frame model. If there are a large number of joints and joint types this can significantly 

reduce the analysis time. The full frame model also requires a higher number of 

integration points to ensure the consistency relationship is satisfied. 

From the complex laboratory structure and the ship sections, it has been shown that 
bending, longitudinal and transverse waves need to be included in the model even if all 
the excitations and measured response are associated with bending waves. The predicted 
modal overlap and mode count of the in-plane wave subsystems show that in-plane 

subsystems should not be important until the higher frequency bands. The in-plane 

mode count and modal overlap are based on the dimensions of the subsystem, however 
in practice there will be in-plane waves in the lower frequency bands that propagate 
across the entire structure, which will be un-attenuated by the rib stiffeners, Such 

modelling was not carried out as it is not clear what boundaries should be used. 
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Including separate bending, longitudinal and transverse wave types will result in a large 

number of subsystems and coupling loss factors in a ship SEA model. To reduce the 

size of the ship SEA model, the optimum approach may be to combine the longitudinal 

and transverse wave subsystems into a single in-plane subsystem. As an example the 

bending, longitudinal and transverse wave SEA model of the hull section in chapter six 

had approximately 25,000 coupling loss factors and the use of combined in-plane wave 

subsystems would significantly reduce the overall size of the SEA model. 

Damping measurements taken on the experimental laboratory structure, bulkheads, 

deck plate, hull plate and a complete ship have shown good agreement with the hie 

equation for the internal loss factor (7led) of steel given in equation 3.4. This equation 

can reliably be taken as a minimum value of the internal loss factor of plain undamped 

steel for bolted and welded steel construction. In a finished vessel there will be floor 

coverings, bulkhead cladding, damping treatments on the hull and fluid loading on the 

hull, all of which will increase the damping of the steel. The internal loss factor of 

these subsystems requires to be increased above the Irie prediction in the SEA model. 

From the analysis of the large ribbed plate and the hull section it was shown that the 

SEA approach of defining the individual joints and subsystems works close to the 

source subsystem. As the number of joints between the source and receiving subsystems 

increases, the SEA model predicts a higher attenuation than measured. However small 

errors in the damping can introduce a systematic bias error in the predicted attenuation 

that can significantly change the predicted attenuation with distance. 

It has been assumed by other researchers that the ribbed plating on ships can be assumed 

to be periodic and that the wave filtering effects of the stiffeners render SI? A 

ineffective. In real ships the manufacturing variation in welding, changes in section size, 

stiffener spacing reduce wave filtering effects of the stiffening. Also the geometry of the 

structure exhibits some periodic features but it is not mathematically periodic as the 
joints and subsystems are not identical. In this thesis it has been shown that in real 

structures the agreement between the measured and predicted vibration level with SEA 

is much better than the results presented for simple one-dimensional periodic structures, 
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where methods such as wave intensity analysis are advocated. Therefore SEA is capable 

of modelling real stiffened plates, however the level of detail in the SEA model is 

important in determining the accuracy predicted attenuation. 

For the sections of the ship studied it was shown that a coarse modelling approach is 

necessary to give an accurate prediction and that small bulb plate stiffeners, angles and 

flat bar stiffeners can be omitted to give an accurate prediction from the SEA model. 

This has implications for automatic substructuring and generation of SEA models from 

an FE model. The development of coarse modelling strategy for ships requires further 

investigation. 

7.1 Recommendations for further research 

In this section recommendations for future ship related and general SEA work is 

presented. 

Current shipbuilding practice favours modular construction, where stiffened plates are 

welded together to form units and several units are then assembled together into a 

module. A module is typically a complete section of the ship encompassing the hull, 

decks and part of the superstructure. The modules are then welded together to form the 

complete ship structure. Several units have been analysed in this thesis, however it is 

recommended that the SEA modelling of complete modules be investigated as it 

increases the magnitude and complexity of the structures in this thesis. Such a study of a 
full ship would require several years and close collaboration with a ship builder. 

The main problem found in this work has been that of predicting the attenuation in 

vibration level with distance as the number of joints between source and receiving 
subsystems increases. The analysis has shown that on the hull section and large ribbed 
plates of real ship structures the classical SEA approach of defining individual joints can 
work but the predicted attenuation with distance is sensitive to damping level. This is 
limitation of all models, not only SEA. 
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The range can be extended by a coarse SEA modelling approach by omitting stiffeners 

but as the distance between source and receiving subsystems increases the tendency will 

be to predict higher attenuation than measured. Further research is required to develop 

coarse modelling strategy for 2D structures, such as the large ribbed plate and hull 

section analysed in this thesis, to determine which sizes of stiffener to include in the 

SEA model, which to ignore and the determination of subsystem sizes. 

The one aspect not covered in this thesis is the effect of fluid loading on the 

transmission characteristics and this is a significant problem that has to be overcome if 

SEA is to be applied successfully to real ships. Theoretical research has been undertaken 

on the basic problems presented by a dense fluid medium and the basic effects of mass 

loading can be incorporated fairly easily into the SEA framework. No one as yet has 

attempted to incorporate the effects of fluid loading on the bending wave equation into 

wave transmission models for standard joints. The bending wave equation changes 

from a fourth to a fifth order equation which can only be solved numerically and the 

nature and physical interpretation of the wave types becomes more problematic. This is 

an area that requires further development. It is also necessary to examine if the radiation 

equations presented in chapter two which were developed for a low density fluid 

medium such as air can be used for radiation into a dense fluid medium such as water. 

One of the features of ship construction found is the use of tapered beams at the hull 

bottom i. e. the beam continually varies in depth. It may be useful to examine 

experimentally and analytically the transmission characteristics of tapered beam 

sections to establish if the use of the average beam depth is satisfactory for joint 

models. Because of this change in depth, the beam will have a large number of wave 

matching frequencies and therefore the transmission characteristics could be quite 
different. There has not been any work on this type of joint to date. 

In the structures tested, the source subsystem where power was input was taken at a 
convenient location, however vibration data measured throughout the structure of 
different vessel types in operation and with real noise sources is required. This would 
allow an estimate to be made to the proportion of the actual structure that requires to be 
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included in an SEA model, since modelling an entire ship structure is very time 

consuming. Operational vibration measurements would also for vibration due to power 

input to in-plane subsystems from the principal noise sources such as the engines, 

something which is difficult to achieve by impacting the structure with a hammer. 

A detailed study of ship damping for typical floor coverings and hull damping layers 

used in ship construction is required. In addition measured vibration data requires to be 

gathered on typical sections of ribbed ship structure, such as those presented in this 

work, with applied damping treatment to verify if the structure-borne vibration level 

changes significantly and the accuracy of SEA models of the damped structure. The 

damping of fluid loaded plates requires to be determined to include the effects on hull 

plates. 

-237- 



References 

International Maritime Organisation 
Code on noise levels on board ships and recommendations on methods of 
measuring noise levels at listening posts. 
1982. 

2. ISO standard 6954 - 1984 (E) 
Mechanical vibration and shock - Guidelines for the overall evaluation of 
vibration in merchant ships 

3. E. Jantunen M. K. Hakala S. Rintala, 
Integrated vibration analysis of a Baltic passenger ship, 
Proceedings of the 5th international symposium on practical design of ships and 
mobile units VI p818-827 1992. 

4. R. Nagamoto K. Kagawa T. Hara K. Yanagi, 
Vibration study on superstructure of LNG carrier, 
Proceedings of the 5th international symposium on practical design of ships and 
mobile units VI p828-834 1992. 

J. H. Janssen J. Buiten, 
On acoustical designing in naval architecture, 
Inter-Noise 1973 p349-356. 

6 J. Plunt, 
Laboratory Measurement OfAcoustical Properties OfAecommodatlon 
Systems On Ships, 
Inter-Noise 1977 p 668-673. 

7 J. Plunt, 
Empirical Formulas For Structure-Borne Sound Levels Of Ship Machinery, 
Inter-Noise 1978 p795-798. 

8 J. Plunt, 
Methods for predicting noise levels in ships. Part 1: Noise prediction for ships 
based on empirical data, 
Ph. D Thesis, Chalmers University of Technology 1980. 

9 E. Szczerbicki A. Szuwarzynski, 
Prediction of octave noise spectra in accommodations in the superstructure of a 
ship, 
Archives of acoustics, 1983, p119-130. 

10 P. Calcagno RMaltese F. Pinazzi, 
Applications of two mathematical approaches to predict airborne noise levels In 
ship superstructures, 
Shipboard acoustics, 1986, p245-263. 

-238- 



References 

11 F. J. Fahy E. Lindqvist, 
Wave propagation in damped stiffened structures. characteristic of ship 
construction, 
Journal of sound and vibration 1976 V45 pl 15-138. 

12 A. C. Nilsson, 
Wave propagation in simple hull frame structures ofships, 
Journal of sound and vibration 1976V44 p393-405. 

13 A. C. Nilsson, 
Attenuation of structure borne sound in super structures on ships, 
Journal of sound and vibration 1977 V55 P71-91. 

14 M. Heckl, 
Wave propagation on beam plate systems, 
Journal of acoustical society of America, 1961 V33 p640. 

15 A. C. Nilsson, 
Reduction of structure-borne sound in simple ship structures: results of model 
tests, 
Journal of sound and vibration 1978 V61 P45-60. 

16 A. C. Nilsson, 
A method for the prediction of noise and velocity levels in ship 
constructions, 
Journal of sound and vibration 1984 V94(3) p411-429. 

17 R. J. Sawley, 
The evaluation of a shipboard noise and vibration problem using statistical 
energy analysis, 
ASME, Symposium on stochastic process in dynamical problems, Los Angeles 
1969, 

18 M. Chernjawski C. Arcidiacono, 
Simplified method for the evaluation of structure borne vibration transmission 
through complex ship structures, 
Shock and vibration bulletin 1972 V42 p235-243. 

19 J. O. Jensen, 
Structure borne noise transmission in ship, 
Inter-noise 74 p403-406. 

20 J. O. Jensen, 
Calculation of structure borne noise transmission in ships using the statistical 
energy analysis approach, 
Proceedings of the international symposium on shipboard acoustics, 1976. 

- 239 - 



References 

21 Y. Irie S. Takagi, 
Structure borne noise transmission in steel structure like a ship, 
Inter-noise 78 p789-793. 

22 K. Fukuzawa C. Yasuda, 
Studies On Structure-Borne Sound In Ship 
Inter-Noise 79 p1-6. 

23 J. Plunt, 
Methods for predicting noise levels in ships. Part II: Prediction of structure- 
borne sound transmission in complex structures with the SEA method, 
Ph. D Thesis, Chalmers University of Technology 1980. 

24 T. Yoshikai K. Hattori T. Sato, 
Prediction of noise level on board ship using statistical energy analysis, 
Inter-Noise 1981 p1049-1052. 

25 Y. Irie T. Nakamura, 
Prediction of structure-borne sound transmission using SEA, 
Bulletin of the marine engineering society in Japan V 13 p60-72 1985. 

26 R. H. Lyon J. Tratch, 
The role of in plane vibration on structure-borne sound, 
Inter-noise 1985 p697-700. 

27 J. Tratch, 
Vibration transmission through machinery foundation and ship bottom 
structure, 
M. Sc. Thesis, 1985, MIT. 

28 Y. S. Shimomurs, 
The effect of a liquid storage tank on sound transmission through ship 
structures, 
M. Sc. Ocean Engineering Thesis, 1985, MIT. 

29 Y. S. Shimomura RH. Lyon, 
Noise reduction in a ship structure by a liquid storage tank 
Inter-Noise 1986 p655-658. 

30 K. Iino I. Honda, 
Total noise prediction for a passenger cruise ship, 
Proceedings of the 5th international symposium on practical design of ships and 
mobile units, VI p1648-1661 1992. 

31 M. I. Taroudakis D. V. Lyridis K. Pliatsikas, 
Study of the effect of the plate stiffeners on the structure-borne noise 
transmission on board ships using the SEA, 
Inter-noise 1993 p1205-1208. 

- 240 - 



References 

32 H. S. Kim H. J. Kang J. S. Kim, 
Bending wave transmission in multi-connected plates, 
Inter-noise 1993 p1209-1212. 

33 H. Kang H. S. Kim J. S. Kim Y. C. Lee, 
SEA Modelling Of Ship Structures, 
Noise Con 1993 p583-588. 

34 J. S. Kim H. J. Kang H. S. Kim S. Y. Hahn Y. C. Lcc J. II. Chung, 
Shipboard noise prediction package based on statistical energy analysis, 
Proceedings of the 6th international symposium on practical design of ships and 
mobile units, V2 p1151- 1162 1995. 

35 P. Hynna P. Klinge J. Vuoksinen, 
Prediction of structure"borne sound in large welded ship structures using SEA, 
Journal of sound and vibration 1995 V180 P583-607. 

36 R. H. Lyon and R. G. DeJong, 
Theory and application of statistical energy analysis. 
Second edition, Butterworth and Heinemann 1995. 

37 R. J. M Craik, 
Sound transmission through buildings using statistical energy analysis, 
Gower 1996. 

38 R. H. Lyon and G. Maidanik, 
Power flow between linearly coupled oscillators, 
Journal of the acoustical society of America 1962 V34 (5) p623-639. 

39 P. W. Smith, 
Response and radiation of structural modes excited by sound, 
Journal of the acoustical society of America 1962 V34 p640-647. 

40 T. D. Scharton and R. II. Lyon, 
Power flow and energy sharing in random vibration, 
Journal of the acoustical society of America 1968 V43 p1332-1343. 

41 R. 1I. Lyon and E. Eichlcr, 
Random vibration of connected structures, 
Journal of the acoustical society of America 1964 V37 p623-639. 

42 R. IL. Lyon, 
Statistical analysis of power injection and response in structures and rooms, 
Journal of the acoustical society of America 1969 V45 p545-565. 

43 R. H. Lyon and T. D. Scharton, 
Vibrational energy transmission in a three element structure, 
Journal of the acoustical society of America 1965 V38 p253-261. 

-241- 



References 

44 E. Eichler 
Thermal circuit approach to vibrations to coupled systems and the noise 
reduction of a rectangular box 
Journal of the acoustical society of America 1963 V37 p995-1007. 

45 G. Maidanik, 
Variations in the boundary conditions of coupled systems, 
Journal of sound and vibration 1976 V46 P585-589. 

46 G. Maidanik, 
Response of coupled dynamic systems, 
Journal of sound and vibration 1976 V46 P561-583. 

47 G. Maidanik, 
Some elements in SEA, 
Journal of sound and vibration 1977 V52 P171-191. 

48 J. E. Brooks G. Maidanik, 
Loss and coupling loss factors of two coupled dynamic systems, 
Journal of sound and vibration 1977 V55 P315-332. 

49 J. Woodhouse, 
An approach to the theoretical background of statistical energy analysis 
applied to structural vibration, 
Journal of the acoustical society of America 1981 V69(6) p1695-1709. 

50 E. K. Dimitriadis A. D. Pierce, 
Analytical solution for the power exchange between strongly coupled plates 
under random excitation: a test of statistical energy analysis concepts. 
Journal of sound and vibration 1988 123(3) p397-412 

51 J. E. Manning, 
Formulation of SEA parameters using mobility functions, 
Phil. Transactions of the royal society of London A(1994) 346 p477-p488. 

52 R. S. Langley, 
A general derivation of the statistical energy analysis equations for coupled 
dynamic systems, 
Journal of sound and vibration V135 p499-508. 

53 R. S. Langley, 
A derivation of the coupling loss factors used in statistical energy analysis, 
Journal of sound and vibration V 141 p207-219. 

54 B. R. Mace, 
The statistical energy analysis of two continuous one dimensional subsystems, 
Journal of sound and vibration 1993 V166(3) p429-461. 

-242- 



References 

55 B. R. Mace, 
On statistical energy analysis hypothesis of coupling power proportionality 
and some implications of it's failure, 
Journal of sound and vibration V178(1) p95-112. 

56 H. Kishimoto D. S. Bernstein S. R. Hall, 
Energy flow modelling of interconnected structures :a deterministic 
foundation for statistical energy analysis, 
Journal of sound and vibration 1995 V 186(3) p407-445. 

57 RJ. Pinnington D. Lednik, 
Transient statistical energy analysis of an impulsively excited two oscillator 
system, 
Journal of Sound and vibration 1996 V 189(2) p249-264. 

58 RJ. Pinnington D. Lednik, 
Transient energy between two coupled beams, 
Journal of Sound and vibration 1996 V 189(2) p265-287. 

59 J. C. Sun C. Wang Z. ILSun, 
Power flow between three series coupled oscillators, 
Journal of Sound and vibration 1996 V 189(2) p215-229. 

60 R. S. Langley and A. N. Bercin, 
Wave intensity analysis of high frequency vibrations, 
Phil. Transactions of the Royal Society of London A(1994) 346 p489-p499. 

61 K. H. Heron, 
Advanced statistical energy analysis, 
Phil. Transactions of the Royal Society of London (1994) 346 p51 I-p524. 

62 F. J. Fahy, 
Statistical energy analysis: a wolf in sheep's clothing ?, 
Inter-Noise 1993 p13-26. 

63 F. J. Fahy, 
Statistical energy analysis: a critical overview, 
Phil. Transactions of the Royal Society of London A(1994) 346 p431-p447. 

64 B. RMace, 
Wave coherence, coupling power and statistical energy analysis, 
Journal of sound and vibration 1997 V199(3) p369-380. 

65 M. Beshara A. J. Keane, 
Statistical energy analysis of multiple, non-conservatively coupled systems, 
Journal of sound and vibration 1997 V198(1) p95-122, 

- 243 - 



References 

66 L. Cremer M. Heckl E. E. Unger, 
Structure-Borne Sound, 
Second edition, Springer Verlag, 

67 T. Kihlman, 
Transmission of structure-borne sound through buildings, 
Report 9, national Swedish institute for building research. 

68 P. G. Craven and B. M. Gibbs, 
Sound transmission and mode coupling at junctions of thin plates, part I: 
Representation of the problem, 
Journal of sound and vibration 1981 V77 p417-427. 

69 B. M. Gibbs and P. G. Craven, 
Sound transmission and mode coupling at junctions of thin plates, part 11. " 
parametric problem, 
Journal of sound and vibration 1981 V77 p429-435. 

70 W. Wohle, T. H. Beckmann and H. Schreckenbach, 
Coupling loss factors for statistical energy analysis of sound transmission at 
rectangular structural slab joints, part 1, 
Journal of sound and vibration 1981 V77 p323-337. 

71 W. Wohle, T. H. Beckmann and H. Schreckenbach, 
Coupling loss factors for statistical energy analysis of sound transmission at 
rectangular structural slab joints, part 11, 
Journal of sound and vibration 1981 V77 p335-344. 

72 P. Mees and G. Vermeir, 
Structure-borne sound transmission at elastically connected plates, 
Journal of sound and vibration 1993 V166 p55-76. 

73 J. A. Steel, 
Sound transmission between plates in framed structures, 
Journal of sound and vibration 1994 V178(3) p379-394. 

74 I. Bosmans., P. Mees and G. Vermeir, 
Structure-borne sound transmission between thin orthotropic plates: 
analytical solutions, 
Journal of sound and vibration 1996 V1 91(1) 75-90. 

75 M. C. Battachayra 
The response of structures to acoustic excitation and the transmission of sound 
and vibration, 
Ph. D thesis, University of Liverpool, 1970. 

- 244 - 



References 

76 R. D. Sullivan 
Sound insulation of brick diaphragm walls, 
Ph. D thesis, University of Liverpool, 1994. 

77 RWilson 
Sound transmission through double walls, 
Ph. D thesis, Heriot-Watt University, Edinburgh 1992. 

78 RS. Smith, 
Sound transmission through lightweight parallel plates, 
Ph. D thesis, Heriot-Watt University, Edinburgh 1997. 

79 R. S. Langley K. H. Heron, 
Elastic wave transmission through plate/beam junctions, 
Journal of sound and vibration 1990 V 143 P241-253. 

80 R. S. Langley, 
Elastic wave transmission coefficients and coupling loss factors for 
structural junctions between curved panels, 
Journal of sound and vibration 1994 V 169 P297-317. 

81 G. Maidanik, 
Response of ribbed panels to reverberant acoustic fields, 
Journal of the acoustical society of America 1962 V34 N6. 

82 C. E. Wallace, 
Radiation resistance of a rectangular panel, 
Journal of the acoustical society of America 1972 V51(3) p946-52. 

83 F. G. Leppington E. G. Broadbent K. H. Heron, 
The acoustic radiation efficiency Of rectangular panels, 
Phil. transactions of the royal society of London A(1984) A382 p245-p271. 

84 F. G. Leppington E. G. Broadbent K. H. Hcron, 
Acoustic radiation from rectangular panels with constrained edges, 
Phil. transactions of the royal society of London (1984) A382 p67-p84. 

85 F. G. Leppington E. G. Broadbent K. II. Iieron S. M. Mead, 
Resonant and non-resonant acoustic properties of elastic panels. I.. The 
radiation problem, 
Phil. transactions of the royal society of London (1986) A406 p139-pl7l. 

86 G. Maidanik, 
Energy dissipation associated with gas pumping in structural joints, 
Journal of the acoustical society of America V40(5) p1064-1072. 

-245- 



References 

87 RJ. M. Craik J. A. Steel and D. I. Evans, 
Statistical energy analysis of structure-borne sound transmission at low 
frequencies, 
Journal of sound and vibration 1991 V144(1) P95-107. 

88 Jensen and Holm 
Noise reduction in the accomodation of ships by means of constrained layer 
damping 
Inter-noise 1979,15-C 

89 T. Kihlman and J. Plunt 
Prediction of noise levels in ships 
Proceeding of International symposium on shipboard acoustics, 1976, Elesvier 

90 RJ. M. Craik 
Study of sound transmission throug buildings using statistical energy analysis 
Ph. D thesis, Heriot-Watt University, Edinburgh 1980. 

91 M. R. Spiegel 
Theory and problems of Statistics 
Schuam's outline series 2 °d edition, McGraw-Hill 

92 R. Taggart, 
Ship design and construction, 
Edited by society of naval architects, 1980 

93 CETENA, 
Noise and vibration and shock on board ships, 16th graduate school, 
CETENA and university of Genoa volume 1 and 2, March 1992. 

94 G. Fraser 
Structure-borne sound in motor vehicles using statistical energy analysis 
Ph. D thesis, Heriot-Watt University, Edinburgh 1998. 

95 CIRIA underwater engineering group, 
Dynamics of marine structures: methods of calculating the dynamic response of 
fixed structures subject to wave and current action, 
Report UR8,2nd Edition, 1978. 

96 R. S. Langley, J. R. D. Smith and F. J. Fahy 
Statistical energy analysis of periodically stiffened damped plate structures 
Journal of sound and vibration, 1997, V217(3) p407-426 

97 R. J. M. Craik, 
The effect of design changes on sound transmission through a building, 
Journal of building acoustics 1996 V3 No 3 p145-185. 

-246- 



References 

98 RJ. M. Craik and A. Thancanamootoo, 
The importance of in plane waves in sound transmission through buildings, 
Applied acoustics 1992 V37 No 1 p85-109. 

-247- 


