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Abstract 

The noise levels for large capacity marine diesel engines must meet legislative requirements 

as a minimum and may have additional constraints on level and spectral content such as in 

the case of a conventionally powered (diesel / electric) submarine. Exhaust and intake 

system testing and development for this class of engine is generally limited to confirmation 

testing due to limited availability of test facilities, high cost of test hardware and testing, 

limited physical access, and low production volumes. These large diesel engines differ 

significantly from those used for automotive applications in regard to gas flow 

characteristics, exhaust system design, and operational modes. 

To address this development constraint, the Defence Science and Technology Group (DST) 

has evaluated the applicability of an automotive industry one dimensional (1D) simulation 

software suite (Ricardo WAVE) and developed a capability to model / simulate the acoustic 

and gas flow performance of intake exhaust system components representative of large 

marine diesel engines. This capability can be used for exhaust and intake system 

components, complete systems, and full engine installations with savings achieved through a 

reduction in test samples and physical testing. 

 A virtual test bench approach was employed to reduce simulation run times compared to 

that of complete engine installations. The modelling was conducted in order of increasing 

complexity where simple models were validated before progressing to more complex 

models. Published research, theory, and experimental acoustic transmission loss test bench 

data were used for validation. The acoustic cavity mode resonant frequencies were 

experimentally measured using air jet excitation to assess the complexity of the acoustic 

behaviour of the large marine muffler.   

An experimental acoustic transmission loss test bench was designed, constructed and 

developed to provide validation of the modelling / simulation process. This capability 

operates at room temperature and zero flow independently of the engine and engine 

installation and with excitation provided by a low frequency loudspeaker. The acoustic 

transmission loss was calculated using the four microphone and three microphone methods. 

The performance of the facility was validated using a plain duct, simple contraction / 

expansion chambers and was compared with computer simulation results. 

A finite element analysis using ANSYS of a large marine muffler’s shell was conducted to 

assess the effect of shell and structural modes on the acoustic performance. This analysis was 

partially validated by the experimental measurement of the muffler shell resonances. 
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Chapter 1 Introduction 

This chapter explains the background, identifies the target of this study, introduces the 

approaches used, and lists the thesis aims and research methods. 

1.1 Background  

Large capacity diesel engines are used in marine, rail, and off-highway applications as 

propulsion engines, in diesel electric propulsion and with generators for electrical power 

generation. The noise levels must meet legislative requirements as a minimum and must in 

some applications meet additional constraints on level or spectral content. In addition to 

acoustic performance, flow restriction or exhaust back pressure is important as it adversely 

affects the thermodynamic performance of the engine by increasing pumping work [1] and 

accordingly must be minimised. This criterion must be balanced against acoustic 

performance as acoustic performance generally improves with increasing flow restriction.  

The impetus for the work in this study arose from developmental work on the Collins Class 

(CCSM) submarines conducted by Australia’s Defence Science and Technology 

Organisation (DSTO) / Defence Science and Technology Group (DST) starting in the mid-

1990’s  [2]. Accordingly, this thesis considers the particular case of a conventionally 

powered submarine. These are battery electric powered at depth and typically use two or 

three diesel generators (DG) of 1.5 MW capacity each to recharge their batteries either at 

periscope depth or on the surface.  While all submarines rely on their stealth to evade 

detection, the covert operation of a conventional submarine is compromised by the need to 

periodically run the diesel generators to recharge the batteries. During the recharging 

process, the submarine is more vulnerable to detection due to the emission of a higher level 

of distinctive acoustic ‘signatures’. This acoustic signature may enable the submarine to be 

detected and identified.  

The submarine’s far field radiated noise is a combination of hull flow noise and all on-board 

equipment with a significant contributor being the diesel generators. The DG’s contribution 

is a combination shown in Figure 1.1 of intake noise, noise directly radiated from the DG 

structure, structure borne noise through the DG’s isolators, and underwater exhaust / tailpipe 

noise. Due to the DG’s high power output, the exhaust system’s tailpipe noise is the most 

significant noise element radiated as far field noise. 

 



2 

 

 

Figure 1.1 Sources of Base Engine Noise [3] 

 

The tools and techniques explored in this thesis are equally relevant to intake systems and 

exhaust systems with the prime differences being the mean gas temperatures, gas 

temperature variation across operating range, gas flow volumes, and pressure fluctuation 

amplitudes. Traditionally, the acoustical properties of an intake or exhaust system have been 

determined by analytical means and supplemented by experimental validation. Unlike 

automotive applications, noise tests on large marine diesel engine installations are rare 

except for confirmation testing  due to the limited physical access when installed, limited 

availability of acoustic quality engine test facilities, low production volumes, high costs of 

operation and limited availability of the vessel. Additionally mufflers for large marine diesel 

engines are large, heavy, expensive to manufacture, difficult to modify and cumbersome to 

manoeuvre.  
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Experimental verification and development of system performance is accordingly time 

consuming, expensive and requires dedicated test facilities [3, 4]. This has driven the 

emergence of analytical modelling, including software simulation, which is quicker, cheaper, 

and more flexible with respect to test parameters and test configurations.  In the automotive 

industry exhaust and intake system simulation and optimization are important and well-

researched areas [5-14].  However, large marine diesel engines differ significantly from 

those used for automotive applications in the following areas: 

1. higher gas flow volumes  

2. larger amplitude exhaust / cylinder blow down pulses 

3. lower engine speeds 

4. constant speed operation for diesel generators  

5. exhausting under water in some applications. 

 

Computer based modelling provides the capability to design and optimise the acoustical 

properties of the exhaust system without the necessity of manufacturing hardware. The 

software package used in this study can model and optimise the acoustic and flow 

performance of intake and exhaust systems applicable to diesel generators in a conventional 

submarine. 

1.2 Large Marine Muffler 

The focus of this study is a large two chamber marine diesel muffler as shown in Figure 1.2 

and which in this study is designated Large Marine Muffler (LMM). This is purely a test 

muffler and is not used in any application but is similar in concept and size to that fitted to 

the CCSM’s.  To illustrate the difference to automotive components, this exhaust muffler is 

two metres in length and weighs 450 kilograms. It is a twin expansion chamber muffler with 

an interconnecting tube and has better acoustic performance than two similar expansion 

chambers in series. Despite its apparent simplicity, it consists of two expansion chambers, 

two coupled Helmholtz resonators and four quarter wave tubes. It is sometimes referred to as 

Helmholtz filter or a low pass filter. 
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Figure 1.2 Large Marine Muffler (LMM) 

 

1.3 Exhaust Noise Overview 

1.3.1 Spectra of Exhaust Systems 

The far field radiated noise due to an engine’s exhaust is a function of the source level, 

transmission/attenuation paths, and radiation characteristics. The engine source level and 

spectra are dependent on engine configuration, number of cylinders, and running speed. As 

an example, a four stroke V16 configuration engine running at 2000 rpm will have an 

exhaust noise spectrum comprised of harmonics starting at the cylinder firing frequency of 

17 Hz, or half (crankshaft) order with a peak at the engine firing frequency - 267 Hz or 

eighth (crankshaft) order. To illustrate the tonal nature of the exhaust noise, Figure 1.3 shows 

a repetitive tonal time signal and the resultant tonal frequency spectrum. As an example of 

an un-muffled exhaust noise source, Figure 1.4 shows the tailpipe third octave spectrum for a 

V16 marine diesel engine at 2000rpm and 2320 kW. 
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Figure 1.3 Tonal Spectrum For Repeated Pulse Time Signal [15] 
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Figure 1.4 Undamped Exhaust Third Octave Spectrum, MTU 16V M70 Diesel Engine 

[16] 
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1.3.2 Exhaust Noise Reduction Strategies  

Exhaust noise from internal combustion engines comprises tonal components, as mentioned 

in the previous section, and broadband noise generated by the high velocity exhaust gas flow 

through the exhaust system. The exhaust noise propagates from the source towards the outlet 

with partial reflections from each acoustic discontinuity / impedance change e.g. area 

change. Accordingly, the sound pressure level at any point is an instantaneous combination 

of forward travelling and backward travelling waves. As more pressure waves are reflected 

back towards the source and dissipated as heat, less sound energy is radiated from the outlet.  

The primary basis of reducing broadband noise transmission is by increasing reflections, 

promoting destructive interference, and dissipating sound energy as heat by using 

perforations and absorptive packing. For specific tones, noise cancellation can be achieved 

by passively generating out-of-phase resonances with quarter wave tubes and Helmholtz 

resonators, or by active noise cancellation using speakers to generate out-of-phase tones to 

cancel the targeted tones.  

1.4 Simulation 

Many methods of gas flow and acoustic analysis and simulation have been devised including 

empirically based formula, analytical models, method of characteristics, transmission matrix 

method (TMM), Finite Element Method (FEM), Boundary Element Method (BEM) and 

computational fluid dynamics (CFD) in one-dimensional (1D) and three-dimensional (3D) 

forms. The gas flow and acoustic behaviour can be linear or non-linear depending upon the 

flow regime and the amplitude of the pressure fluctuations. Linear behaviour occurs when 

the fluctuations are small in comparison with the mean pressure and this allows the wave 

equation to be linearized and solved more easily and generally. When pressure fluctuations 

are high relative to the mean pressure and there is substantial mean flow, the linear 

assumption breaks down. Fortunately there is CFD software that can model both linear and 

non-linear behaviour including with gas flow.  
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CFD software developers in this area include Gamma Technologies, Lotus Engineering, 

AVL Powertrain Engineering, Optimum Power, and Ricardo. The software used in this 

research program is an automotive one-dimensional (1D) engine and gas dynamics 

simulation software package called Ricardo WAVE. This software can model general and 

complex compressible flow fluid networks in terms of finite volume elements. The flow of 

gas within pipe elements is assumed to be non-linear, one-dimensional, inviscid, 

compressible, and unsteady and the governing equations are conservation of mass, 

momentum, and energy. As reported previously   [17] DST has developed a computer 

modelling and simulation capability based on Ricardo WAVE software capable of predicting 

the acoustic response and flow performance of exhaust systems representative of a large 

marine diesels.  This computer model was validated with published test data and on-engine 

test data. 

1.5  Transmission Loss Test Bench 

To provide further validation, increase confidence in the modelling capability and overcome 

many of the above development constraints, DST has developed an experimental laboratory 

test bench [18] to measure the acoustic transmission loss performance of exhaust system 

components representative of large marine diesel engines. Transmission loss was selected as 

the preferred parameter to characterise acoustic performance as it is independent of the 

upstream and downstream systems which vary depending upon the installation. This test 

bench operates independently of the engine and engine installation with excitation provided 

by a low frequency loudspeaker and at room temperature and with zero flow. The advantages 

and disadvantages of testing at room temperature with zero flow are discussed in detail later 

in this thesis. Four microphones were used to measure sound pressure levels before and after 

the muffler with data acquisition and signal processing by a Hewlett Packard (HP) Spectrum 

Analyser with post processing in MATLAB software to calculate the acoustic transmission 

loss. This thesis describes the test bench design, instrumentation, data acquisition, 

development, data processing techniques and validation process. 
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1.6 Thesis Overview 

1.6.1 Overall Aims 

This study aims to investigate the ability of one-dimensional (1D) computational fluid 

dynamics (CFD) software modelling and simulation to predict the acoustic performance and 

flow restriction of intake and exhaust system components applicable to large diesel engines. 

An additional aim includes an examination of the methods of experimentally quantifying 

component acoustic performance in a laboratory environment. The aims can be summarised 

in the following questions: 

1. Can a commercial one-dimensional (1D) software suite targeted at automotive 

applications be used for modelling the acoustic performance for the intake systems and 

exhaust systems of medium and large diesels? 

2. Can a commercial one-dimensional (1D) software suite targeted at automotive 

applications be used for modelling the flow restriction for the intake systems and exhaust 

systems of medium and large diesels? 

3. What are the acoustic, gas flow, and modelling differences between automotive scale 

intake systems and exhaust systems and those of medium and large diesels? 

4. What is the best method for accurate characterization of the acoustic performance of 

intake and exhaust systems and system components using practical measurements at a 

test facility?  

1.6.2 Research Method 

A detailed literature search examined the applicable modelling and experimental validation 

techniques paying particular regard to large scale diesel components and their differences 

from automotive scale components and techniques. The results of this data and information 

gathering were used to guide and refine the modelling / simulation and verification program. 

Ricardo’s WAVE software suite was used to model selected systems for both acoustic 

performance and flow restriction.  Verification used theory, published results, and 

experimental results as available and applicable. For both acoustic and flow modelling, the 

variations investigated progressed from simple to complex in both configuration complexity 

and modelling complexity. 

Experimental acoustic transmission loss testing was conducted on an existing large two 

chamber muffler (muffler LMM) at DST Western Australia on the experimental laboratory 

test bench.  
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The shell of muffler LMM was modelled using finite element analysis (FEA) software 

(ANSYS) to predict modes of vibration so as to assess their possible influences on the 

experimental acoustic results. 

The acoustic cavity and pipe acoustic modes of muffler LMM were experimentally 

determined using air-jet excitation to assess their influences on the experimental acoustic 

results and to explore the complexity of the muffler. 

1.6.3 Structure of Thesis 

This thesis is structured as follows: 

1. introduction  

2. literature review 

3. technology overview and methodologies  

4. numerical experiments for acoustics and flow 

5. design, construction and validation of an experimental transmission loss test bench 

6. finite element modelling of the muffler shell  

7. limited experimental validation of muffler cavity modes 

8. experimental transmission loss test bench measurements on a large marine muffler 

9. limited experimental validation of muffler shell modes 

10. discussion 

11. conclusions 

12. appendices with more information for: 

a. muffler shell finite element analysis 

b. experimental transmission loss test bench 

c. MATLAB code used for data processing 

d. experimental measurement of muffler shell modes 
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Chapter 2 Literature Review 

2.1 Overview  

This thesis covers a number of well researched areas and to formally review all of these 

areas is beyond the scope of this thesis. So this literature review will concentrate on the areas 

which the author considers to be of direct relevance and in sufficient depth to achieve his 

needs. This is intended not to diminish or lessen the contribution of others to this field of 

research but is a necessary practical approach given the depth and breadth of the research 

areas touched upon by this thesis.   

Exhaust and intake system modelling, simulation and measurement has long been important 

areas of research with many centres of research including Southampton University’s Institute 

of Sound & Vibration Research (ISVR) [19-24], General Motors Research Laboratories [25-

27], the University of Kentucky [13, 28-31], the Indian Institute of Science (IISc)  [10, 11, 

32-35], the University of Manchester’s Institute of Science and Technology [36, 37], 

Cranfield University [38, 39], Queens University Belfast [3, 40],  the University Polytechnic 

Valencia [41] and the University Polytechnic Milan [42, 43]. The acoustic modelling and 

simulation has progressed in sophistication and accuracy in parallel with engine performance 

and gas flow modelling particularly with the advent of modern computing power facilitating 

more complex models and modelling techniques. The acoustic modelling techniques have 

progressed along from analytical / mathematical, one dimensional (1D) computational fluid 

dynamics (CFD), three dimensional (3D) CFD, to combined 1D/3D variants in an attempt to 

improve accuracy under all conditions. This thesis uses a 1D commercial software suite 

called Ricardo WAVE. 

2.2 Automotive / Small engine Applications 

Significant early work targeted at piston engine helicopters was conducted by the US 

National Advisory Council on Aeronautics in the 1950’s [44, 45]. This work comprised 

extensive experimental measurements benchmarked against theoretical calculations using 

classical mathematical models. Increasing customer expectations, high production volumes 

and the large development budgets of the automotive industry has driven the development of 

exhaust and intake system modelling and optimization techniques.  Commercially available 

engine acoustic software is available from a number of vendors [5-8, 12] and is targeted 

primarily at the automotive industry. 
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2.3 Acoustic Measurement Techniques 

While the overall system acoustic performance can be characterised by a single number such 

as tailpipe sound pressure level, it is useful for developmental purposes to be able to quantify 

the acoustic performance contribution of individual components.   Considerable research 

[25-31, 46, 47] has been undertaken as how to best quantify and then to measure the 

component’s acoustic performance in laboratory tests and in on-engine tests. Practical 

techniques have been proposed and developed for measuring theoretical component acoustic 

parameters such as insertion loss, level difference, and transmission loss. Some techniques 

are now mature enough in a controlled laboratory environment to become standard 

measurement techniques for acoustic material properties [48, 49]. However, the best method 

for practical on-engine measurements of engine exhaust and intake component performance 

is still under debate [13] and may be application specific. 

Both Seybert, Ross & Soenarko [29-31]  and Chung & Blaser [25-27] have developed 

experimental techniques which can resolve the complex acoustic fields as measured with 

pressure transducers / microphones at specific points into the required forward and backward 

travelling waves using wave decomposition. From the forward and backwards travelling 

waves, the incident acoustic power and transmitted acoustic power and the transmission loss 

can be calculated. The two techniques are essentially identical with one being able to be 

derived from the other [29, 34]. While the Chung-Blaser method is claimed to be less 

computationally intensive [34], this distinction is now less important due to the continually 

increasing performance of computers. However, the Chung-Blaser uses transfer functions 

and so facilitates corrections for phase and amplitude matching of the microphones.  
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Seybert and Ross at the University of Kentucky presented a seminal experimental technique 

with accompanying theory for the determination of acoustic properties in 1977 [30]. This 

used a sound source with random excitation and two microphones in a tube. This new 

technique addressed the limitations of the standing wave ratio (SWR) method previously 

used including slow measurement speed due to the SWR’s discrete frequency sweep and the 

physical size limitation due to the need for the traversing microphone to actually fit inside 

the system under test. The new technique also addressed the impulse excitation method’s 

difficulty of producing an acoustic pulse with sufficient energy across the desired frequency 

range. The method used two microphones and their measured auto (power) spectra and cross 

(power) spectra combined with wave decomposition to determine the auto (power) spectra 

and cross (power) spectra of the incident and reflected waves. The acoustic impedance, 

absorption, power reflection coefficient and transmission loss can then be calculated as 

appropriate to the item under test. The experimental apparatus used a tube diameter of 48 

mm giving an upper frequency limit of 4.2 kHz and a microphone spacing of approximately 

128 mm which gave solution indeterminacies at multiples of 1.35 kHz. This 4.2 kHz upper 

frequency limit was due to the onset of a duct lateral mode. Seybert and Ross emphasised the 

need for phase and amplitude matching of the microphones and presented an axial 

orientation technique for measuring the required correction factors. The physical diameters 

of their measurement tubes are far smaller than those used in this thesis. 

Chung and Blaser at General Motors Research Laboratories presented the theory [26] and an 

experimental method [27] for measuring in-duct acoustic material properties at zero flow 

using the transfer function method in 1980. The method used two microphones and their 

transfer function relationship combined with wave decomposition to determine the complex 

reflection coefficient. From this coefficient, the acoustic impedance, transmission loss and 

sound absorption coefficient can be determined. The experimental apparatus used a tube 

diameter of 51 mm and a microphone spacing of 27 mm giving upper frequency limits of 4 

kHz and 6.4 kHz respectively. These frequency limits are due to the onset of a duct lateral 

mode and wave decomposition indeterminacy respectively. The microphone phase and 

amplitude matching was accomplished by the use of a transfer function correction 

determined by switching the microphone positions with a constant source and averaging the 

transfer functions.  Compared to those used in this thesis, the physical sizes of their 

measurement tubes were far smaller. Additionally, their upper frequency limit and associated 

microphone spacing are much higher and smaller respectively. 
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Seybert and Soenarko in 1981 [31] followed on from the earlier work of Seybert-Ross and 

Chung-Blaser and presented an error analysis of the spectral estimates used in these 

techniques described earlier. The experimental apparatus used a tube diameter of 52 mm and 

a microphone spacing of 50 mm giving upper frequency limits of 3.8 kHz and 3.45 kHz 

respectively. Again these physical dimensions are much smaller than those used in this thesis 

and their frequency range is much higher. They categorised the errors as bias or random 

errors. As described by Bendat in 1993 [50]  random errors are a haphazard variation of 

results from one analysis to the next, whereas bias errors are systematic and repeatable in 

magnitude and direction from one analysis to the next. The bias errors of the pressure 

spectral densities were a function of the microphone positioning relative to the sample and 

the analysis frequency bandwidth used. These errors are minimised when the microphone is 

located close to the test item and when a small analysis frequency bandwidth is used. The 

random errors were found to be a function of the coherence between the acoustic source and 

the pressures in the duct. These errors can be minimised by ensuring a high coherence by 

minimising extraneous noise sources and using small microphone spacings.  Large errors 

were noted when a standing wave node coincided with a microphone position and due to the 

microphone spacing when kL  approached zero and  kL approached π (where k is the wave 

number and L is the microphone spacing). 

Boden and Abom [47] from the Swedish Royal Institute of Technology followed on from the 

work above and presented a more comprehensive theoretical and experimental examination 

of both the measurement errors and their effects on the calculated results of the two 

microphone method in1986.  Random and bias errors were considered and the basic input 

parameters examined were those required to calculate the required acoustic parameter - 

transfer function, microphone spacing, the distance from a microphone to the acoustic 

sample and duct length. The results in Seybert and Soenarko above were confirmed with the 

following additional conclusions: 

1. The bias error target or the transfer function should be less than 1% in magnitude and 

0.6º in phase as this the typical Fourier analyser accuracy in the mid 1980’s. 

2. If the termination is not highly reflective this bias error can be easily met 

3. If the termination is highly reflective a higher frequency resolution of less than one Hz is 

required. 

4. The distance from the closest microphone to the sample should be a minimum of two to 

three diameters to minimise the effect of any lateral modes even below the cut-on 

frequency. 
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5. The error in the actual microphone spacing due to a microphone’s ‘acoustic centre’ not 

coinciding with microphone’s physical centre was found to be 0.5 mm for a pair of 

particular ¼ inch diameter microphones. This was for microphone spacings of 10.5 mm 

and 20.0 mm and a frequency range of 400 Hz to 4 kHz. 

6. If the source end is reflective, the overall length of the duct should be kept small - five to 

ten diameters to minimize standing wave effects. 

7. If the source end is non-reflective, then the overall length of the duct is arbitrary. 

8. The two microphone method has the lowest sensitivity to errors when kL is equal to π. 

9. The two microphone method should only be used when kL is in the range 0.1 π < kL < 

0.8π to avoid a high sensitivity to input data errors. 

These guidelines and those from Seybert–Soenarko were considered and incorporated where 

possible into the acoustic transmission loss test bench designed for and used in this thesis. 

The implication of point 9 above is that multiple microphone spacings were needed to cover 

the thesis’ subject frequency range. 

Further work by Seybert [29] in 1988 presented a ‘unified theoretical approach’ to the two 

sensor methods presented over the previous ten years. He proposed that the duct acoustic 

properties can be derived from a general wave decomposition theory using the sound 

pressures measured at two points in the duct. The decomposition theory is presented in detail 

and experimentally verified. Using the decomposition theory, the auto (power) spectra and 

the cross (power) spectra for the incident and reflected wave are derived. From these the 

normalized impedance, power reflection coefficient and acoustic intensity are calculated. 

The Chung-Blaser transfer function approach described earlier was shown to be a special 

case of the decomposition theory. 

In 2003 Tao and Seybert [13] presented a review of the techniques for measuring the 

acoustic transmission loss of a muffler. The wave decomposition method with an anechoic 

termination shown in Figure 2.1 was discussed first and this gives good results provided the 

anechoic termination is effective. The wave decomposition method will not work if there is 

reverberant behaviour after the muffler and this will be explained further in Section 5.7 of 

this thesis. 
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Figure 2.1 Wave Decomposition Theory Schematic [13] 

Tao and Seybert recommend using the four pole / transfer matrix method shown 

schematically in Figure 2.2 when the termination after the muffler is reflective and 

consequently wave decomposition does not work. The removal of the need for an effective 

anechoic termination is particularly suited to applications with gas flow such as the large 

marine muffler in this thesis. 

 

Figure 2.2 Transfer Matrix, Four Poles [13] 

The transfer matrix for this is Equation (2.1): 

   [
𝒑𝟏

𝒗𝟏
] = [

𝑨 𝑩
𝑪 𝑫

] [
𝒑𝟐

𝒗𝟐
]     (2.1) 

 Where: 

 p1 and p2 are the sound pressure amplitudes at positions 1 and 2 respectively 

v1 and v2 are the sound particle velocity amplitudes at positions 1 and 2 respectively 
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A, B, C and D are the four parameters of the system. 

Tao and Seybert presented two methods of obtaining the four pole parameters using wave 

decomposition and discussed their advantages and disadvantages. Validation was based on 

boundary element modelling (BEM) of small single and twin chamber expansion mufflers. 

These were 203 mm and 305 mm long respectively. The bodies were 153 mm in diameter 

with 35 mm diameter inlets and outlets. The first method was the two source method shown 

schematically in Figure 2.3. This method requires the source to be relocated or the muffler to 

be reversed with each configuration providing the two equations required to solve for the 

four unknowns. 

 

Figure 2.3 Two-Source Method, Configurations a and b [13] 

While use of the two source is certainly possible for many applications it is not practical for 

on-engine testing or easy with the large mufflers which are the focus of this thesis. 

The second method was the two load method shown schematically in Figure 2.4. This does 

not require the source to be changed or the muffler to be reversed. Rather it requires the test 

to be run with two loads / impedances Za and Zb to give the required four equations. The two 

loads needs to be sufficiently different to ensure stability of the result. 
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Figure 2.4 Two-Load Method, Load 1 And Load 2 Configurations  [13] 

This method is well suited to on-engine testing and the large marine mufflers which are the 

focus of this thesis.  Due to the effect of changes in back pressure on the engine operation, 

care needs to be taken that the differences in the loads / impedances do not affect the engine 

combustion pressures and accompanying source levels. 

As stated earlier, this work has reached a level of acceptance and maturity such that standard 

test methods have been published by ASTM International for measuring the sound 

absorption coefficients of acoustic materials using the transfer matrix two load method [48, 

49]. These standard test methods typically use small diameter tubes such as the Seybert 

associated Spectronics Inc. apparatus [51] which has 34.8 mm diameter tubes and 

microphone spacings of 29.2 and 76.2 mm. For this apparatus, Spectronics Inc. quote a 

frequency range of 50 Hz to 5650 Hz. The first ASTM test method [49] uses two 

microphones with the acoustic sample against a solid backing piston. The second ASTM test 

method [48] uses a through approach with two microphones each side of the sample and two 

loads. While not aimed at muffler testing the theory and method of the transfer matrix two 

load method are well suited to any acoustic device [52] including those which are the focus 

of this thesis. 
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In 2013 Seybert published A Guide to Making Effective Measurements of Sound Absorption 

Coefficient [51] which detailed how to prepare acoustic material samples, use the 

aforementioned Spectronics Inc. apparatus, and associated measurement sources of error. In 

addition to the areas already covered in his earlier work he quantified the error in the actual 

microphone spacing due to the microphones ‘acoustic centres’ as 0.3 mm in a microphone 

spacing of 29.2 mm. While this 0.3 mm error can be significant in the small microphone 

spacings used for acoustic material high frequency measurements it is expected to have little 

effect with the 200 mm and 500 mm microphone spacings used in this thesis. 

2.4 Marine / Large Diesel Applications  

As opposed to the large quantity of published automotive modelling research papers, there 

appears to very little published research for exhaust and intake system modelling and 

optimization for large diesels [23, 53, 54]. In particular there is very little published work on 

gas flow and back pressure modelling and simulation [32, 34, 55].  This is likely to be due to 

lower customer requirements, a lack of a culture of publishing, and research and 

development work being retained as commercial property.  In 2013 Ricardo [56] were 

unaware of anyone using their software to model large marine exhaust systems.  The current 

commercial marine diesel approaches appear to be: 

1. an engine manufacturer provides exhaust noise levels and spectra, 

2. an engine manufacturer recommends and/or supplies a muffler, 

3. a muffler manufacturer supplies a standard design muffler to meet a specific sound 

pressure level reduction, and/or 

4. an acoustic consultant is engaged for a custom installation to meet special requirements. 

In 2005 Johansson et al presented two papers on a proposed noise measurement technique 

using averaging of six microphones before and after the silencer in association with a 

manufacturer of large marine diesel engines - Wartsila Finland. The technique was called 

Silencer & Exhaust Systems Acoustic Measurement (SESAM). The first paper [57] detailed 

an experimental test bench (Figure 2.5) and measurement techniques.  The sound levels from 

each set of six microphones were averaged in two ways – logarithmic average of all six and 

spatial averaging where the microphones were paired based on their spacing matching one 

quarter wavelength of the frequency of interest. This spatial averaging is claimed to 

compensate for standing waves in the ducts. 
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Figure 2.5 Schematic of SESAM Measurement Set-Up [57] 

The second paper [58] presented the results of the above SESAM method on a running 

Wartsila W8L20 diesel (Figure 2.6) and with speaker excitation.  The subject engine is a 70 

litre capacity eight cylinder diesel rated at 1480 kW at 900 rpm. The calculated sound power 

in the ducts for each noise source was then compared with the radiated / tailpipe measured 

sound powers.  

 

Figure 2.6 SESAM Measurement Schematic On Wartsila 8L20 Diesel [58] 

In this author’s opinion, the SESAM technique is promising as it does not affect engine back 

pressure, is simpler than the two-source and two-load methods and does not require an 

anechoic termination. It does not generate the four pole parameters for acoustic element but 

can generate the acoustic transmission loss if the sound power is calculated each side of the 

acoustic element. 
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In 2008, Ji and Wang presented a paper [59] on a variation of the boundary element method 

and compared the predictions with experimental test bench measurements on a large muffler 

– ø 550 mm and 1.5 m long. The noise source was a combustor with a centrifugal fan for 

flow in lieu of an engine. Their experimental technique used the four microphone transfer 

function two-load method with microphone error correction using the Chung-Blaser 

technique. Due to apparent concerns with the noise source stability 1000 averages were used. 

This author notes that the measurement and analysis techniques are as per the standard test 

methods above [48].  

2.5 Effects of Gas Temperature on Acoustic 

Attenuation 

For practical and logistical reasons associated with generating and maintaining a high gas 

and muffler temperature, the experimental transmission loss test bench operates at room / 

ambient temperature rather than at operating engine exhaust temperatures. The influence of 

this difference needs to be understood so that the test bench testing can be extrapolated to 

on-engine performance. In addition to increasing the mean gas volume flow rate, a survey of 

the literature showed that gas temperature affects: 

1. speed of sound and resulting wavelength and wave number [60-63] 

2. gas density [60, 62, 63] 

3. gas viscosity [60]. 

To further assess the effects of temperature, it is helpful to look at the formulae for the 

transmission losses of reactive devices typically used in the mufflers of interest to this thesis. 

The transmission loss of an expansion chamber can be calculated using Equation (2.2) [34, 

55]. 

2.5.1 Expansion Chamber 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 (𝑇𝐿) = 10log10 (1 + 1
4⁄ (𝑚 + 1

𝑚⁄ )
2

sin2 𝑘0𝑙)   (2.2) 

where: 

k0 is the stationary wave number ( 𝑘 = 2𝜋𝑓 𝑐⁄   or  𝑘 = 𝜔 𝑐⁄     or  𝑘 = 2𝜋 𝜆⁄ ) 

l is the length of the contraction / expansion (m) 

m is the area ratio. 
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 f is the frequency in Hz 

w is the frequency in radians 

c is the speed of sound in m/s 

λ is the wavelength in m 

The wave number is the only parameter affected by temperature and results in a frequency 

shift with temperature as shown in Figure 2.7 for a simple large expansion chamber muffler 

(Muffler LM1, Figure 4.3) at gas temperatures of 25 °C and 430 °C 

 

Figure 2.7 Simple Expansion Chamber, Effect of Temperature on Calculated 

Transmission Loss 

2.5.2 Helmholtz resonator 

The transmission loss of a Helmholtz resonator can be calculated using Equation (2.3) [55]. 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 (𝑇𝐿) = 10log10 (1 + (
𝑆

2𝑆𝑑

((
𝑆𝑣

𝑆⁄ ) tan(𝑘𝑙𝑣)+tan(𝑘𝑙𝑒))

((
𝑆𝑣

𝑆⁄ ) tan(𝑘𝑙𝑒) tan(𝑘𝑙𝑣)−1)
)

2

)    (2.3 ) 

where: 
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S is the resonator neck cross-sectional area (m
2
) 

Sd is the duct cross-sectional area (m
2
)  

Sv is the cavity cross-sectional area (m
2
)  

lv is the length of the cavity in the axial direction (m) 

le is the effective length of the resonator neck (m) 

Again the wave number is the only parameter affected by temperature and results in a 

frequency shift with temperature. 

2.5.3 Quarter Wave Tube 

The transmission loss of a quarter wave tube can be calculated using Equation (2.4) [55]. 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 (𝑇𝐿) = 10log10 (1 + (𝑆
2𝑆𝑑

⁄ tan(𝑘𝑙𝑒))
2

)   (2.4) 

where: 

S is the quarter wave tube cross-sectional area (m
2
) 

Sd is the duct cross-sectional area (m
2
)  

le is the effective length of the quarter wave tube (m) 

Again the wave number is the only parameter affected by temperature and results in a 

frequency shift with temperature. 

2.5.4 End Corrections 

The frequencies at which reactive devices operate is driven by their effective acoustic 

lengths or dimensions rather than their physical lengths as explained further in Section 9.7.2.  

The end correction to give the effective acoustic lengths of tubes can be calculated using 

Equations (2.5)  [55] and (2.6) [55].  In this case there is no temperature dependency for the 

end corrections. 

𝐸𝑛𝑑 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (𝑙0) = 0.82(1 − 1.33𝜉)   (2.5) 

where: 
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a is the radius of the contraction / pipe (m) 

ξ is the ratio of contraction pipe diameter to expansion pipe diameter. 

𝐸𝑛𝑑 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 (𝑙0) = 0.61𝑎    (2.6) 

2.5.5 Overall Effects 

As shown above, the frequency based acoustic performance of the relevant acoustic devices 

is generally wavelength / temperature dependent. Accordingly these values can be corrected 

using the ratio of the speeds of sound based on a nominal exhaust temperature and the 

experimental test bench ambient temperature. In contrast, the transmission loss amplitudes 

are generally temperature independent and do not require temperature corrections. 

2.6 Effects of Mean Gas Flow on Acoustic 

Attenuation 

The experimental transmission loss test bench and the Ricardo WAVE virtual test bench 

both operate at zero mean flow, whereas the operating engine experiences both mean gas 

flow and fluctuating gas flow. The experimental transmission loss test bench operates at zero 

flow for practical and logistical reasons associated with the difficulty of generating 

approximately 3 kg/s of gas flow. For software reasons, the modelling’s virtual test bench is 

unable to accurately maintain the pressure difference needed to generate a specific mean 

flow. The influence of flow differences needs to be understood so that test bench testing and 

WAVE modelling can be extrapolated to on-engine performance. The following are a 

selection of researchers who have investigated this topic. 

2.6.1 Alfredson and P.O.A. L. Davies 

In 1970, Alfredson and P.O.A. L Davies (ISVR) [19] noted that exhaust system mean gas 

flow has a significant effect on the nett energy transport within the exhaust system and that 

the omission of mean gas flow can lead to serious errors in predicted levels of sound radiated 

by the exhaust. In 1971, Alfredson and Davies [20]proposed a plus and minus mean gas flow 

(+M and –M, where M is the speed in Mach) term into their plane wave prediction / 

modelling equations. They noted that standing wave patterns can be generated by the 

shedding of vortices at exhaust system discontinuities.  They also found that gas flow can be 

disruptive to acoustic performance with their linearized modelling over predicting muffler 

attenuation when flow was omitted. In particular, they found neglect of mean flow resulted 

in large scale discrepancies between theory and experiment. 
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2.6.2 Eriksson and Thawani 

In 1985, Eriksson and Thawani [61] published a comprehensive paper on exhaust system 

design theory and practice. They noted that the effects of mean flow are likely to be the one 

of the main causes of the discrepancy between theory and measurements and defined a wave 

number (k) in the presence of flow called the convective wave number (kc). This is shown in 

Equation (2.7) for flow in the direction of sound propagation and in the opposite direction. 

 𝑘𝑐 =
𝑘

1±𝑀2       (2.7) 

For low gas flow such as Mach 0.1, the wave number correction factor is only ± 1 % and is 

accordingly insignificant. At high flows such as Mach 0.4 it is significant at + 19 % and – 

14%. With respect to straight through resonators with perforated pipe, they found that mean 

flow affects the perforate impedance term, causes dissipative losses in perforates, and 

changes particle velocities through the perforates. They noted that increased flow velocity 

through the exhaust system may actually result in an increased sound level due to 

aerodynamic noise generation as the high velocity flow passes various edges and 

perforations in the muffler. Additionally they commented that there was a possibility that the 

frequency of flow generated noise may coincide with internal acoustic resonances of the 

muffler 

2.6.3 Green and Smith 

In 1988, Green and Smith [62] reported on theoretical and experimental work conducted on 

the gas flow and the exhaust noise of heavy vehicle exhaust systems. They noted that while 

steady mean flow as in laboratory test facilities can cause acoustic resonances which then 

dominate the output spectra, on-engine the flow is not steady and these resonances are 

therefore not expected to develop in engine operation. In addition they proposed an empirical 

relationship for predicting flow generated noise as shown in Equation (2.8).  

𝑬𝒘 =  𝑳𝒘 − 𝟏𝟎𝒍𝒐𝒈𝟏𝟎𝑷𝒂𝒕 + 𝟏𝟕. 𝟓𝒍𝒐𝒈𝟏𝟎(𝑻 + 𝟐𝟕𝟑) − 𝟐𝟎𝒍𝒐𝒈𝟏𝟎𝑫 − 𝟒𝟓𝒍𝒐𝒈𝟏𝟎𝑼 + 𝟐𝟔. 𝟗  (2.8) 

where  

Ew is noise generation efficiency (dB) 

Lw is emitted sound power (dB re 10
-12

 W) 

T is gas temperature (ºC) 



26 

 

D is internal pipe diameter (m) 

U is gas flow velocity (m/s) 

Pat is atmospheric pressure (mm Mercury) 

2.6.4 Abom and Boden 

In an analysis of errors in the two microphone method in ducts with flow, Abom and Boden 

in 1988 [46] noted the following flow related possible sources of error with respect to flow: 

1. most techniques assume zero attenuation between microphones, whereas with flow the 

attenuation is unknown and non-zero 

2. pressure fluctuations – acoustic and turbulent 

3. the optimum microphone spacing range must be corrected to account for the mean flow. 

2.6.5 M.E. Davies and Johnson 

In 1990, M. E. Davies (Ricardo) and Johnson [64] commented on the effects of flow and 

advised that further flow corrections may be necessary to account for jet effects and flow / 

acoustic interactions within the system. One effect of the jet is to distort the directionality of 

the wave propagation due to the shear layer between the jet and the stationary flow. Another 

effect is that most energy flows straight through thus reducing the attenuation efficiency. 

2.6.6 Beranek and Ver 

In their 1992 book on noise and vibration [60], Beranek and Ver included a chapter on 

silencer / muffler acoustics. They showed that for a large dissipative muffler (1.5 metres 

long, 610 mm in diameter with 150 mm thick absorption material) that the attenuation varied 

with mean flow speed and the relative direction of the mean gas flow and the sound 

propagation as shown in Figure 2.8. They noted that for dissipative silencers, flow: 

1. affects the effective propagation speed of sound 

2. creates a velocity gradient near passage boundaries that causes refraction of sound 

towards (same direction) or away from the lining (opposite directions) 

3. increases the effective flow resistance of baffle. 

For reactive silencers, they noted that: 

1. the convective wave number can be calculated using Equation (2.7) shown previously.  

2. mean grazing flow has a strong effect on the impedance of the resonator throat 
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3. the attenuation of an expansion chamber is not significantly degraded by mean flow 

when the mean flow is less than 0.1 Mach. 

They also advised against the use of undamped quarter wave tubes in high mean flow 

environments due to possible conversion of steady-flow energy into acoustical energy by 

aerodynamic interaction between the flow and the resonator. 

 

Figure 2.8 Effect of flow speed and direction on sound attenuation [60] 

(a) flow and sound propagation in same direction 

(b) flow and sound propagation in opposite directions  



28 

 

2.6.7 Crocker and P.O.A.L Davies 

In 1998, Crocker [65] edited a handbook on acoustics which included a chapter on silencer / 

muffler acoustics by Davies (ISVR). They noted that there are significant effects arising 

from the presence of a mean flow including corrections to the axial wave number based on 

the speed of the mean flow and the relative direction of the sound propagation. In essence, 

the wavelength is stretched relative to that in the free field for waves travelling in the 

direction of flow and contracted for those travelling in the reverse direction, due to the 

convection by the mean flow. 

2.6.8 Allam and Boden 

In 2005, Allam & Boden [66] presented a paper addressing duct acoustic two-port data in the 

presence of flow. They noted that flow noise can cause contamination of the measured 

pressure signals with the flow noise masking the acoustic signals. To overcome the 

potentially poor signal to noise ratio and the difficulty of designing an anechoic termination 

that is effective at low frequencies, they proposed: 

1. Using the two source method 

2. locating excitation speakers on a side branch with 50% porosity perforations 

3. signal processing techniques to reduce adverse effects of flow noise at microphones. 

2.6.9 Bies and Hansen 

Bies & Hansen noted in 2009 [55]: 

1. that for a short narrow duct the effective length / end correction depends upon the mean 

flow and the relative direction of the mean flow and the sound propagation 

2. acoustic resistance is affected by mean flow 

3. for quarter wave tubes and Helmholtz resonators, the effective length / end correction 

factor is affected by the mean grazing flow 

4. an increase in mean duct flow reduces side branch resonator acoustic performance 

because the resistive part of the impedance usually increases  

5. mean flow can decrease the cut-on frequency for either upstream or downstream 

propagation 

6. other researchers had reported decrease in insertion loss from 30 dB to 10 dB for flow 

speeds above 40m/s due to increased damping caused by the flow 

7. other researchers had reported a 20% increase in resonance frequency in presence of 70 

m/s flow. 
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2.6.10 Munjal 

M. L. Munjal in 2013 [32] and 2014 [34] commented on the effects of mean flow on muffler 

acoustic performance. He commented that while the forward wave moves faster (c0 + M) and 

the reflected wave moves slower (c0 - M) due to convective effect of mean flow, this can be 

neglected in the whole of muffler analysis as a first approximation. For a more thorough 

analysis however the dissipative effect of the mean flow at the area discontinuities and 

perforates, because of the flow separation, plays a crucial role in the muffler performance 

and must be incorporated appropriately. The convective wave number can be calculated 

using Equation (2.7) shown previously. Mean flow increases attenuation at higher 

frequencies and decreases it at lower frequencies. Mean flow affects downstream convective, 

sideways diffraction, and the absorption properties of materials by scattering through 

vortices and other non-linear effects. The amount of flow generated noise can set an insertion 

loss noise floor which limits muffler acoustic performance. 

2.6.11 Howard and Craig 

In a study of quarter wave tube orifice geometries, Howard and Craig in 2013 [67] 

commented that the acoustic performance of silencing elements decreases with an increase in 

gas flow above a Mach 0.1 threshold.  Apart from possible whistling, the effects of grazing 

flow are to change the reactive and resistive components of the resonator neck’s impedance. 

These impedance changes will cause the resonant frequencies to increase or decrease 

depending upon the effects of the increasing flow on each impedance term. 

2.6.12 Howard and Cazzolato 

In 2015 Howard & Cazzolato [63] commented on the acoustic performance of quarter wave 

tubes in the presence of grazing flow. They strongly recommended further investigation with 

respect to end corrections for a variety of tube interface geometries and grazing flows.  

Additionally they noted that mean flow can result in aero-acoustic phenomena, vortex 

shedding and excitation of quarter wave tubes and Helmholtz resonators. 

2.6.13 Large Marine Muffler 

To put the preceding flow speed comments into context, the mean gas flow rates for a simple 

large twin expansion chamber muffler (Muffler LM4, Figure 4.7) were calculated for a gas 

temperature of 430 °C and a mass flow rate of 3.1 kg/s - Table 2-1. The mean gas flow in the 

muffler body is well under the Mach 0.1 threshold whereas the flow in the ducts and 

interconnecting tube is slightly above this threshold. 
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Table 2-1 Flow Rates for Simple Large Two Chamber Muffler (LM4) 

Muffler LM4 Diameter (mm) Mean Flow Rate 

(m/s) 

Mean Flow Rate 

(Mach) 

Inlet / Outlet Duct 340 68 0.13 

Muffler Body 820 12 0.02 

Interconnecting Tube 300 87 0.16 

  

2.6.14 Overall Effects 

Mean flows of less than Mach 0.1 are expected to have minimal effects on acoustic 

attenuation. Notwithstanding this, the presence of mean gas flow in an intake or exhaust 

system results in: 

1. flow generated noise 

2. a change to the effective speed of sound  due to a Doppler effect which depends upon the 

direction and speed of the gas flow 

3. changes to end corrections / effective acoustic lengths 

4. changes to wave propagation damping 

5. aero-acoustic interactions including excitation of acoustic modes 

6. higher losses through perforates and absorptive material 

7. an inability to design and use of an effective anechoic termination 

8. flow noise masking acoustic performance / degrading signal to noise ratio. 
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Chapter 3 One Dimensional (1D) 

Modelling - Overview 

This chapter gives an overview of the CFD method and software used in this study for 

modelling and simulating the acoustic and flow characteristics and also addresses the likely 

effect of finite amplitude waves. 

3.1 Ricardo WAVE Software 

Ricardo WAVE software can model general and complex compressible flow fluid networks 

in terms of finite volume elements, which include constant area or tapered pipes/ducts, 

junctions of multiple ducts, orifices, and termination points such as infinite plenums 

(ambients), anechoic boundaries and special machinery elements such as engine cylinders, 

piston compressors, turbochargers and supercharger (compressors and turbines), and pumps 

[12]. These elements can be attached to the pipe networks to serve as sources or absorbers of 

pulsating flows [12]. The flow of gas within elements is assumed to be non-linear, one-

dimensional, inviscid, compressible, and unsteady and the governing equations are 

conservation of mass, momentum, and energy [68]. According to Ricardo [68], the basic 

methodology incorporated in WAVE has been extensively tested against a set of reference 

cases, including: 

1. shock wave propagation in a duct 

2. pressure wave reflection from closed and open ends of a duct 

3. steady-state flow through a duct with an abrupt change of cross sectional area 

4. flow through an orifice 

5. pipe flow with friction 

6. pipe flow with heat transfer 

7. flow through junctions of three ducts. 

DST group has a licence for the Ricardo one-dimensional (1D) engine and gas dynamics 

simulation software suite WAVE . This software is used by DST for the prediction and 

optimisation of diesel generator performance under submarine operating conditions.  Figure 

3.1 shows a typical WAVE model of a turbocharged six cylinder diesel engine [12]. The 

models consist of the individual elements that make up the engine and exhaust system. These 

elements are connected at nodes to represent the flow of intake and exhaust gases. 

Simulations are conducted by the code solver that performs all the calculations needed to 

simulate the engine operation. 
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Figure 3.1 Schematic of Six Cylinder Diesel Engine WAVE Model, after [12] 

 

3.2 Modelling Methodology 

The software models gas flow systems by breaking down the physical layout into 1D 

elements.   

Figure 3.2 shows a simple 1D model with three elements to represent an expansion chamber 

muffler. These elements are further subdivided by WAVE into 1D sub-volumes to give the 

required physical and frequency resolution as shown in 

Figure 3.3 where a half wave is subdivided into seven discrete steps.  In the direction of 

sound propagation / flow the Ricardo guidelines [68] are to divide the highest frequency 

wavelength of interest into six to ten sub-elements. The 1D elements have longitudinal 

dimensions that are at least ten times the transverse dimensions and are used with the 

assumption that there are no lateral modes. Using 1D elements instead of three-dimensional 
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(3D) elements markedly reduces the element complexity and number of elements which in 

turn greatly reduces solution run times. WAVE can model more complex systems by 

meshing with multiple 1D elements (see  

Figure 3.4) to give a quasi-3D model.  Note that these multiple 1D elements are only 

connected in the longitudinal direction and not connected in the transverse direction as 3D 

elements would be. Ricardo’s WaveBuild3D is a model creation module designed to import 

geometry from CAD files and create acoustic quality meshes consisting of multiple 1D 

elements.  

As lateral modes within a 1D duct are not considered, the effective frequency range and 

mesh size must take into account the duct’s characteristic lateral mode frequency [27, 69]. 

While plane waves of any frequency can propagate relatively attenuated, the cut-on / cut-off 

frequency is the effective upper frequency limit for a plain duct or element due to the effects 

of the first lateral mode. The cut-on frequency (for the lateral mode) refers to the frequency 

at which the lateral mode starts propagating. The cut-off frequency (for a duct) is again the 

frequency at which the lateral mode starts propagating. Accordingly the terms cut-on and 

cut-off frequencies are effectively equivalent for the purposes of plane wave 1D propagation. 

For a 300 mm diameter circular duct at 430 °C, this is approximately 1 kHz and is 

effectively equivalent to a half wavelength across the corrected diameter [70].   

 

 

 

Figure 3.2 Three Duct / Element Model [68] 

 

 

 

Figure 3.3 Subdivision of 1D Duct to Improve Frequency and Spatial Accuracy [68] 
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Figure 3.4 Complex Meshed (1D) Model [68] 

 

3.3 Governing Equations 

The duct is one dimensional as shown in the “Fluid Control Volume” in Figure 3.5 in that 

the gas flow parameters (pressure, density, particle velocity and area) vary only in the 

longitudinal direction and with time. 

 

Figure 3.5 One Dimensional (1D) Duct Fluid Control Volume, after [71, 72] 
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The details of the flow as calculated in the flow network are obtained as a solution of quasi-

one dimensional compressible flow equations and are then written in a finite difference form 

for each of these volumes. The governing equations are conservation of mass, momentum, 

and energy as defined in Figure 3.6. A staggered mesh system is used, with equations of 

mass and energy solved for each volume and the momentum equation solved for each 

boundary between volumes as shown in Figure 3.6. The solution of the governing equations 

is obtained by the application of a finite difference technique, utilizing the finite-volume 

approach, to the discretization of the partial differential equations. The time-differencing is 

based on the explicit technique, with the Courant condition determining the time step [12, 

68]. 

 

Figure 3.6 1D Duct Conservation of Mass, Energy & Momentum, after [12, 68] 
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3.4 Finite Amplitude Considerations 

The high amplitudes of the pressure fluctuations in the exhaust system give rise to finite 

amplitude pressure waves in addition to linear acoustic waves. The primary difference is that 

the waveforms of the finite amplitude pressure waves continually change as they propagate 

away from the source as shown in Figure 3.7. This is because the higher pressure 

components of the dynamic wave affect the density of the propagation medium resulting in a 

change in the speed of sound. So different pressure amplitudes propagate at different speeds 

and this leads to a steepening of the pressure waveform and the formation of a shock wave. 

The shock wave formation time and distance can be derived from Equations (3.1) and (3.2) 

respectively [19]. 

   𝑻(𝒔𝒆𝒄𝒐𝒏𝒅𝒔) =  
𝒑𝟎

(𝟓×𝒇×∆𝒑)
     (3.1 ) 

 

   𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 (𝒎𝒆𝒕𝒓𝒆𝒔) = 𝑻 (𝒄 ± 𝒗𝟎)   (3.2 ) 

where: 

p0 is the ambient pressure (Pascals) 

f is the wave frequency (Hz) 

∆p is the amplitude of the pressure wave (Pascals) 

c is the mean speed of sound (m/s) 

v0 is the mean velocity of the gas flow (m/s). 
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Figure 3.7 Variation of Sinusoidal Wave with Time / Propagation [19] 

 

The importance of this is that it introduces nonlinear effects into the wave propagation and 

may invalidate linear theory and modelling. The actual speed of propagation is the speed of 

sound in the medium ± the local gas flow mean velocity. To assess the impact of this, the 

actual amplitudes in the exhaust systems, in the experimental test bench and in the WAVE 

modelling are relevant.  The typical values of the maximum sound pressure levels in exhaust 

systems are 155 dB re 20µPa at 300 Hz and 135 dB re 20µPa at 100 Hz [34]. The input 

sound pressure level in the experimental test bench was set at 120 dB re 20µPa and this is 

accordingly used in the corresponding WAVE modelling. 

Figure 3.8  and Table 3-1 show the distances to shock wave formation at a typical engine 

exhaust temperature (430 ºC) with a typical gas flow rate (50 m/s).  Even at 155 dB re 

20µPa, the distances (61 metres at 100 Hz and   6.1 metres at 1000 Hz) are generally much 

larger than typical exhaust systems and can be discounted even though a submarine exhaust 

could be 30 metres long. 
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Table 3-2 and Figure 3.9 show the distances to shock wave formation for the test bench at 25 

ºC with zero flow.  At 120 dB re 20µPa, the distances are larger than the test bench and 

muffler and can be discounted, namely 44 metres at 100 Hz and 4.4 metres at 1000 Hz 

 

Figure 3.8 Finite Amplitude Waves, Shock Wave Formation Distance, 430 °C, 50 m/s 

Flow, for 120 dB, 140 dB, 150 dB and 155 dB re 20µPa  

 

 

Figure 3.9 Finite Amplitude Waves, Shock Wave Formation Distance, 25 °C, Zero Flow, 

for 120 dB and 140 dB re 20µPa
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Table 3-1 Finite amplitude shock wave, Formation distances (metres), 430 °C, 50 m/s 

Flow 

Sound Pressure 

Level (dB re 20µPa) 

Frequency (Hz) 

100 150 200 300 400 500 600 700 800 900 1000 

120 3439 2293 1720 1146 860 688 573 491 430 382 344 

140 344 229 172 115 86 69 57 49 43 38 34 

150 109 73 54 36 27 22 18 16 14 12 11 

155 61 41 31 20 15 12 10 8.7 7.6 6.8 6.1 

 

Table 3-2 Finite Amplitude Shock Wave, Formation Distances (metres), 25 °C, Zero 

Flow 

Sound Pressure 

Level (dB re 20µPa) 

Frequency (Hz) 

100 150 200 300 400 500 600 700 800 900 1000 

120 2479 1653 1240 826 620 496 413 354 310 275 248 

140 248 165 124 83 62 50 41 35 31 28 25 

150 78 52 39 26 20 16 13 11 10 9 8 

155 44 29 22 15 11 8.8 7.3 6.3 5.5 4.9 4.4 

 

3.5 Meshing  

The WaveBuild3D meshing strategy for a complex shape / volume is to construct an overall 

volume consisting of internal volumes / cavities, planar elements and tube sections. The 

meshing elements consist of ducts, simple Y-junctions, complex Y-junctions, perforates, 

openings, ambients, external connectors, orifices and mass-less ducts. The sequence of 

meshing is that: 

1. tubes are individually meshed,  

2. cavities are individually meshed,  

3. all open and internal tube ends are connected to cavities and 

4. all perforates are meshed (including openings and planar items which join together 

adjacent cavities and tubes). 

The meshing is in three dimensions dx, dy, and dz with the direction convention shown in 

Figure 3.10. 
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Figure 3.10 Discretisation Axes X, Y & Z 

 

3.6 Acoustic Modelling  

WAVE has numerous tools and capabilities to perform acoustic characterisation and noise 

simulations of full engines, partial models, and individual components such as an exhaust 

muffler. Ricardo claims that good correlation with experimental data is typically achieved 

for complex automotive exhaust systems up to 1000 Hz and for simple automotive 

concentric tube mufflers up to 4000 Hz [68]. Note that as WAVE is incapable of predicting 

flow variations due to turbulence, it cannot directly calculate flow noise. Instead WAVE 

optionally uses an empirical flow noise correlation [62] to add flow noise to the WAVE 

predictions. 

 For the testing and simulation of individual components and subsystems, WAVE includes 

an acoustic piston / speaker and an anechoic termination to construct a virtual test bench (see 

Figure 3.11) which is capable of determining the transmission loss and / or acoustic level 

difference of a component between two locations. Unfortunately WAVE’s anechoic 

termination does not fix an ambient pressure so the acoustic virtual transmission loss test 

bench cannot be used in conjunction with flow. The benefit of running partial and 

component models is greatly reduced running times. For example, a full engine model may 

take four hours to run but a virtual test bench run of a meshed large muffler would take ten 

minutes. Engine source characteristics can be extracted from full engine models for later use 

in partial systems. 
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Figure 3.11 Schematic of WAVE Acoustic Virtual Test Bench 

 

The acoustic transmission loss is calculated using a computer analogue of the Chung-Blaser 

[26, 27] experimental technique. Transmission loss is the difference in sound power level 

between the incident wave entering, and the transmitted wave exiting the component. This 

measurement / calculation requires two pressure transducers on either side of the silencer  as 

shown in Figure 3.12 in order to measure the incident and transmitted acoustic power flows. 

 

Figure 3.12 General Arrangement of Chung-Blaser Four Microphone Method [68] 

 

A post processor Ricardo’s WavePost provides acoustic-specific post-processing 

capabilities, including noise radiation models and acoustic processing and analysis tools. For 

example, resonances and standing waves can be identified using run speed sweeps and 

spatial animations. 
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3.7  Flow Modelling  

WAVE also has the capability to perform gas flow analysis of full engines, partial models, 

and components. The flow coefficients for elements are either assigned manually or 

automatically generated by WAVE. Note that the gas flow performance is influenced by 

geometric details of the components such as the inlet and outlet edge shapes. In complex 

flow regimes, a more detailed solid model with a mesh finer than that used for acoustic 

modelling may be needed. A 1D mesh or a coupled 1D and 3D CFD approach may be 

needed.  

For the flow testing of partial systems and components, WAVE can be used to construct a 

virtual test bench (see Figure 3.13) to determine the gas flow rate through the component due 

to a specific pressure difference.  

 

 

Figure 3.13 Schematic of WAVE Flow Virtual Test Bench  
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Chapter 4 Flow Modelling (1D) 

Methodology 

This chapter explains the flow modelling approach, the validation data, the WAVE 

modelling methodology and quantifies the subject simplified large mufflers (LM) and large 

marine muffler (LMM).  

4.1 Overview  

4.1.1 Measure of Flow Performance 

The normal measures of the flow performance of a component are the flow rate through and 

the coefficient of flow (Cf) or coefficient of discharge (Cd) for a specific pressure difference 

across the component. Both coefficients express the actual measured flow as a fraction of the 

theoretical flow and are useful measures of flow efficiency. The two coefficients are 

generally interchangeable and identical provided the theoretical flow areas are identical. An 

example of where they differ is the case of a poppet valve in a cylinder head where different 

flow areas are used. These measures of performance can be obtained from a WAVE flow 

virtual test bench or full engine model. This report will be confined to flow rates on a virtual 

test bench at a constant pressure difference. 

Using a test bench approach allows development independent of the engine and/or complete 

exhaust system. Additionally the simulation run times are greatly reduced. The virtual test 

bench consisted of an inlet ‘ambient’ pressure, an inlet duct before the test element, the 

element being tested, an outlet duct after the test element, and an outlet ‘ambient’ pressure. 

The methodology employed was to specify a pressure difference and use the resultant gas 

mass flow rate as a measure of flow efficiency. The modelling / simulation provides a lot of 

flexibility and capability by enabling  the following parameters to be specified and varied - 

gas temperatures, wall temperatures, heat transfer, termination type, gas type, and pressures 

at inlet and outlet. 

4.1.2 Modelling Strategy  

The modelling was conducted in order of increasing complexity in such a way that simpler 

models could be evaluated and validated before progressing onto more complex models as 

follows: 
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1. ten individual large mufflers with design increments from simple expansion chamber 

muffler to complex twin chamber muffler (Muffler LM 1 to 10) with theoretical 

validation, and 

2. a complex large marine muffler (Muffler LMM) with limited validation from on-engine 

testing of similar mufflers. 

4.1.3 Model Construction 

The models for the test elements were constructed using a variety of approaches - 

Wavebuild, WaveBuild3D, and computer aided design (CAD) software depending upon the 

complexity of the models. The models consisted of: 

1. single 1D elements 

2. multiple 1D elements (meshed) 

3. geometry imported from CAD files and then meshed.  

The large twin expansion chamber marine muffler (Muffler LMM) shown in Figure 4.1 and 

Figure 4.2 was available for experimental acoustic transmission loss testing and was 

according selected for modelling. This muffler is two metres in length, 800 mm in diameter 

and weighs 450 kg. It is different dimensionally to those fitted to CCSM’s but is similar 

enough in concept to warrant investigation. 
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Figure 4.1 Large Marine Muffler (LMM), Cross-section 

 

Figure 4.2 Large Marine Muffler (LMM), Meshed 
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Ten simplified large expansion chamber mufflers (Mufflers LM1 to LM10 inclusive) were 

designed to examine the effects of iterations from a large single expansion chamber (LM1) 

to a typical large marine muffler (LM10 and LMM). The inlet and outlet pipes are 340 mm 

in diameter and one metre long and with a muffler body 820 mm in diameter and 1.675 

metres long. These mufflers are shown in Figure 4.3 to Figure 4.13 with the basic elements 

in Figure 4.3, Figure 4.5, Figure 4.6, and Figure 4.7 being repeated in Figure 4.8 to Figure 

4.13 inclusive. 

 

 

Figure 4.3 Simple Large Muffler LM1 
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Figure 4.4 Simple Large Muffler LM1, Meshed 

 

 

Figure 4.5 Simple Large Muffler LM2, Other Details / Dimensions as per LM1 

 

Figure 4.6 Simple Large Muffler LM3, Other Details / Dimensions as per LM2 
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Figure 4.7 Simple Large Muffler LM4, Other Details / Dimensions as per LM3 

 

Figure 4.8 Simple Large Muffler LM5, Other Details / Dimensions as per LM4 
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Figure 4.9 Simple Large Muffler LM6, Other Details / Dimensions as per LM5 

 

Figure 4.10 Simple Large Muffler LM7, Other Details / Dimensions as per LM3 

 

Figure 4.11 Simple Large Muffler LM8, Other Details / Dimensions as per LM4 
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Figure 4.12 Simple Large Muffler LM9, Other Details / Dimensions as per LM2 

 

Figure 4.13 Simple Large Muffler LM10, Other Details / Dimensions as per LM2 

 



 

51 

The configuration elements of these mufflers (LM1 to LM10  and LMM) are summarised in 

Table 4-1. 

Table 4-1 Summary of Features of Large Mufflers, LM1 to 10 and LMM 

Muffler  Meshed Extended 

Inlet 

Centre 

Baffle 

Interconnecting 

Tube 

Extended 

Outlet 

Angled 

inlet & 

Outlet 

Simplified Large Expansion Chamber Mufflers (LM) 

LM1 

(meshed) 

Yes No No No No No 

LM1 

(ducts) 

No No No No No No 

LM2 Yes Yes No No Yes No 

LM3 Yes Yes Yes No Yes No 

LM4 Yes Yes Yes Yes Yes No 

LM5 Yes Yes Yes Yes Yes Yes 

LM6 Yes Yes No No Yes Yes 

LM7 Yes No Yes No No No 

LM8 Yes No Yes Yes No No 

LM9 Yes No No No Yes No 

LM10 Yes Yes No No No No 

Large Marine Muffler (LMM) 

LMM Yes Yes Yes Yes Yes Yes 

 

4.2 Flow Validation data 

4.2.1 Overview 

There is only limited data available as the on-engine pressure drop for Muffler LMM is 

currently unknown. However testing with similar mufflers gives an indicative flow 

restriction value. The gas flow rate through the subject exhaust system was measured at 

various operating conditions during the New Class Submarine (Collins) project in 1990 [73]. 

At full load the exhaust gas mass flow rate was measured as 3.1 kg/s with an exhaust gas 

temperature of 430 °C. 
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For most of the simple construction mufflers (LM1 to LM10 inclusive) and duct systems the 

flow restriction can be readily calculated using the Coefficient of Discharge or the Loss 

Coefficient methods. Mufflers LM5 and LM6 have compound angle flows and are not 

readily solved using the aforementioned methods. 

4.2.2 Loss Coefficient Flow Methodology 

A common approach [34, 55, 74] for calculating the pressure drop due to flow in a duct or 

pipe system is to use the flow Loss Coefficient (K) for each part of the system, e.g. pipe, 

expansion, contraction, valve, or orifice. The coefficient is related to the dynamic head as 

shown in Equation (4.1) [74]. The approach is to sum the K values for each part of the 

system to give the overall pressure drop. As distinct to the discharge coefficient, a K of 0.0 

indicates no flow restriction / zero pressure drop and the pressure drop increases as K 

increases.   

   𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒅𝒓𝒐𝒑 (∆𝒑) = 𝑲
𝟏

𝟐
𝝆𝑼𝟐   (4.1 ) 

 where: 

 K is the Loss Coefficient 

ρ is the density (kg/m
3
) 

U is the gas velocity (m/s). 

For a pipe or duct the flow Loss Coefficient Kp is given by Equation (4.2) [32]. K is typically 

0.05 for a mild steel circular pipe one metre long and 340 mm in diameter as typically used 

in the subject mufflers. K is 0.03 for the bodies of these mufflers - 1.675 metres long and 820 

mm in diameter. 

   𝑳𝒐𝒔𝒔 𝑪𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 𝑷𝒊𝒑𝒆 (𝑲𝒑) = 𝑭
𝒍𝒑

𝒅𝒑
    (4.2 ) 

 where: 

F is the Froude’s friction factor (typically 0.016 for mild steel pipes) 

lp is the pipe length (m) 

dp is the pipe hydraulic diameter (m). 
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For a sudden expansion or extended inlet, the Loss Coefficient Ke derived by Equations (4.3) 

and (4.4) [32] is typically 0.69 for a sudden expansion from 340 mm to 820 mm diameter. 

  𝑳𝒐𝒔𝒔 𝑪𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕 𝑬𝒙𝒑𝒂𝒏𝒔𝒊𝒐𝒏 𝑲𝒆 = (𝟏 − 𝒏)𝟐  

 (4.3 ) 

 

    𝒏 = (
𝒓𝒖

𝒓𝒅
)

𝟐
     (4.4 ) 

where: 

rd is downstream radius (m) 

ru is the upstream radius (m). 

For a sudden contraction or extended outlet, the Loss Coefficient Ke derived using Equation 

(4.3) is typically 0.41 for a sudden contraction from 820 mm to 340 mm diameter. 

From these values for K, it is apparent that the majority of the pressure drop is due to 

geometry changes rather than pipe friction and in the majority of cases pipe friction can be 

ignored. 

For muffler LM1 the calculated Loss Coefficients are: 

Inlet pipe friction (one metre long, ϕ 340 mm)  K= 0.05 

Sudden expansion     K= 0.69 

Body pipe friction (1.675 metres long, ϕ 820 mm) K= 0.03 

Sudden contraction     K= 0.41 

Outlet pipe friction (one metre long, ϕ 340 mm)  K= 0.05 

Total       K= 1.20 

The mean flow rate (U) in the inlet pipe is 80 m/s (from WAVE modelling) and the nominal 

density at 1 bar is 0.5043 kg/m
3
.  Note that the mean flow rate in the muffler body is reduced 

by the area ratio (0.415).  The total Loss Coefficient is the sum of these with correction for 

the lower mean flow rate in the body. Using Equation (4.1) to (4.5), the total pressure drop is 

2.03 kPa. 
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𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒅𝒓𝒐𝒑 (∆𝒑) =  (𝟎. 𝟎𝟓 + 𝟎. 𝟔𝟗 + 𝟎. 𝟎𝟑 × 𝟎. 𝟒𝟏𝟓𝟐 + 𝟎. 𝟒𝟏 + 𝟎. 𝟎𝟓) ×
𝟏

𝟐
×

 𝟓𝟎𝟒𝟑 × 𝟖𝟎𝟐     (4.5 ) 

Similar calculations for muffler LM2 (extended inlet and outlet) give a higher pressure drop 

of 2.08 kPa for the same flow rate.  This is due to friction in the longer inlet and outlet pipes 

being only partially offset by the effectively shorter body. Muffler LM8 is more complex 

being muffler LM1 with an internal baffle and interconnecting tube. This gave a calculated 

pressure drop of 3.95 kPa for the same flow rate. 

The pressure drops for the same flows (80 m/s inlet velocity and 3.75 kg/s mass flow rate)  

using the Loss Coefficient method are summarised in Table 4-2. 

Table 4-2 Summary of Calculated Flow Coefficients K and Pressure Drop 

Muffler Flow Coefficient K Pressure Drop (kPa) Flow  % relative to LM1 

LM1 1.20 2.03 100 

LM2 1.23 2.08 98 

LM8 2.33 3.95 52 

 

4.3 WAVE Modelling Flow Methodology 

4.3.1 Mufflers LM1 to LM10 

The large expansion chamber mufflers (LM) were modelled on the virtual test bench at 700 

K (≈ 430 °C) with a pressure difference (5 kPa) that was selected to give the required mass 

flow rate (approximately 3.1 kg/s). These models were constructed and meshed in 

Wavebuild3D with increasing level of complexity to examine the sensitivity of the flow 

performance to design changes. For comparison a simple expansion chamber (LM1) was 

also modelled using ducts rather than meshed. 

4.3.2 Muffler LMM 

The large twin chamber marine muffler LMM was correspondingly modelled on the virtual 

test bench at 700 K (≈ 430 °C) with a pressure difference (12.5 kPa) that gave approximately 

3.1 kg/s gas flow rate. Note that muffler LMM also has flared extended inlet and outlet tubes 

which can be expected to reduce flow restrictions by smoothing abrupt area and directional 

changes. 
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4.3.3 Coefficient of Discharge  

Where there are changes in the physical geometry of adjoining elements, the impediment to 

gas flow can be characterised by the flow coefficients Cf or Cd. A Cd of 1.0 has no flow 

restriction / zero pressure drop, whereas the pressure drop increases as the Cd decreases.  

The Cd / gas flow performance is strongly influenced by the geometric details of components 

such as the inlet and exhaust entry shapes as shown by the six contractions in Figure 4.14 

[68] and the sudden expansion in Figure 4.15 [68].   

 

Figure 4.14 Coefficients of Flow, Various Contraction Configurations, after [68] 

 

Figure 4.15 Coefficient of Flow, Sudden Expansion, after [68] 

In WAVE the flow coefficients (coefficients of discharge Cd) for elements are either 

assigned manually if known or automatically generated based on upstream diameter, 

downstream diameter, and effective orifice diameter. The relationship used by WAVE [68] 

is shown in Equation (4.6). This gives a Cd of 0.61 for a step contraction from ø 820 mm to ø 

340 and a Cd of 1.0 in the case of a sudden area increase from ø 340 mm to ø 820 mm.  

  𝑪𝒅 = 𝟏 − [𝟏 − [
𝑫

𝑫𝟏
]

𝟒
] ∗ [𝟎. 𝟐 + 𝟎. 𝟐 ∗ [𝟏 − [

𝑫

𝑫𝟐
]

𝟒
]]  (4.6 ) 

Where: 

D is the orifice diameter 

D1 is the upstream diameter 

D2 is the downstream diameter. 
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57 

Chapter 5 Acoustic Modelling (1D) 

Methodology 

This chapter explains the measures of acoustic performance, the WAVE modelling 

methodology and parameters, the effects of lateral modes, sound pressure wave 

decomposition and the experimental acoustic transmission loss test bench.  

5.1 Measurement of Acoustic Performance 

The sound pressure level at any point in the exhaust system is the instantaneous combination 

of multiple forward travelling and backward travelling waves. The sound pressure level at a 

point as measured by a microphone or pressure transducer is accordingly dependent upon the 

systems both downstream and upstream of the measurement point. This has implications 

when measuring and characterising the acoustic performance of single elements and 

subsystems. 

Three common ways of characterising and measuring the acoustic performance of systems or 

components such as a muffler are level difference (noise reduction), insertion loss (external), 

and transmission loss [13]. Level difference is the difference in sound pressure levels across 

the component of interest. Insertion loss is the sound pressure level difference at a reference 

point, usually outside the exhaust system, with and without the presence of the component. 

Both level difference and insertion loss are dependent upon the systems around the 

component of interest. 

Transmission loss is defined as the difference in sound power level between the incident 

wave entering and the transmitted wave exiting the component. It is purely attributable to the 

component of interest and is theoretically independent of the upstream and downstream 

systems. For the purposes of muffler modelling and development, transmission loss is often 

the preferred parameter to characterise the exhaust component due to its independence from 

the surrounding exhaust systems and source.  
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Various experimental techniques can be used to evaluate the transmission loss and typically 

use two pressure transducers on either side of the test component to measure the upstream 

and downstream sound pressure levels and post processing to separate the forward and 

backward travelling waves – Figure 3.12. This method is based on plane wave propagation 

and an anechoic termination at the system exit. An effective anechoic termination is difficult 

to achieve in practice [13, 75, 76], though techniques have been proposed to compensate for 

a reflective termination [13]. 

5.2 Excitation / Source Characteristics 

5.2.1 Input spectra 

In WAVE modelling, the input “speaker” is generally used as a multi-sine or white noise 

source. The multi-sine source imposes a gas velocity made up of a constant term with a 

superimposed random-phase multi-sine term. No withstanding this, the input spectrum is 

flexible and can be tailored to suit the analysis with options including: 

1. random noise 

2. swept sine 

3. white noise 

4. multi-sine 

5. specific engine spectra 

6. targeted frequencies 

5.2.2 Sound Pressure Level and Particle Velocity 

As stated earlier in Section 3.4, 120 dB re 20µPa was selected as the input sound pressure 

level in the experimental test bench and in the corresponding WAVE modelling.  The 

WAVE simulation uses an input particle velocity rather than a sound pressure level and this 

is calculated using impedance calculations for ambient air. Equation (5.1) calculates the 

impedance. 

  𝑰𝒎𝒑𝒆𝒅𝒂𝒏𝒄𝒆 𝒁𝒂 =
𝒑

𝒖⁄ = 𝝆𝟎 × 𝒄𝟎     (5.1 ) 

Where 

p is the rms sound pressure (Pa) 

u is the rms particle velocity (m/s) 
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ρ0 is the density of the medium (kg/m
3
) 

c0 is the speed of sound (m/s). 

In air at 25 °C and 1 atmosphere pressure (101.325 kPa), 

ρ0 is 1.1839 kg/m
3  

Za is 409.4 kg/m
2
. 

Equation (5.2) calculates the sound pressure corresponding to the sound pressure level (pref is 

20µ Pa). Note that as sound pressure level is a mean square quantity, the calculated sound 

pressure is correspondingly a root mean square (rms) quantity. 

  𝒑 =  𝒑𝒓𝒆𝒇  × 𝟏𝟎
𝒅𝑩

𝟐𝟎 =  𝟐𝐱𝟏𝟎−𝟓  ×  𝟏𝟎
𝒅𝑩

𝟐𝟎      (5.2 ) 

Equation (5.3) is used to calculate the equivalent particle velocity. For 120 dB re 20µPa this 

is 50 mm/s and Table 5-1 summarises calculated sound pressures and particle velocities for 

sound pressure levels of 25 to 150 dB re 20µPa. 

    𝒖 =
𝒑

𝒁𝒂
       (5.3 ) 

 

Table 5-1 Calculated Sound Pressures and Particle Velocities at Standard 

Temperature and Pressure 

Sound Pressure Level 

(dB re 20µPa) 

Sound Pressure (rms) 

p  (Pa)  

Particle Velocity (rms) 

u (mm/s)  

25 0.0004 0.001 

50 0.006 0.015 

75 0.11 0.27 

90 0.63 1.53 

100 2.0 4.8 

110 6.3 15.3 

120 20.0 48.4 

120.3 20.6 50.0 

125 35.6 86.1 

130 63.2 153.1 

150 632.5 1531.5 

 



60 

 

5.3 Frequency Range 

Engine configurations ranging from 6 to 16 cylinders were analysed by the author to 

determine the required frequency range for the modelling and experimental test bench. 

Diesel generators typically run at 1500 rpm or 1800 rpm for power generation at 50 Hz or 60 

Hz respectively.   Using the cylinder firing rate (CFR) to give the lower limit and the fifth 

harmonic of the CFR to give the upper limit [68], the required frequency range was therefore 

75 Hz to 1000 Hz as shown in Table 5-2 for a nominal run speed of 1500 rpm for four-stroke 

engines.   

Table 5-2 Engine Derived Frequency Range, 1500 Rpm, Even Firing 

Number of Cylinders 6 8 12 16 

Cylinder Firing Crankshaft Order 3 4 6 8 

Half Order (Hz) (four stroke) 12.5 12.5 12.5 12.5 

Dominant Firing Frequency Hz) 

(Even firing engine configuration) 

75 100 150 200 

Fifth Harmonic Frequency (Hz) 375 500 750 1000 

 

As the acoustic performance of devices is generally wavelength / temperature dependent, 

these values were then corrected using the ratio of the speeds of sound based on a nominal 

exhaust temperature (430 °C) to give ambient temperature (25 °C) equivalent frequencies of 

50 Hz to 655 Hz.  This gave a target range of 30 Hz to 700 Hz for the room temperature test 

facility.  

5.4 Lateral Frequencies 

As the two microphone method assumes plane wave propagation, the first lateral mode cut-

on frequency in the measurement duct sets an upper limit for testing. The lateral cut-on 

frequency can be calculated using Equation (5.4) [70] and for circular cross sections is 

effectively equivalent to a half wavelength across the corrected diameter.  

   𝒇𝒄 = 𝟏. 𝟖𝟒𝟏𝟐 ∗ 𝒄/(𝟐 ∗ 𝝅 ∗ 𝒓)    (5.4 ) 

Where:  

r is the duct radius 

c is the speed of sound. 
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Using Equation (5.4), the lateral cut-on frequencies for a 330 mm diameter duct and a 820 

mm diameter muffler body / duct are 614 Hz and 247 Hz respectively at 25 °C. At 430 °C, 

the equivalent duct and muffler body cut-on frequencies are 941 Hz and 379 Hz respectively. 

Note that the duct cut-on frequency at 614 Hz is inside the target frequency range at 25 °C as 

is the cut-on frequency of 914 Hz in the on-engine installation at 430 °C. In addition to the 

effect of the cut-on frequencies on the wave decomposition in the measurement ducts, they 

also indicate the presence of lateral modes in the exhaust system. Table 5-3 summarises the 

cut-on frequencies for a range of exhaust components and diameters at 25 °C and 430 °C for 

which the corresponding speeds of sound are 346 and 530 m/s respectively. From this 

analysis we can see that lateral modes are an important influence in large scale components 

but much less so for automotive components 

Table 5-3 Lateral Mode Frequencies, Exhaust System Components 

Typical device 
Pipe diameter 

(m) 

Cut–on Frequency 

(Hz) 

at 430° C and 530 m/s 

Cut-on Frequency 

(Hz) 

at 25° C and 346 m/s 

Automotive Exhaust Piping 0.05 6212 4056 

Automotive Exhaust Piping 0.075 4142 2704 

Automotive Muffler 0.1 3106 2028 

Automotive Muffler 0.2 1553 1014 

TL Bench Measurement 

Ducts 0.33 941 614 

Marine Exhaust Piping 0.34 914 596 

Marine Muffler Body 0.82 379 247 

Marine Muffler Body 1 311 203 

 

5.5 Discretization 

The frequency and spatial resolution is determined by the selected discretization size (dx) 

which should be between 1/6th and 1/10th of the wavelength of the highest frequency of 

interest. Table 5-4 summarises the recommended dx values for the two microphone spacings 

and the two temperatures. 
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Table 5-4 Meshing Parameters – dx Discretization Size Resulting From Upper Limit 

Frequency Based On Microphone Spacing 

Temperature 

(°C) 

Microphone Spacing 

(mm) 

Upper 

frequency 

(Hz) 

Lambda 

(m) 

dx (mm) 

for 6 

elements 

 per 

wavelength 

dx (mm) 

for 10 

elements 

per 

wavelength 

25 500 275 1.258 210 126 

25 200 690 0.501 84 50 

430 500 425 1.247 208 125 

430 200 1060 0.500 83 50 

 

  

5.6 Microphone Spacing 

The relative spacing of each microphone in the microphone pairs is critical in that it affects 

the effective frequency range and resultant measurement accuracy.  There has been 

considerable work in this area and the following guidelines [47] were used to ensure 

accuracy. These are graphically represented in Figure 5.1 for an air temperature of 25 °C. 

The optimum microphone spacing is achieved when ks = π/2 , and the effective range is 

achieved at 0.1π < ks < .8π where k is the wave number (k =2πf/c or k =2π/λ),  f is the 

frequency and s is the microphone spacing. In addition to the accuracy requirements, the 

wave decomposition is indeterminate when the microphone spacing is half a wavelength 

(λ/2).  

 

Figure 5.1 Microphone Spacing Guidelines, 25 °C, after [47] 
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It can be seen from Figure 5.1 that the two spacings (200 mm and 500 mm) cover the 

required frequency range of 35 Hz to 690 Hz at 25 °. At 430 °C, these two spacings cover 

the frequency range of 55 Hz to 1060 Hz. These frequency limits and the λ/2 indeterminacy 

frequency for both spacings and both temperatures are summarised in Table 5-5. 

Table 5-5 Summary of Microphone Spacing Guidelines 

Temp 

(°C) 

Speed of 

Sound 

(m/s) 

Spacing 

(mm) 

Lower Limit 

(Hz) 

Optimum 

(Hz) 

Upper Limit 

(Hz) 

Frequency 

(Hz)  

for λ/2  

25 346 500 35 175 275 345 

25 346 200 85 430 690 865 

430 530 500 55 265 425 530 

430 530 200 132 660 1060 1325 

 

5.7 Wave Decomposition 

As stated earlier, the sound pressure level at any point in the exhaust system is an 

instantaneous combination of multiple forward travelling and backward travelling waves. 

This is shown schematically in Figure 5.2 where SAA and pi and SBB and pr are the incident 

and reflected auto (power) spectra and sound pressures respectively.  

 

Figure 5.2 Wave Decomposition in Duct 
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Both Chung-Blaser [26, 27] and Seybert-Ross-Tao [13, 29, 30] have developed experimental 

techniques which can resolve the complex acoustic fields as measured at specific points into 

the required forward and backward travelling waves. From the forward and backwards 

travelling waves, the incident acoustic power and transmitted acoustic power and the 

transmission loss can be calculated. The two techniques are essentially identical with the 

Chung-Blaser method being able to be derived from the Seybert-Ross-Tao method [11, 29]. 

The wave decomposition is achieved using Equations (5.5) to (5.9) inclusive [13, 29]. 

Incident wave spectra (𝑆𝐴𝐴) 

𝑺𝑨𝑨 = [𝑺𝟏𝟏 + 𝑺𝟐𝟐 − 𝟐𝑪𝟏𝟐 𝐜𝐨𝐬  𝒌(𝒙𝟏 − 𝒙𝟐) + 𝟐𝑸𝟏𝟐𝐬𝐢𝐧 𝒌(𝒙𝟏 − 𝒙𝟐)]/𝟒𝐬𝐢𝐧𝟐𝒌(𝒙𝟏 − 𝒙𝟐) 

          (5.5 ) 

Reflected wave spectra 𝑆𝐵𝐵 

𝑺𝑩𝑩 = [𝑺𝟏𝟏 + 𝑺𝟐𝟐 − 𝟐𝑪𝟏𝟐𝐜𝐨𝐬 𝒌(𝒙𝟏 − 𝒙𝟐) − 𝟐𝑸𝟏𝟐𝐬𝐢𝐧 𝒌(𝒙𝟏 − 𝒙𝟐)]/𝟒𝐬𝐢𝐧𝟐𝒌(𝒙𝟏 − 𝒙𝟐)  

          (5.6 ) 

Amplitude (rms) of the incident wave sound (𝑝𝑖) 

    𝒑𝒊 = √𝑺𝑨𝑨     (5.7 ) 

Amplitude (rms) of the reflected wave sound pressure (𝑝𝑟) 

    𝒑𝒓 = √𝑺𝑩𝑩     (5.8 ) 

The transmission loss calculation is calculated using Equation (5.9): 

 𝑻𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 𝑳𝒐𝒔𝒔 = 𝟐𝟎 𝐥𝐨𝐠𝟏𝟎(𝒑𝒊/𝒑𝒕) + 𝟏𝟎 𝐥𝐨𝐠𝟏𝟎(𝑺𝒊/𝑺𝟎)  (5.9 ) 

The effectiveness of the anechoic termination (power reflection coefficient) is calculated 

using Equation (5.10) [29]: 

  𝜶𝟎(𝒇) = 𝑺𝑩𝑩(𝒇)/𝑺𝑨𝑨(𝒇)    (5.10) 

 where: 

SAA(f)  is the incident wave auto (power) spectrum 

SBB(f)  is the reflected wave auto (power) spectrum 

S11(f) is the pressure auto (power) spectrum at (arbitrary) point 𝑥1 

S22(f) is the pressure auto (power) spectrum at (arbitrary) point 𝑥2 
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C12(f) is the real part of the pressure cross (power) spectrum between points 𝑥1 and 

 𝑥2 

Q12(f) is the imaginary part of the pressure cross (power) spectrum between points 𝑥1 

 and 𝑥2 

x1 is the distance to an arbitrary point from a reference position (m) 

x2 is the distance to an arbitrary point from a reference position (m) 

(x1-x2) is the microphone spacing (m) 

pi is the rms amplitude of the incident wave sound pressure (Pa) 

pr is the rms amplitude of the reflected wave sound pressure (Pa) 

pt is the rms amplitude of the transmitted wave sound pressure (incident wave sound 

pressure after the test item (Pa) 

Si is the area of the area of the inlet tube area (m
2
) 

So is the area of the area of the outlet tube area (m
2
) 

a0(f) is the power reflection coefficient. 

5.8 Acoustic Transmission Loss Bench 

The experimental and the WAVE virtual test bench consisted of a speaker for excitation, a 

measurement duct with two microphones before the test element, the element being tested, a 

measurements duct with two microphones after the test element, and an anechoic 

termination. The transmission loss bench is shown schematically in Figure 5.3 and uses wave 

decomposition before and after the item of interest to calculate the incident (pi) and the 

transmitted (pt) sound pressures. From these pressures the incident and transmitted sound 

pressures and the sound transmission loss are calculated. The transmission loss was 

calculated by WAVE using the Chung-Blaser [26, 27] experimental technique. The 

experimental transmission loss bench uses the Seybert-Tao [13] techniques and data 

processing and is covered in more detail in Section 9.6. 
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Figure 5.3 Transmission Loss Bench Schematic 
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Chapter 6 Numerical Experiments – 

Flow Modelling 

This chapter covers the flow modelling of the simplified large mufflers (LM) and large 

marine muffler (LMM). It presents the flow results and provides comparisons by grouping 

into logical groups to illustrate the effects of design iterations. 

6.1 Virtual Test Bench 

The WAVE flow simulation software was used as a virtual test bench with nominal exhaust 

gas temperatures of 700 K (≈ 430 °C). The pressure difference across the test mufflers was 

selected to give a nominal mass flow rate of 3.1 kg/s. The discretisation sizes were chosen to 

give the finest mesh possible within the constraints of the software. Table 6-1 summarises 

the modelling parameters. Note that WAVE automatically applies a Cd of 0.80 to the 

upstream ambient to inlet pipe interface thus reducing the effective pressure difference 

across the test element. 

Table 6-1 WAVE Flow Modelling Parameters 

Parameters WAVE Flow Modelling 

Speed of Sound 530 m/s 

Temperature 700 K (≈ 430 ºC) 

Pressure Difference, LM Mufflers 5 kPa 

Pressure Difference, LMM Muffler 12.5 kPa 

Pressure downstream 1.0 bar 

Cut-on Frequency for Ducting (ø 340 mm) 915 Hz 

Cut-on Frequency for Muffler Body (ø 820 mm) 380 Hz 

Measurement Type Mass flow 
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6.2 Simplified Large Expansion Chamber 

Mufflers 

The flow rate of simplified large expansion chamber mufflers (LM) were simulated in 

WAVE at 5 kPa overall pressure difference and the results are summarised in Table 6-2 and 

Figure 6.1. These large expansion chamber mufflers (Mufflers LM1 to LM10 inclusive) 

were designed to evaluate the effects of geometry variations. 

Table 6-2 Flow Results Summary, Large Mufflers (LM1 to LM10) 

Test Mufflers Mass Flow (kg/s) Mass Flow % relative to LM1 

 

LM1 3.67 100 

LM1 (ducts) 3.57 97 

LM2 4.03 110 

LM3 3.30 90 

LM4 3.22 88 

LM5 2.61 71 

LM6 3.25 89 

LM7 3.29 90 

LM8 3.23 88 

LM9 4.03 110 

LM10 4.00 109 
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Figure 6.1 Flow Results Summary, Large Mufflers (LM1 to LM10) 

These results show a high sensitivity to design variations. To simplify the results and to 

show the effects of successive iterations, the ten mufflers were divided into four subsets: 

6.2.1 LM1 (meshed) versus LM1 (ducts) 

This compares a single large expansion comprised of three cylindrical ducts (Figure 4.3) 

versus the same geometry meshed (Figure 4.4) into multiple 1D elements (one cavity, two 

tubes, 642 Y-junctions, 1754 ducts). The difference is minimal with the flow rates being 3.57 

and 3.67 kg/s for the three duct muffler and the meshed muffler respectively. 

6.2.2 LM1 to LM5 

This progression is from a simple single expansion chamber (LM1) to a twin expansion 

chamber with interconnecting tube, angled extended inlet, and angled extended outlet (LM5) 

with the results summarised in Figure 6.2.  
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Figure 6.2 Flow Results Summary, Large Mufflers (LM1 to LM5) 

The flow rate reduction with increasing complexity and flow impediments is shown by LM1, 

LM3, LM4 and LM5. However LM2 shows higher flow compared to LM1 when no increase 

was expected and this is the opposite trend to that in the flow coefficient method earlier. The 

extended inlet and the sudden expansion should have similar flow coefficients [34]. The 

sudden contraction and extended outlet should also have similar flow coefficients [34].  In 

muffler LM2, the longer inlet pipe / extended inlet friction and the longer outlet pipe / 

extended outlet friction should increase the flow restriction. This is not completely offset by 

the slightly reduced body pipe friction due to the shorter body. Clearly this is a topic for 

future investigation.  

6.2.3 LM1 to LM2  

This series consists of single expansion chamber mufflers (no centre baffle / interconnecting 

tube) with progression from a simple expansion chamber (LM1) to a simple expansion 

chamber with extended inlet, and extended outlet (LM2). The series splits the progression 

from LM1 to LM2 with LM9 which has only an extended outlet and LM10 which has only 

an extended inlet and the results are summarised in Figure 6.3. 
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Figure 6.3 Flow Results Summary, Large Mufflers (LM1, LM2, LM9 and LM10) 

Again the results for LM2, LM9 and LM10 show a 10% higher flow than LM1 which is 

counterintuitive for the reason stated previously and again will be the subject of future 

investigation. 

6.2.4 LM1, LM2, LM6  

This series consists of single expansion chambers with no centre baffle or interconnecting 

tube. The series makes the progression from LM1 to LM2 with coaxial extended elements to 

LM6 which has the extended inlet and extended outlet at angles to the body with the results 

summarised in Figure 6.4. 
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Figure 6.4 Flow Results Summary, Large Mufflers (LM1, LM2 and LM6) 

The flow rate reduction with increasing complexity and flow impediments is shown as 

expected with LM6 having a lower flow rate compared to LM2 and LM1. 

6.2.5 LM1, LM7, LM8 

This series consists of single expansion chambers with no extended inlets or extended 

outlets. The series makes the progression from LM1 to LM7 with a centre baffle to LM8 

with a centre baffle and interconnecting tube. The results are summarised in Figure 6.5. 
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Figure 6.5 Flow Results Summary, Large Mufflers (LM1, LM7 and LM8) 

The flow rate reduction with increasing complexity and flow impediments is as expected. 

6.3 Large Marine Muffler  

The flow rate of a large marine muffler (Muffler LMM) was simulated in WAVE at 700 K 

(≈ 430 °C) with a 12.5 kPa overall pressure difference. The sensitivity of the results to mesh 

size was investigated and the results are summarised in Table 6-3 and Figure 6.6 with an 8% 

(minimum to maximum) range. The on-engine pressure drop for this muffler is currently 

unknown however extrapolating from  testing with similar mufflers suggests that  the 

pressure drop will be in the five to ten kPa range [77]. The calculated flow rate is lower for a 

given pressure difference than the test data with similar mufflers suggests. This may possibly 

be due to the low discharge coefficients automatically selected in WAVE modelling. 

Table 6-3 Flow Results Summary, Large Marine Mufflers (LMM), Discretisation Sweep 

Nominal flow ≈ 3.1 kg/s, 700 K, 12.5 kPa pressure difference 

Muffler B, WB3D dx, dy, dz, dtube (mm) Flow (kg/s) Flow (%) 

B400 140, 100, 100, 100 3.07 102 

BBW 80, 80, 80, 80 2.87 96 

BBW1 50, 100, 100, 50 2.81 94 

BBW2 100, 100, 100, 100 3.00 100 
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Figure 6.6 Flow Results Summary, Large Marine Mufflers (LMM) 
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Chapter 7 Numerical Experiments - 

Acoustic Modelling 

This chapter covers the acoustic modelling approach and the modelling of: 

1. simple and complex exhaust devices from published research 

2. simple contraction / expansion chambers 

3. the simplified large mufflers (LM) 

4. the large marine muffler (LMM).  

It presents the acoustic transmission loss results and provides comparisons by grouping into 

logical groups to illustrate the effects of design iterations for the LM and LMM mufflers. In 

addition, a discretisation size sweep was undertaken for the LMM muffler.  

7.1 Modelling Overview 

7.1.1 Modelling Strategy 

The modelling was conducted in order of increasing complexity in such a way that simpler 

models could be validated and evaluated before progressing onto more complex models: 

1. simple National Advisory Council on Aeronautics (NACA) mufflers with validation by 

theory and published results [44, 45] 

2. complex NACA mufflers with validation by theory and published results [44, 45] 

3. large mufflers with design increments (Muffler LM 1 to 10) with limited theoretical 

validation 

4. a complex large marine muffler (Muffler LMM) with validation by experimental 

acoustic transmission loss test bench. 

7.1.2 Model Construction 

The models for the test elements were constructed using a variety of approaches (Wavebuild, 

WaveBuild3D, and CAD files) depending upon the complexity of the models. The models 

consisted of: 

1. single 1D elements 

2. multiple 1D elements (meshed) 

3. geometry imported from CAD files and then meshed.  
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7.1.3 WAVE Modelling Parameters 

Table 7-1 summarises the modelling parameters generally used with variations noted in the 

relevant sections. 

Table 7-1 WAVE Acoustic Modelling Parameters, General 

Parameters WAVE Acoustic, 25°C WAVE Acoustic, 700 K 

Speed of Sound (m/s) 346 530 

Temperature 25 °C 700 K (≈ 430 °C) 

Pressure (bar) 1.01 1.0 

Flow zero zero 

Minimum Frequency (Hz) 1 1 

Maximum Frequency (Hz) 400 or 700 400 or 700 

Cut-on Frequency (Hz) for  

Ducting  (ø 340 mm) 

595 915 

Cut-on Frequency (Hz) for  

Muffler Body (ø 820 mm) 

245 380 

Microphone Spacing (mm) 200 & 500 mm 200 & 500 

Input Spectra Multi-sine Multi-sine 

Input Amplitude (mm/s) 50 50 

Discretisation Length dx dx 

 

7.2 NACA Muffler Testing  

Significant early work targeted at piston engine helicopters was conducted by the US 

National Advisory Council on Aeronautics (NACA) in the 1950’s [44, 45]. This work 

comprised extensive experimental measurements using the standing wave ratio method 

benchmarked against theoretical calculations using classical analytical models. As noted in 

their reports, the correlation between their theoretical calculations and measured results with 

respect to transmission loss magnitude reduced as the complexity of the mufflers increased, 

e.g. multi-chamber mufflers. Approximately 80 mufflers and exhaust elements were 

evaluated at zero flow on an acoustic transmission loss experimental test bench at an ambient 

temperature of 27 °C.  The schematic and the actual test bench are shown in Figure 7.1  and 

Figure 7.2 respectively. Selected items were then tested on a running helicopter engine as 

shown in Figure 7.3. These studies were very well documented and are widely used for 

validation of exhaust system testing and modelling [21]. 
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Figure 7.1 NACA Test Bench Schematic [44] 

 

 

Figure 7.2 NACA Test Bench Photo [44] 
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Figure 7.3 NACA Helicopter Engine Noise Test Facility [45] 

7.3 Simple NACA Models  

The transmission loss testing of a range of simple mufflers has been reported by NACA [44, 

45] under ‘Test Bench’ conditions with an ambient temperature of 27 °C.  Table 7-2 

summarises the parameters used for the corresponding WAVE modelling. 

Table 7-2 WAVE Acoustic Modelling Parameters, General 

Parameter For modelling of NACA Mufflers 

Speed of Sound (m/s) 347 

Temperature (°C) 27 

Pressure (bar) 1.01 

Flow zero 

Frequency Minimum (Hz) 1 

Frequency Maximum (Hz) 700 or 1000 

Microphone Spacing (mm) 150 

Input Spectra Multi-sine 

Input Amplitude (mm/s) 50 

Discretisation Length (dx) (mm) 50 

 

NACA experimental results and WAVE modelling results are presented in the following 

sections for the simple expansion chamber, quarter wave tube, and Helmholtz resonator 

devices listed in Table 7-3. 
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Table 7-3. Summary of NACA Simple Mufflers [44, 45] 

Description No of Chambers NACA Muffler No Variable 

Expansion Chamber Single 1,2,3,4 Expansion ratio 

Expansion Chamber Single 5,6,2,7 Length 

Quarter Wave Tube n/a 68,69,70 Length 

Helmholtz Resonator n/a 24,25,26 Volume 

Helmholtz Resonator n/a 29,25,30 Area of Tube 

Helmholtz Resonator n/a 31,25,32 Length of Tube 

 

7.3.1 Single Expansion Chamber with variable 

Expansion Ratio 

In expansion chamber mufflers the sudden change in cross sectional area reflects energy / 

waves back towards the source thus reducing sound transmission along the pipe. NACA 

mufflers 1, 2, 3, and 4 are single expansion chambers 610 mm long with 76 mm diameter 

inlet and exhaust pipes and body diameters of 152, 305, 456, and 610 mm respectively. 

Figure 7.4 from NACA [44] shows the dimensions, calculated transmission losses, and 

experimental results. Figure 7.5 shows WAVE modelling results of transmission losses using 

the same ambient conditions as the NACA testing.  
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Figure 7.4 NACA Expansion Chamber Mufflers, Effect of Expansion Ratio [44] 
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Figure 7.5 WAVE Modelling Results Equivalent to Figure 7.4 

 

The WAVE modelling results show good agreement with NACA results with respect to 

frequencies and transmission loss curve shapes. The peak transmission losses show very 

good agreement for NACA mufflers 3 and 4 which have high area ratios (36 and 64 

respectively). However the WAVE modelling predicts lower peak transmission losses 

compared to NACA measurements and theoretical predictions for NACA mufflers 1 and 2 

which have lower area ratios (4 and 16 respectively). The reason for this is unclear and 

warrants further investigation. It can be seen that the peak transmission losses increase with 

the expansion ratio. Also, maximum transmission losses occur at frequencies when the 

length of the expansion chamber corresponds to one quarter of the acoustic wavelength and 

its odd multiples, as predicted by classical theory. Similarly the minimum transmission 

losses occur at one half of the acoustic wavelength and its odd multiples. 
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7.3.2 Single Expansion Chamber with Variable 

Length 

NACA mufflers [44] 5, 6, 2, and 7 are single expansion chambers 305 mm in diameter with 

76 mm diameter inlet and exhaust pipes and body lengths of 76, 305, 610, and 1220 mm 

respectively. Figure 7.6 and Figure 7.7 show NACA and WAVE results respectively.  

 

Figure 7.6 NACA Expansion Chamber Mufflers, Effect of Length [44] 
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Figure 7.7 WAVE Modelling Results Equivalent to Figure 7.6 

The WAVE modelling results show good agreement with NACA results. It can be seen that 

for an expansion ratio of 16, the maximum transmission losses are approximately 20 dB.  

The low frequency noise is believed to be an aberration of the modelling software and not 

real. As in the previous section, maximum transmission losses occur at frequencies when the 

length of the expansion chamber corresponds to one quarter of the acoustic wavelength and 

its odd multiples, as predicted by classical theory. For single expansion chambers the 

expansion ratio governs the maximum transmission loss that can be achieved by the muffler 

while the chamber length controls the frequency at which maximum attenuation takes place.  
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7.3.3 Quarter Wave Tubes with Variable Length 

A quarter wave tube (QWT) works over a narrow frequency range to attenuate a specific 

tuned frequency. The device works by generating a sound pressure that is 180 º out of phase 

to the incident sound pressure at the mouth of the QWT. This is achieved by the sound 

pressure at the mouth travelling down the QWT and being reflected at the closed end. The 

180 º phase change occurs when the total distance is equivalent to one half wavelength (the 

length of tube is a quarter of the acoustic wavelength) and its odd multiples. Quarter wave 

tubes of 76 mm diameter with lengths of 1065, 710, and 560 mm connected to a 76 mm 

diameter pipe are shown in Figure 7.8 [44] as NACA mufflers 68, 69 and 70 respectively. 

Also shown in the figure are the calculated transmission losses and experimental results. 

Figure 7.9 shows WAVE modelling results of the predicted transmission losses.  

 

 

Figure 7.8 NACA Quarter Wave Tube, Effect of Length [44] 
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Figure 7.9 WAVE Modelling Results Equivalent to Figure 7.8 

The WAVE modelling results show good agreement with NACA results. The tuned, narrow 

band nature of noise attenuation can be observed from both NACA and WAVE modelling 

results. As expected, the tuned frequencies occur when the tube length corresponds to a 

quarter of the acoustic wavelength and its odd multiples. 

7.3.4 Helmholtz Resonators with Variable Volume 

A Helmholtz resonator consists of a cavity of air coupled to the main pipe through a narrow 

tube. In simple physical terms, a Helmholtz resonator operates as a spring-mass vibration 

system with the volume of gas in the narrow tube acts as a mass element, while the volume 

of gas in the cavity acting as a spring element. At a specific frequency depending on the 

geometry, the tube / cavity resonates and generates a sound pressure 180 º out of phase 

resulting in sound cancellation. NACA mufflers 24, 25, and 26 are Helmholtz resonators 

with fixed tube dimensions (ø 50.8 mm, 173 mm long) and volumes of 6.3, 2.8, and 0.7 litres 

respectively. The resonators are connected to a main pipe of 76 mm diameter. Figure 7.10 

from NACA [44] shows the dimensions, calculated transmission losses, and experimental 

results. Figure 7.11 shows WAVE modelling results of the predicted transmission losses. 
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Figure 7.10 NACA Helmholtz Resonators, Effect of Volume [44] 
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Figure 7.11 WAVE Modelling Results Equivalent to Figure 7.10 

The WAVE modelling results show good agreement with NACA results. Both the NACA 

and WAVE results show the tuned, narrow band nature of the Helmholtz resonators with the 

tuned frequency corresponding to the system resonance. 
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7.3.5 Helmholtz Resonators with Variable Tube Area 

NACA mufflers 29, 25, and 30 are Helmholtz resonators with fixed volumes (2.8 litres), 

fixed tube lengths (173 mm), and tube diameters of 25, 51, and 76 mm respectively. Figure 

7.12 from NACA [44] shows the dimensions, calculated transmission losses, and 

experimental results. Figure 7.13 shows WAVE modelling results of the predicted 

transmission losses. 

 

Figure 7.12 NACA Helmholtz Resonators, Effect of Tube Area [44] 
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Figure 7.13 WAVE Modelling Results Equivalent to Figure 7.12 

 

The WAVE modelling results show good agreement with NACA results. Increasing the tube 

area has the effect of increasing the effective stiffness of the Helmholtz resonator and 

thereby increases the tuned frequency as shown in the figures despite the opposite effect of 

the increased effective mass. The WAVE modelling’s predicted second peak at 690 Hz for 

muffler 30 is due to a half wavelength resonance in the tube. Note that while the physical 

lengths of the tubes are identical, Section 9.7.2 shows that the effective lengths vary with 

diameter. As muffler 30 has the largest tube diameter, it has the longest effective length and 

the corresponding lowest half wavelength resonant frequency.
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7.3.6 Helmholtz Resonators with Variable Length of 

Tube 

NACA mufflers 31, 25, and 32 are Helmholtz resonators with fixed volumes (2.8 litres), 

fixed tube areas (ø 50.8 mm), and tube lengths of 11, 173, and 345 mm respectively. Figure 

7.14 from NACA [44] shows the dimensions, calculated transmission losses, and 

experimental results. Figure 7.15 shows WAVE modelling results of the predicted 

transmission losses. The WAVE modelling’s predicted second peak at 450 Hz for muffler 32 

is again due to a half wavelength resonance in the tube.

 

Figure 7.14 NACA Helmholtz Resonators, Effect of Tube Length [44] 
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Figure 7.15 WAVE Modelling Results Equivalent to Figure 7.14 

The WAVE modelling results show good agreement with NACA results for the overall 

shapes and magnitude of transmission losses. As expected, increasing the tube length 

increases the effective mass of the Helmholtz resonator and thereby reduces the tuned 

frequency as shown in the figures.  

7.4 Complex NACA Models  

This section covers a range of more complex mufflers as listed in Table 7-4 - multiple 

identical expansion chambers, twin expansion chambers with external interconnecting tube, 

and twin expansion chambers with internal interconnecting tube. NACA experimental results 

and WAVE modelling results are presented in the following sections for these mufflers.  

Table 7-4. Summary of Complex NACA Mufflers 

Description 
No of 

Chambers 

NACA Muffler 

No 
Variable 

Expansion Chamber One, two, three 2,12,13 No of Chambers 

Expansion Chamber, External 

Connector Two 12,14,15,16 

Length of 

Connector 

Expansion Chamber, Internal 

Connector Two 12,17,18,19,20 

Length of 

Connector 
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7.4.1 Multiple Identical Expansion Chambers 

The connection of two or more expansion chambers in series will lead to an increase in 

transmission losses by successive reflection and interference of the acoustic waves. NACA 

mufflers 2, 12, and 13 are expansion chambers with one, two, and three identical chambers 

(each 610 mm long and 305 mm diameter) respectively separated by a 1.3 mm thick baffle 

with 76 mm diameter inlet and exhaust pipes.  Figure 7.16  from NACA [44] shows the 

dimensions, calculated transmission losses, and experimental results. Figure 7.17 shows 

WAVE modelling results of the predicted transmission losses. 

 

 

Figure 7.16 NACA Expansion Chamber Mufflers, Effect of Number of Chambers [44] 
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Figure 7.17 WAVE Modelling Results Equivalent to Figure 7.16 

 

The WAVE modelling results show good agreement with NACA results for the overall 

shapes and magnitudes of transmission losses. As the complexity of the mufflers increase, 

the WAVE modelling appears to overestimate the magnitude of the transmission losses with 

values that seem unrealistic, e.g. 60 dB is one part in one thousand. The increase in peak 

transmission losses due to the addition of expansion chambers can be observed. The limited 

separation of the chambers results in complex interactions rather than simply acting as 

multiple chambers in series.  
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7.4.2 Twin Expansion Chamber with Variable External 
Connecting Pipe Length 

NACA mufflers 14, 15, and 16 consist of two expansion chambers (each 610 mm long and 

305 mm diameter) separated by an external connecting pipe 152, 305, and 610 mm long 

respectively. The inlet, exhaust and connecting pipes are 76 mm diameter. Figure 7.18 from 

NACA [44] shows the dimensions, calculated transmission losses, and experimental results. 

Figure 7.19  shows the corresponding WAVE modelling predicted transmission losses. 

 

Figure 7.18 NACA Expansion Chamber Mufflers, Effect of External Connecting Tube 

Length [44] 
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Figure 7.19 WAVE Modelling Results Equivalent to Figure 7.18 

 

Overall, the WAVE modelling results show good agreement with NACA results. The clear 

separation of the chambers results in less complex interactions with the mufflers acting more 

like multiple chambers in series. Increasing the connecting pipe length has a small but 

noticeable effect on transmission losses. 

7.4.3  Twin Expansion Chamber with Variable Internal 
Connecting Pipe Length 

NACA mufflers 17, 18, 19 and 20 consist of two expansion chambers (each 610 mm long 

and 305 mm diameter) with an internal connecting pipe of 152, 305, 610 and 915 mm long 

respectively. These mufflers are considerably more complex than those previously discussed. 

In addition to two expansion chambers, the internal interconnecting tube forms a Helmholtz 

resonator with each chamber /volume – two in total. The protrusion of the connecting pipe 

into each expansion chambers forms a quarter wave tube – two frequencies in total. The 

internal tube will also have resonances at half wavelengths. Figure 7.20 from NACA [44] 

shows the dimensions, calculated transmission losses, and experimental results. Figure 7.21 

shows WAVE modelling results of the predicted transmission losses.  
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Figure 7.20 NACA Expansion Chamber Mufflers, Effect of Internal Connecting Tube 

Length [44] 
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Figure 7.21 WAVE Modelling Results Equivalent to Figure 7.20 

Despite the complexity of the mufflers, the WAVE modelling results show good agreement 

with the NACA results in regard to trends, frequencies and the shapes of the transmission 

loss curves. The complex geometry and interaction of the various internal devices is evident 

in the variation in shape and magnitude of transmission losses between the muffler variants. 

A variation in peak transmission loss of more than 20 dB is evident within the same external 

volume. It is not possible to draw a conclusion as the effect of the interconnecting tube 

length due to the possibly conflicting effects listed previously in this section.
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7.5 Contraction / Expansion Chambers 

7.5.1 Overview 

To assist in validating the simulation, two acoustic devices that were simple and 

independently verifiable was designed and constructed by the author.  While the obvious 

choice was a simple expansion chamber but this was discounted due to the cost and difficulty 

of constructing a rigid shell expansion chamber of the required size. To overcome these 

difficulties but retain key requirements a contraction / expansion chamber was chosen 

instead. The two selected contraction / expansion chambers are described further in Section 

9.7.2 and shown in Figure 9.10 and are 150 mm in diameter and 432.5 mm and 1730 mm 

long. These lengths were selected to give a wide frequency range with peak transmission 

losses at multiples of approximately 200 and 50 Hz respectively. The acoustic transmission 

losses of these contraction / expansion chambers were measured experimentally using the 

experimental test bench detailed in Chapter 9. 

The selected standard simulation temperature was 25 °C whereas the experimental test bench 

was in an uncontrolled climate laboratory with an ambient temperature on the day of testing 

of 20 °C. This resulted in the differences in speeds of sound for the modelling and testing of 

346 and 343 m/s respectively.  This 5 °C difference in test and simulation temperatures does 

not give a significant effect as the difference in the speed of sound is only one percent. The 

testing and simulation was conducted over two frequency ranges – 25 Hz to 400 Hz and 25 

Hz to 800 Hz. This required two difference microphone spacings - 500 mm and 200 mm 

respectively. The 25 Hz lower frequency was chosen as it is the lower limit of the speaker’s 

undistorted performance. The microphone spacing causes a divide by zero error / 

indeterminacy in the data processing when the microphone spacing is a half wavelength. For 

500 mm and 200 mm spacings this is 346 Hz and 865 Hz respectively at 25 °C. The onset of 

the first lateral mode in the measurement ducts limits the experimental results to 

approximately 600 Hz. 

The following figures compare WAVE simulation results with experimental test results for 

the two contraction / expansion test devices.  The contraction / expansion chamber acts 

similar to an expansion chamber with peak attenuation being proportional to the area ratio 

and peak transmission loss occurs at odd multiples of quarter wavelength (λ/4) and zero 

transmission loss occurs at odd multiples of half wavelength (λ/2).  The experimental results 

are in blue and the simulation results are in red. 
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Figure 7.22 shows the measured and modelled results for the short expansion chamber over a 

400 Hz range.  The correlation is excellent apart from the speaker low frequency 

performance effect and a 346 Hz peak due to the λ/2 microphone spacing.  

 

 

Figure 7.22 TL, Measured versus Modelling, Short (432.5 Mm Long) Contraction / 

Expansion Chamber, 0 to 400 Hz, (Experimental blue, Simulation red) 

 



100 

 

Figure 7.23 shows the measured and modelled results for the short contraction / expansion 

chamber over a 800 Hz range.  The correlation is excellent apart from the speaker low 

frequency performance effect and the cut-on frequency limiting the measured results to 

below 600 Hz. There is a frequency shift in the higher frequencies that is consistent with 

WAVE underestimating the effective length of the contraction / expansion chamber and this 

will be the subject of further investigation. 

 

 

Figure 7.23 TL, Measured versus Modelling, Short (432.5 Mm Long) Contraction / 

Expansion Chamber, 0 to 800 Hz, (Experimental blue, Simulation red) 
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Figure 7.24 shows the measured and modelled results for the long expansion chamber over a 

400 Hz range.  The correlation is excellent apart from the speaker low frequency 

performance effect and a 346 Hz peak due to the λ/2 microphone spacing. Again there are 

frequency shifts in the higher frequencies which are consistent with WAVE underestimating 

the effective length of the contraction / expansion chamber.

 

Figure 7.24 TL, Measured versus Modelling, Long (1730 Mm Long) Contraction / 

Expansion Chamber, 0 to 400 Hz, (Experimental blue, Simulation red) 
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Figure 7.25 shows the measured and modelled results for the long contraction / expansion 

chamber over a 800 Hz range.  The correlation is excellent apart from the speaker low 

frequency performance effect and the cut-on frequency limiting the measured results to 

below 600 Hz. Again there are frequency shifts in the higher frequencies which are 

consistent with WAVE underestimating the effective length of the contraction / expansion 

chamber.

 

Figure 7.25 TL, Measured versus Modelling, Long (1730 Mm Long) Contraction / 

Expansion Chamber, 0 to 800 Hz, (Experimental blue, Simulation red) 
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7.6 Simplified Large Mufflers (LM) 

7.6.1 Overview 

These simplified large expansion chamber mufflers (Mufflers LM1 to LM10 inclusive) were 

described previously in Section 4.1.3 and were designed to examine possible iterations from 

a large single expansion chamber (LM1) to a typical large marine muffler (LM10 and 

LMM).  These models were constructed and meshed in Wavebuild3D and the WAVE 

simulation for the simplified large mufflers was conducted under test bench conditions with 

a typical large marine diesel temperature of ≈ 430 °C. The large single expansion chamber 

(LM1) was also modelled using simple ducts (Muffler LM1 (ducts)). 

7.6.2 Results: LM1 to LM10 

The predicted acoustic transmission losses for all of the LM mufflers are shown in Figure 

7.26 below. 

 

Figure 7.26 Transmission Loss of Simple Large Mufflers LM1 to LM10 
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It is clear that the predicted acoustic transmission loss showed high sensitivity to design 

changes. Muffler LM10 is complex and has twin expansion chambers, twin Helmholtz 

resonators (comprising the interconnecting tube and each volume), an extended inlet (quarter 

wave effect), extended outlet tube (quarter wave effect), the interconnecting tube (half wave 

resonances), and the extended section of the interconnecting tube (quarter wave effect) in 

each volume. The expected frequencies for each feature at 430 °C (speed of sound 530 m/s) 

with the exception of the Helmholtz resonators are summarised in Table 7-5 below. The 

Helmholtz resonator frequencies are not calculated as the volumes are not closed and the 

traditional formulae are not applicable. The quarter wave frequencies for the extended pipes 

and the half wave resonances of the interconnecting tube are for the uncorrected lengths and 

will be lower than that shown in the table. 

Table 7-5 Expected Frequencies (Hz) for Design Elements 

Muffler 
Body 

λ/2 

Chamber 

A, λ/2 

Chamber 

B, λ/2 

Extended 

Inlet 

λ/4 

Extended 

Outlet 

λ/4 

Centre 

Tube 

λ/2 

Centre 

Tube 

λ/4 

Centre 

Tube 

λ/4 

Lengths 

(m) 1.675 0.75 0.925 0.4 0.185 0.61 0.13 0.48 

LM1 158 

       LM2 158 

  

331 716 

   LM3 

 

353 286 331 716 

   LM4 

 

353 286 331 716 434 1019 276 

LM5 

 

353 286 331 716 434 1019 276 

LM6 158 

  

331 716 

   LM7 

 

353 286 

     LM8 

 

353 286 

  

434 1019 276 

LM9 158 

   

716 

   LM10 158 

  

331 

     

To simplify the results and to show the effects of successive iterations, the ten mufflers were 

divided into four subsets similar to those used previously in the flow analysis. 
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7.6.3 Results: LM1, Meshed versus Ducts  

To evaluate the effect of model meshing, a single large expansion comprised of three 

cylindrical ducts (LM1) was compared with the same geometry meshed into multiple 1D 

elements LM1 (ducts). The predicted acoustic transmission losses for each muffler are 

shown in Figure 7.27. 

 

Figure 7.27 Simple Large Mufflers LM1 & LM1 (Ducts) 

The null frequency of 158 Hz and its multiples are evident in both mufflers. The meshed 

muffler has progressively higher transmission loss than the simple ducts muffler. The reason 

for this is unclear and will be the subject of further investigation. 
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7.6.4 Results: LM1 to LM5 

The progression is from a simple single expansion chamber (LM1) to a twin expansion 

chamber with interconnecting tube, angled extended inlet, and angled extended out let 

(LM5) with the intermediate steps (LM2, LM3, and LM4) included. The predicted acoustic 

transmission losses for each muffler are shown in Figure 7.28 below. 

 

Figure 7.28 Simple Large Mufflers LM1 to LM5 

Again, it is clear that the predicted acoustic transmission loss showed high sensitivity to 

design changes. The effectiveness of the Helmholtz resonator effect of the interconnecting 

tube is evident in LM4 and LM5. 
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7.6.5 Results: LM1 to LM2  

This series consists of single expansion chamber mufflers (no centre baffle / interconnecting 

tube) with progression from a simple expansion chamber (LM1) to an expansion chamber 

with extended inlet, and extended outlet (LM2).  The series splits the progression from LM1 

to LM2 with LM9 which has only an extended outlet and LM10 which has only an extended 

inlet. The predicted transmission loss for each muffler is shown in Figure 7.29 below. 

 

Figure 7.29 Simple Large Mufflers LM1, LM2, LM9 & LM10 

The extended outlet of LM9 shows a resonance at 473 Hz which is lower as expected than 

the 716 Hz for the uncorrected length. The extended inlet of LM10 shows a resonance at 274 

Hz which is lower as expected than the 331 Hz for the uncorrected length. The results are 

logical and as expected. 
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7.6.6 Results: LM1, LM2, LM6  

This series consists of single expansion chambers with no centre baffle or interconnecting 

tube. The series makes the progression from LM1 to LM2 with coaxial extended elements to 

LM6 which has the extended inlet and extended outlet at angles to the body. The predicted 

acoustic transmission losses for each muffler are shown in Figure 7.30 below. 

 

Figure 7.30 Simple Large Mufflers LM1, LM2, & LM6 

The progression from LM2 to LM6 effectively reduces the lengths of the extended inlet and 

outlet which increases the corresponding resonant frequencies.  
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7.6.7 Results: LM1, LM7, LM8 

The progression is from simple expansion chamber (LM1) to twin expansion chamber 

(LM8). This series consists of single expansion chambers with no extended inlets or 

extended outlets. The series makes the progression from LM1 to LM7 with a centre baffle to 

LM8 with centre baffle and interconnecting tube. The predicted acoustic transmission losses 

for each muffler are shown in Figure 7.31 below. 

 

Figure 7.31 Simple Large Mufflers LM1, LM7, & LM8 

The twin expansion chamber effect of LM7 is evident with increased transmission loss and a 

shift in the frequencies of the peaks and the nulls. The effectiveness of the Helmholtz 

resonator effect of the interconnecting tube is again evident in LM8. 

7.6.8 Overall Result 

The predicted acoustic transmission losses showed high sensitivity to design changes and 

expected agreement with theory. 



110 

 

7.7  Large Marine Muffler (LMM) 

7.7.1 Overview 

The large marine muffler (Mufflers LMM) was described previously and while different 

dimensionally to those fitted to CCSM’s it is similar in concept. The model was imported 

from a CAD drawing and meshed in WaveBuild3D.  It was modelled at an ambient 

temperature of 25°C to match the experimental test bench conditions with two frequency 

ranges – 0 to 400 Hz and 0 to 700 Hz. The discretisation size in the direction of flow (dx) 

was selected to break the wavelength of the highest frequency of interest into six to ten 

increments. During the modelling of this muffler, it was apparent that the modelling showed 

sensitivity to the discretisation size (dx, dy, dz, and dtube) and a mesh size sweep was 

attempted.  Limitations on the number of elements within WAVE precluded a smaller mesh 

so a larger version of the software called Ricardo BIGWAVE was used. This software 

enables more elements but results in much longer run times.  Table 7-6 shows the 

discretisation sizes for each of the four datasets.  

Table 7-6 Muffler LMM Discretisation Sizes 

Dataset 
Frequency 

Range 
dx (mm) dy (mm) dz (mm) dtube (mm) Program 

WMay18_02 400 Hz 125 100 100 100 WAVE 

WMay18_05 700 Hz 80 150 150 80 WAVE 

WFeb17_20 400 Hz 80 80 80 80 BIGWAVE 

WFeb17_21 700 Hz 80 80 80 80 BIGWAVE 

 

Table 7-7 shows the mesh statistics and compares these to the maximum values allowable in 

WAVE and BIGWAVE. 
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Table 7-7 Muffler LMM Mesh Statistics 

Dataset Frequency Range Cavities Tubes Y-junctions Ducts 

Total 

Y-junctions 

& ducts 

WMay18_02 400 Hz 1 2 737 2041 2778 

WMay18_05 700 Hz 1 2 626 1700 2326 

WFeb17_20 400 Hz 1 2 1706 4958 6664 

WFeb17_21 700 Hz 1 2 1706 4958 6664 

WAVE Parameter    KMAX LMAX JMAX 

WAVE Limit    1500 2000 3000 

BIGWAVE Limit    4500 7500 11250 

 

7.7.2 Results: Large Marine Muffler LMM 

The predicted acoustic transmission losses using WAVE and BIGWAVE are shown in 

Figure 7.32 and Figure 7.33 and are consistent with simplified Muffler LM5.  The variations 

in transmission loss with discretisation size are high and warranted further investigation.  As 

shown in the previous work with the simplified mufflers, the transmission loss peak in the 

150 to 250 Hz ranges is most likely due to the Helmholtz resonator effect of the 

interconnecting tube.  The WAVE / BIGWAVE modelling may not be capturing this 

muffler’s particular geometry correctly and thus exacerbating the sensitivity to discretisation 

size.  
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Figure 7.32 Muffler LMM, WAVE & BIGWAVE Transmission Loss, 0 to 400 Hz 

 

Figure 7.33 Muffler LMM, WAVE & BIGWAVE Transmission Loss, 0 to 700 Hz 
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7.8 Discretisation Study Muffler B, 250 Hz 

7.8.1 Overview 

As the modelling in Section 7.7 showed high sensitivity to the discretisation size (dx, dy, dz, 

and dtube), a sweep of mesh size was attempted.  The transmission loss peak in the 150 to 

250 Hz range was selected as it showed high variation with discretisation size and dominates 

the low frequency attenuation.  An upper limit of 250 Hz was chosen for this study to enable 

a larger dx value which then permitted more elements in the lateral and vertical directions 

without exceeding the program limits.  Again, an ambient temperature of 25 °C was selected 

for the modelling to match the expected experimental test bench ambient conditions. For an 

ambient temperature of 25 °C, the speed of sound is 346 m/s. At 250 Hz the corresponding 

wavelength is 1.385 m and one sixth of this is 225 mm and one tenth of this is 140 mm. So 

the dx values in this sensitivity study included both larger and smaller values as shown in 

Table 7-8 compared to the “optimum” 140 mm. This table is colour coded to highlight 

common parameters amongst the datasets. 

Table 7-8 Discretisation Steps for Study at 250 Hz 

Data set dx (mm) dy (mm) dz (mm) dtube (mm) 

WJan23_05 50 200 200 100 

WJan23_04 75 200 200 100 

WJan23_03 100 200 200 100 

WJan17_01 140 100 100 100 

WJan23_01 140 100 100 100 

WJan24_04 140 105 105 100 

WJan24_03 140 110 110 100 

WJan16_01 140 125 125 100 

WJan23_02 140 200 200 100 

WJan24_02 140 250 250 100 

WJan24_01 140 300 300 100 

WJan23_06 200 200 200 100 

WJan24_05 225 80 80 100 

WJan17_02 225 100 100 100 

WJan16_02 225 125 125 100 

WJan24_06 225 200 200 100 
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7.8.2 Results: dx sweep, dy & dz 200 mm  

This comparison is a sweep of dx in steps from 50 mm to 255 mm while keeping dy and dz 

constant at 200 mm. The predicted transmission losses are shown in Figure 7.34 below. The 

results for each dx are relatively similar with the exception of a dx of 75 mm which exhibits 

a unique and unexplained peak at 167 Hz. At 167 Hz the sound wavelength is approximately 

two metres, so there is no obvious connection to a dx of 75 mm and warrants further 

investigation. 

 

Figure 7.34 Transmission Loss Sensitivity to Mesh Size, Sweep of dx, dy & dz 200 mm 

 



 

115 

7.8.3 Results: dy & dz sweep, dx 140 mm 

This comparison is a sweep of dy and dz in steps from 100 mm to 300 mm while keeping dx 

constant at 140 mm. The predicted transmission losses are shown in Figure 7.35 below. The 

results for each dy / dz step show substantial variations in the shape and magnitude of the 

predicted transmission loss even for small changes, e.g. 100, 105, and 110 mm. 

 

Figure 7.35 Transmission Loss Sensitivity to Mesh Size, Sweep of dy / dz, dx 140 mm 

 



116 

 

7.8.4 Results: dx 140  & 225 mm , dy & dz 100 mm 

This is a comparison of dx’s of 140 and 225 mm for a constant dy / dz of 100 mm. The 

predicted transmission losses are shown in Figure 7.36 below.  The results for each dx are 

similar with the exception of the peak transmission loss which occurs at a higher frequency 

and splits into two peaks for the dx of 140 mm. 

 

Figure 7.36 Transmission Loss Sensitivity to Mesh Size, Sweep of dx 140 & 225 mm, 

dy / dz 100 mm 
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7.8.5 Results: dy & dz sweep, dx 225 mm 

This comparison is a sweep of dy and dz in steps from 80 mm to 200 mm while keeping dx 

constant at 225 mm. The predicted transmission losses are shown in Figure 7.37 below. The 

results for each dy / dz step show substantial variations in the shape and magnitude of the 

predicted transmission loss. The peak transmission loss occurs at increasing frequencies as 

dy / dz increase. 

 

Figure 7.37 Transmission Loss Sensitivity to Mesh Size, Sweep of dy / dz, dx 225 mm 
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7.8.6 Results: dx 140  & 225 mm , dy & dz 125 mm 

This is a comparison of dx’s of 140 and 225 mm for a constant dy / dz of 125 mm. The 

predicted transmission losses are shown in Figure 7.38 below.  The results for each dx are 

very similar with a slight variation in the shape of the peak transmission loss. 

 

Figure 7.38 Transmission Loss Sensitivity to Mesh Size, Sweep of dx 140 & 225 mm, 

dy / dz 125 mm 
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Chapter 8 FEA Modelling of Muffler 

Shell 

This chapter describes finite element analysis of the LMM muffler and presents and 

discusses results for the first 20 modes. 

8.1 Overview  

The WAVE modelling in this study assumes that this is no interaction between acoustic and 

structural modes with the shell being regarded as rigid with no coupling to the acoustic 

modes. This may be valid at certain frequencies but is unlikely across the frequency range of 

interest. At certain frequencies the acoustic energy will excite structural modes which will in 

turn excite acoustic cavity modes.  To ascertain the structural behaviour, a three dimensional 

(3D) finite element analysis (FEA) of the muffler shell was undertaken using a student 

version of ANSYS software.  ANSYS is a leading FEA software package capable of 

simulating fluid dynamics, structural mechanics, electromagnetics, and structures and multi-

physics [78]. 

8.2 Modelling 

The physical geometry of Muffler LMM was imported from an Autodesk Inventor CAD file 

and 3D meshed as shown in Figure 8.1 using tetrahedral elements. These elements called 

Tet10 are shown in Figure 8.2 and have nodes at their apexes and edge midpoints with the 

edges not necessarily being straight.  In a typical application this muffler would be supported 

vertically by flexible isolators and rigidly bolted via flanges to many metres of heavy wall 

rigid pipe before and after the muffler. These pipes would also be flexibly connected axially 

to the engine and ship structure by metal bellows and supported vertically by a combination 

of the metal bellows and flexible isolators. The FEA analysis concentrated on the muffler 

itself rather than whole body structural modes likely to be encountered in the ship 

installation. Consequently the model constraints / supports chosen do not reflect the ship 

installation but concentrated on those modes likely to influence acoustic performance – the 

internal structure and the external shell. Constraints / supports for the muffler consisted of a 

“fixed support” on the inlet flange face and a “frictionless support” on the outlet flange face 

respectively as shown in Figure 8.3 and Figure 8.4 respectively. 
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Figure 8.1 Muffler LMM Meshed in ANSYS 

 

 

Figure 8.2 Tetrahedral Element, Ten Nodes 
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Figure 8.3 Muffler LMM, Constraint of "Fixed Support" on Inlet Flange Face 
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Figure 8.4 Muffler LMM, Constraint of "Frictionless Support" on Outlet Flange Face 

  



 

123 

The ANSYS meshing and analysis parameters are summarised in Table 8-1 with further 

detail shown in Appendix A. 

Table 8-1 FEA Meshing and Analysis Parameters 

ANSYS Analysis Parameters  

Analysis Type 3D, Modal 

Physics Preference Mechanical 

Physics Type Structural 

Element Type Tetrahedron, 10 nodes 

 (Tet10) 

No of Elements 8206 

No of Nodes 16218 

Material Structural Steel 

Material Density (kg/m
3
) 7850 

Material Young’s Modulus (Pa) 2 E+011 

Material Bulk Modulus (Pa) 1.6667 E+011 

Material Shear Modulus (Pa) 7.6923 E+010 

Material Poisson’s Ratio 0.3 

Environmental Temperature (°C) 22 

 

The FEA modal analysis derived the first 20 structural modes with Table 8-2 summarising 

the mode frequencies and their descriptions. ANSYS can produce videos showing the 

animated mode shapes and these were used to analyse the mode shapes. The modes were 

grouped according to the similarity of the modes with an example of each type showing 

exaggerated total deformations in Figure 8.5 to Figure 8.10 inclusive.  Similar figures for 

each of the 20 modes are included in Appendix A. The limit of 20 modes was chosen to give 

an upper frequency limit of 725 Hz.  The analysis Project Report generated by ANSYS is 

also included in Appendix A. 
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Table 8-2 FEA Derived Modes of Muffler LMM 

Mode 

number 

Frequency 

(Hz) 
Mode Description 

1 42 Whole body lateral oscillation around inlet tube 

2 128 Whole body vertical oscillation around inlet tube 

3 220 Whole body rotary oscillation around inlet tube 

4 266 Vertical oscillation / rotation of centre tube with flexing of internal wall 

5 290 Lateral oscillation / rotation of centre tube with flexing of internal wall 

6 340 Vertical oscillation / rotation of centre tube with flexing of internal wall 

7 366 Vertical bending mode of body with fore / aft oscillation of centre tube 

with flexing of internal wall 

8 407 Lateral bending mode of body with lateral oscillation of centre tube with 

flexing of internal wall 

9 471 Ring mode on centre tube on outlet side 

10 507 Ring mode on centre tube on outlet side and ring mode of body on outlet 

side. 

11 511 Ring mode on centre tube on outlet side 

12 518 Higher order ring mode on centre tube on outlet side and higher order 

ring mode of body on outlet and inlet side. 

13 536 Higher order ring mode of body on outlet and inlet side (slight). 

14 540 Ring mode on inlet tube. 

15 558 Ring mode on inlet tube. 

16 588 Higher order ring mode of body on outlet side and inlet side (slight). 

17 617 Higher order ring mode of body on outlet side and inlet side (slight). 

18 668 Higher order ring mode of body on outlet side and inlet side (slight). 

19 688 Higher order ring mode of body on outlet side and inlet side (slight). 

20 714 Higher order ring mode of body on inlet side and outlet side (slight). 
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The mode shapes were grouped and colour coded as follows: 

1. Modes 1, 2 and 3 are artifices of the way the muffler was supported in the analysis 

and are accordingly disregarded.  

2. Modes 4, 5 and 6 are oscillations  / rotations of the centre tube with flexing of the 

centre baffle. Figure 8.5 shows Mode 4 at 266 Hz. 

3. Modes 7 and 8 are bending modes of the body with flexing of the centre baffle. 

Figure 8.6 shows Mode 7 at 367 Hz. 

4. Modes 9 and 11 are ring modes on the centre tube on the outlet side. Figure 8.7 

shows Mode 11 at 511 Hz. 

5. Modes 10 and 12 are ring modes on the centre tube on the outlet side and ring modes 

of the body. Figure 8.8 shows Mode 10 at 507 Hz. 

6. Modes 14 and 15 are ring modes of the inlet tube. Figure 8.9 shows Mode 15 at 558 

Hz. 

7. Modes 13, 16, 17, 18, 19, and 20 are higher order ring modes of the body on the 

outlet and inlet side.  Figure 8.10 shows Mode 19 at 688 Hz. 
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Figure 8.5 Mode 4 Total Deformation, 266 Hz 
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Figure 8.6 Mode 7 Total Deformation, 366 Hz 
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Figure 8.7 Mode 11 Total Deformation, 511 Hz 
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Figure 8.8 Mode 10 Total Deformation, 507 Hz 
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Figure 8.9 Mode 15 Total Deformation, 558 Hz 
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Figure 8.10 Mode 19 Total Deformation, 688 Hz 
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Chapter 9 Experimental Acoustic 

Transmission Loss Test 

Bench 

This chapter describes the test bench, instrumentation, test parameters, sound pressure wave 

decomposition with and without an anechoic termination and data processing used to 

experimentally measure the acoustic transmission loss. Validation checks were conducted 

using a plain duct and simple contraction / expansion chambers. Results are presented for the 

test bench components.  

9.1 Overview 

The experimental test bench was designed and constructed by the author to measure the 

acoustic transmission loss at ambient temperature and pressure and zero gas flow of large 

marine diesel exhaust mufflers such as the one shown earlier in Figure 1.2. The test bench is 

approximately eight metres long (excluding speaker) and is shown schematically in Figure 

9.1 and in Figure 9.2 and Figure 9.3. 

  



134 

 

 

 

Figure 9.1 Schematic of Experimental Test Bench 
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Figure 9.2 Experimental Test Bench, Termination End 

 

 

Figure 9.3 Experimental Test Bench, Source End 
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As the test bench has zero flow this allows the use of an effective anechoic termination 

which simplifies testing and data processing. Additionally the absence of flow and flow 

noise improves the  acoustic performance signal to noise ratio. However the absence of mean 

gas flow does introduce the following effects which must be considered: 

1. An absence of flow generated noise 

2. a change to the speed of sound  with a corresponding Doppler effect which depends upon 

the direction and speed of the gas flow 

3. changes to end corrections / effective acoustic lengths 

4. changes to wave propagation damping. 

Details and datasheets for the test bench components are included in Appendix A. The test 

bench consists of: 

1. a Hewlett Packard HP3567A data acquisition system and sound source 

2. a Marantz mono (single channel) amplifier MA6100 

3. a 305 mm (12”) diameter subwoofer loudspeaker driver (Dayton Audio Model 

RSS315HO-44) in a custom 126 litre non-vented enclosure  

4. four PCB brand half inch microphones (377B02)  and preamplifiers (426E01) 

5. an upstream measurement duct 1.5 metres long 

6. the test muffler 

7. a downstream measurement duct 1.5 metres long 

8. an anechoic termination three metres long packed with Tontine Acoustisorb2 material. 

The measurement ducts and anechoic termination use galvanized steel round ducting of 

spiral-folded-seam construction with a nominal bore of 330 mm and 1 mm wall thickness. 

While the spiral wrap construction provided effective damping of the ducts, the relatively 

thin walls may have enabled sound transmission through the walls. This would have raised 

the background noises levels in the test laboratory (Section 9.8.5) and increased acoustic 

losses along the ducts. The loudspeaker is powered by a Marantz mono amplifier with the 

excitation signal being provided by the sound source module in the Hewlett Packard 

spectrum analyser. The mono amplifier has a rated output of 125 W rms and a frequency 

response of 10 Hz to 70 kHz. The loudspeaker driver has a power handling rating of 700 

Watts rms and a quoted usable frequency range of 20 Hz to 500 Hz. 
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9.2 Instrumentation 

Two PCB half inch microphones with integrated PCB pre-amplifiers were installed upstream 

of the test element and two similar microphones were installed downstream as shown in 

Figure 9.1.  The microphones are installed relatively  flush to the inside wall using 

elastomeric cable grommets as shown in Figure 9.4 and Figure 9.5 . The protrusion of the 

microphones into the duct is determined by the height of the grommets which is five mm 

above the duct inside surface. 

 

Figure 9.4 Microphone and Preamplifier in Grommet, External View 
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Figure 9.5 Microphone in Grommet, Internal View 

The HP Spectrum Analyser Model HP3567A has four input and signal conditioning modules 

with 102.4 kHz bandwidth each and a sound source module. A microphone calibrator 

(Larson Davis CAL250) was used for amplitude calibration.  

9.3 Test parameters 

The nominal test conditions are zero flow, ambient atmospheric pressure and ambient 

temperature. Note that the ambient temperature and pressure are not controlled and 

variations may affect the results by changing the speed of sound. The test sound pressure 

level is 120 dB re 20µPa which by plane wave theory equates to 50 mm/s (rms) particle 

velocity. Table 9-1 summarises the test bench parameters. 
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Table 9-1 TL Bench Parameters, General 

Parameters TL Bench 

Speed of Sound (m/s) ≈ 346 

Temperature (°C) ≈ 25 

Pressure (bar) ≈ 1.01 

Flow zero 

Frequency Minimum (Hz) 30 

Frequency Maximum (Hz) 700 

Cut-on Frequency (Hz) for Ducting (ø 330 mm) 615 

Cut-on Frequency (Hz) for Muffler Body (ø 820 mm) 245 

Microphone Spacing (mm) 200 & 500 

Input Spectra Random 

Microphone Mounting Near flush 

Measurement Duct Length (m) 1.5 

 

9.4 Test bench design parameters 

This section considers the key drivers influencing the physical layout of the test bench. 

9.4.1 Frequency Range 

As discussed in Section 5.3, the target range for the test facility is 30 Hz to 700 Hz. 

9.4.2 Microphone Spacing 

The two microphone spacings (200 mm and 500 mm) cover the required frequency range of 

30 Hz to 700 Hz with microphones 2 and 4 being fixed and microphones 1 and 3 being 

moved to achieve the required spacings. 

9.4.3 Lateral Cut-on Frequencies 

While the test bench and data processing assumes plane wave propagation there are 

transverse / lateral modes within the frequency range of interest. As the two microphone 

method assumes plane wave propagation, the first lateral cut-on frequency sets an upper 

limit for testing. The lateral cut-on frequency for the 330 mm diameter measurement ducts is 

615 Hz at 25 °C. 
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9.4.4 Measurement Duct Dimensions 

Guidelines on the length of the measurement ducts and the microphone pair placements were 

available from a range of sources [47-49] and the values actually used are summarised in 

Table 9-2.  To promote plane wave propagation the length of the measurement ducts should 

be five to ten times its diameter and the test sections used are at the lower end of this range at 

4.5 times. To minimise the effects of attenuation along the duct, the microphone pairs should 

be close to the element being measured and this requirement is satisfied. 

Table 9-2 TL Bench Measurement Duct Dimensions 

Measurement Duct 

Length (mm) 1500 

Diameter (mm) 330 

Equivalent Duct Diameters 4.5 

Upstream Microphones 

Microphones M1 (500) M1 (200) M2 

Speaker to Microphone (mm) 650 950 1150 

Equivalent Duct Diameters 2.0 2.9 3.5 

Microphone to Muffler (mm) 850 550 350 

Equivalent Duct Diameters 2.6 1.7 1.1 

Downstream Microphones 

Microphones M3 (500) M3 (200) M4 

Muffler to Microphone (mm) 650 950 1150 

Equivalent Duct Diameters 2.0 2.9 3.5 

Microphone to Anechoic Termination (mm) 850 550 350 

Equivalent Duct Diameters 2.6 1.7 1.1 
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9.5 Data Flow and Processing 

A HP 3567A Spectrum Analyser was used for data acquisition and frequency analysis. The 

microphones’ signals were averaged (25 samples) and processed in the frequency domain to 

give auto (power) spectra, cross (power) spectra and third octave results. HP software 

(HP35639A Data Viewer) was used to convert HP Standard Data Format (SDF) files (*.dat) 

to MATLAB data files (*.mat).  Table 9-3 summarises the HP analyser instrumentation 

settings. Note that HP file names must be a maximum of 6 characters as “Batch convert” 

adds two more numbers giving a maximum of 8 characters. MATLAB scripts were then used 

to calculate wave decomposition, transmission loss and power reflection coefficient. 

Table 9-3 TL Bench HP Analyser Parameters 

Parameters TL Bench 

Input Spectra Random 

Speaker Output Amplitude - Sound pressure Level, 

 dB ref 20 µPa 

≈120 

Input Amplitude to Amplifier, 400 Hz Range, Volts rms 1 

Input Amplitude to Amplifier, 800 Hz Range, Volts rms 2 

Input Amplitude to Amplifier, 1/3rd Octave 630 Hz Range, 

Volts rms 

1 

Input Amplitude to Amplifier, 1/3rd Octave 1.25 kHz Range, 

Volts rms 

2 

Input Amplitude to Amplifier, 1/3rd Octave 1.6 kHz Range, 

Volts rms 

2.5 

Microphone Signal Conditioning ICP 

FFT Window Flat top 

Measurement Type, FRF, 1600 frequency lines FRF 400 & 800 Hz 

Measurement Type, 1/3rd Octave 1/3rd Octave 630 and 1.25 kHz 
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9.6 Wave Decomposition 

As described in Chapter 5, each of the four microphones can each only measure the total 

acoustic pressure at their respective locations. This total pressure is a summation of forward 

and backward travelling waves as discussed earlier. This is especially so before the test 

element (microphones 1 and 2) due to the reflection of sound back towards the source. The 

loudspeaker output is assumed to be stationary with any reflections from the loudspeaker 

being considered to be addition sources / speakers [52] as shown in Figure 9.6. 

 

Figure 9.6 Wave Decomposition, Upstream 

After the test element, wave decomposition of the two microphone signals (microphones 3 

and 4) gives the forward and backwards travelling sounds. However any reflections back 

towards the test element are undesirable in that the resulting forward travelling sound is not 

that exiting the test element as shown in Figure 9.7. 
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Figure 9.7 Wave Decomposition, Downstream, Reflective Termination 

In contrast use of an anechoic termination eliminates any reflection after the test element as 

shown in Figure 9.8 with the result that wave decomposition derived forward travelling 

sound is purely due to that exiting the test element as  

 

 

Figure 9.8 Wave Decomposition, Downstream, Anechoic Termination 

  If the anechoic termination is truly effective, then microphones 3 and 4 will have identical 

amplitude signals and so only one microphone is necessary after the test element and no 

wave decomposition is required as shown in Figure 9.9 .  With an effective anechoic 

termination, the incident spectra after the test element can be derived directly from either 

microphone 3 or 4.  
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Figure 9.9 Wave Decomposition, Downstream, Anechoic Termination, Single 

Microphone 

However with two microphones after the test element, the ratio of the incident and reflected 

spectra can be used to evaluate the effectiveness of the anechoic termination.  Note that the 

higher the transmission loss of the muffler, the less there is to be absorbed by the anechoic 

termination. This means that the apparent performance of the anechoic termination will vary 

according to the muffler performance. 

9.7 Validation 

9.7.1 Initial 

Initial validation was achieved by feeding a single signal from one microphone on an 

acoustic microphone calibrator to all four channels with the calibrations manipulated to give 

an artificial transmission loss across a “virtual” muffler. The data flow and processing was 

then validated by using a plain duct in lieu of a muffler. While these steps gave confidence in 

the data acquisition and data processing, the plain duct in particular with its predicted and 

measured zero transmission loss was not conclusive. This was due to the possibility of the 

sound power before and after the duct being incorrect but their ratio being correct and giving 

the correct transmission loss. 
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9.7.2 Contraction / Expansion 

Mufflers like the large marine muffler (LMM) are complex and not possible to verify their 

acoustic characteristics using classical theory.  So an acoustic device that was simple and 

independently verifiable was designed and constructed by the author. The obvious choice 

was a simple expansion chamber but this was discounted due to the cost and difficulty of 

constructing a rigid shell expansion chamber some 2 metres long and 800 mm in diameter. 

To overcome these difficulties but retain key requirements a contraction / expansion 

chamber was chosen. The two selected contraction / expansion chambers are shown in 

Figure 9.10 and are 150 mm in diameter and either 432.5 mm or 1730 mm long. These 

lengths were selected to give a wide frequency range with peak transmission losses at 

multiples of approximately 200 and 50 Hz respectively.  

 

Figure 9.10 Schematic of TL Bench with Contraction / Expansion Test Element 

To calculate the theoretical transmission loss versus frequency the effective or acoustic 

lengths must be considered. While the physical lengths were 432.5 and 1730 mm, the 

effective acoustic lengths include the end corrections as shown in Figure 9.11 [55].  
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.  

Figure 9.11 Effective Acoustic Length Showing End Correction, after [55] 

The end correction to give the corrected length for the contraction can be calculated using 

Equation (9.1) for a pipe into a larger cylindrical space such as a Helmholtz resonator neck 

interfacing to a circular volume [55, 79]. 

   𝑬𝒏𝒅 𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒊𝒐𝒏 (𝒍𝟎) = 𝟎. 𝟖𝟐(𝟏 − 𝟏. 𝟑𝟑𝝃)  (9.1 ) 

where: 

a is the radius of the contraction / pipe (m) 

ξ is the ratio of contraction pipe diameter to expansion  pipe diameter. 

 Note that this formula is valid when the diameter ratio 𝜉 is less than 0.4, whereas in this case 

ξ is slightly larger at 0.45 (150/ 330 mm). The end correction is 24.5 mm (each end) which 

gives effective lengths of 481 and 1779 mm - effectively 11% and 3% longer respectively. 

An alternative approach is to treat each end of the contraction as a pipe exiting into open 

space using Equation (9.2) [55]. 

   𝑬𝒏𝒅 𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒊𝒐𝒏 (𝒍𝟎) = 𝟎. 𝟔𝟏𝒂    

 (9.2 ) 

The end correction is 45.8 mm (each end) which gives effective lengths of 524 and 1822 mm 

– effectively 21% and 5% longer respectively.  
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The contraction / expansion chamber acts similar to an expansion chamber with peak 

amplitudes being proportional to the area ratio. The peak transmission losses occur at odd 

multiples of λ/4 and the zero transmission losses occurring at odd multiples of λ/2.  The 

transmission loss for each length contraction / expansion chamber can be calculated using 

Equation (9.3) [34] as an expansion chamber of the same area ratio and correcting for 

effective length using Equation (9.1)  and Equation (9.2). This gives a maximum 

transmission loss of 8 dB for this area ratio with the transmission loss versus frequency being 

effective length dependent.   

𝑻𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 𝑳𝒐𝒔𝒔 (𝑻𝑳) = 𝟏𝟎𝐥𝐨𝐠 (𝐜𝐨𝐬𝟐 (𝟐𝝅
𝒍

𝒇
) +

𝟏

𝟒
(𝒎 +

𝟏

𝒎
)

𝟐
(𝐬𝐢𝐧𝟐 (𝟐𝝅

𝒍

𝒇
)))  

         (9.3 ) 

Where: 

f is the frequency in Hz 

l is the length of the contraction / expansion (m) 

m is the area ratio. 

Figure 9.12 and Figure 9.13 show the theoretical transmission loss versus frequency for the 

short contraction / expansion chamber for both corrected effective lengths for 400 Hz and 

800 Hz ranges respectively.  
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Figure 9.12 Theoretical Transmission Loss, Short Contraction / Expansion Chamber, 0 

to 400 Hz 

 

 

Figure 9.13 Theoretical Transmission Loss, Short Contraction / Expansion Chamber, 0 

to 800 Hz 
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Figure 9.14 and Figure 9.15 show the theoretical transmission loss versus frequency for the 

long contraction / expansion chamber for both corrected effective lengths for 400 Hz and 

800 Hz ranges respectively.  

 

Figure 9.14 Theoretical Transmission Loss, Long Contraction / Expansion Chamber,  0 

to 400 Hz 

 

Figure 9.15 Theoretical Transmission Loss, Long Contraction / Expansion Chamber, 0 

to 800 Hz 



150 

 

The two contraction / expansion chambers were tested on the experimental transmission loss 

test bench for the 400 Hz and 800 Hz ranges using four and three microphones and Figure 

9.16 to Figure 9.19 show the measured transmission losses versus frequency. 

 

Figure 9.16 Measured Transmission Loss, Short Contraction / Expansion Chamber, 0 

to 400 Hz 

If we compare the measured (Figure 9.16) and theoretical results (Figure 9.12) for the short 

contraction / expansion chamber over a 400 Hz range, we see that the correlation is good 

with respect to amplitude and frequency. The deviations are due to the speaker low 

frequency performance effect and a 346 Hz peak due to the λ/2 microphone spacing. The 

‘wiggles’ between 25 Hz and 200 Hz in the measured results were unexpected and will be 

the subject of further investigation. This could include looking at the coherence between 

microphones in each microphone pair. 
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Figure 9.17 Measured Transmission Loss, Short Contraction / Expansion Chamber, 0 

to 800 Hz 

 

If we compare the measured (Figure 9.17) and theoretical results (Figure 9.13) for the short 

contraction / expansion chamber over a 800 Hz range, we see that the correlation is good 

with respect to amplitude and frequency. The deviations are due the speaker low frequency 

performance effect and the cut-on frequency limiting the measured results to below 600 Hz. 
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Figure 9.18 Measured Transmission Loss, Long Contraction / Expansion Chamber, 0 

to 400 Hz 

If we compare the measured (Figure 9.18) and theoretical results (Figure 9.14) for the long 

contraction / expansion chamber over a 400 Hz range, we see that the correlation is good 

with respect to amplitude and frequency. The deviations are due to the speaker low 

frequency performance effect and a 346 Hz peak due to the λ/2 microphone spacing.  
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Figure 9.19 Measured Transmission Loss, Long Contraction / Expansion Chamber, 0 

to 800 Hz 

If we compare the measured (Figure 9.19) and theoretical results (Figure 9.15) for the long 

contraction / expansion chamber over a 800 Hz range, we see that the correlation is good 

with respect to amplitude and frequency. The deviations are due the speaker low frequency 

performance effect and the cut-on frequency limiting the measured results to below 600 Hz. 
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9.8 Results 

The results from the development of the test bench are discussed under the following sub-

headings. 

9.8.1 Loudspeaker Performance 

Two different 305 mm diameter (12”) loudspeaker drivers in a 127 litre non-vented 

enclosure were initially characterised with a microphone at 1.5 metres from the loudspeaker 

front face. In free radiation above a hard surface, the Dayton Audio driver was distortion free 

from 30 Hz to 1000 Hz and was therefore used in preference to the “generic” driver which 

had distortion below 50 Hz.  

The speaker’s output spectra into a duct is more relevant for the transmission loss test bench 

and this was evaluated using a single measurement duct, two microphones, and an anechoic 

termination.  The third octave spectra for microphones 1 and 2 are shown in Figure 9.20 and 

Figure 9.21 for 400 Hz and 1.6 kHz ranges respectively.   

 

Figure 9.20 Dayton Audio In-Duct Output Third Octave Spectra, Microphones 1 & 2, 

0 to 400 Hz 

Third Octave 2 Dayton Audio,Dataset TL10_7_2
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Third Octave 1 Dayton Audio,Dataset TL10_7_1
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Figure 9.21 Dayton Audio In-Duct Output Third Octave Spectra, Microphones 1 & 2, 

0 to 1.6 kHz 

 

Third Octave 1 Dayton Audio,Dataset TL10_8_1
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Third Octave 2 Dayton Audio,Dataset TL10_8_2
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The corresponding narrow band spectra for microphones 1 and 2 are shown in Figure 9.22 

and Figure 9.23 for 400 Hz and 1000 Hz ranges respectively. 

 

Figure 9.22 Dayton Audio In-Duct Output Spectra, SPL dB re 20µPa, Microphones 1 & 

2, 0 to 400 Hz 
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Figure 9.23 Dayton Audio In-Duct Output Spectra, SPL dB re 20µPa, Microphones 1 & 

2, 0 to 1000 Hz 

 

Input Power 1 Microphone 1, Dataset TL10_09
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The sound pressures at microphones one and two over both frequency ranges are near 

identical as expected with an anechoic termination. While there are minimal holes in the 

loudspeaker output spectra, it was not linear across the full frequency range and this may be 

an area of potential improvement.  

9.8.2 Anechoic Termination 

The anechoic termination was evaluated using two plain measurement ducts in series 

coupled to the anechoic termination.  The effectiveness of the termination is shown in Figure 

9.24 with near zero reflection above 80 Hz. At the lower end target 30 Hz, the reflection is 

less than 15 %. The high value at 345 Hz is an aberration due to the half wavelength 

calculation indeterminacy discussed earlier.   

 

Figure 9.24 Anechoic Termination, Power Reflection Coefficient, Dataset TL12_2 
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9.8.3 Microphone matching 

 Differences in amplitude and phase between the microphones will induce errors in 

the calculated results and some sources recommend a measured microphone correction while 

others recommend interchanging of microphones  [27, 30, 49, 80]. The amplitude and phase 

matching of the four microphones was evaluated using a single measurement duct coupled to 

the anechoic termination to assess the need for corrections.  All microphones were located at 

the same distance from the loudspeaker and spaced around the circumference of the duct as 

shown in Figure 9.25.  

 

Figure 9.25 TL Bench, Microphone Matching Layout 

 

The amplitude and phase matching was excellent up to at least 550 and 600 Hz as shown in 

Figure 9.26 and Figure 9.27 respectively. This obviated the need to use corrections or 

position interchanging for this study. The variation in magnitude was less than ± 1% and the 

variation in phase was ±1.5 degrees using microphone 1 as a reference for the other three 

microphones. These are very low values as expected for the low frequency response of high 

quality microphones of the same model and production batch. The matching above 550 / 600 

Hz could not be ascertained due to the interference of lateral modes in the measurement set-

up.  The actual performance can be better this with careful selection as the microphones are 

used in pairs and the data is processed in the same pairs. 
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Figure 9.26 Amplitude Comparison of Microphones, FRF Relative to #1 

 

Figure 9.27 Phase Comparison of Microphones, FRF Relative to #1 
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9.8.4 Lateral Modes  

Of particular interest were phase shifts and poor coherence at 625, 1030, 1300 and 1400 Hz 

indicating lateral modes. To eliminate the possibility that these were structural resonances, 

the measurement ducts’ shell modes were measured using accelerometers and impact 

excitation. These measurements did not show modes at the frequencies attributed to the 

aforementioned lateral modes. The values of these lateral modes were confirmed using 

Bessel functions (Figure 9.28) for the duct diameter [81]. Note that the ambient test 

temperature of approximately 33 °C increased the measured lateral mode frequency to 625 

Hz from the 615 Hz calculated previously at 25 °C. This lateral mode / cut-on frequency at 

625 Hz effectively limits the test bench’s upper frequency to 600 Hz for plane wave 

propagation. 
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Figure 9.28 Nodal Lines For Pressure Distributions and Bessel Function Solutions 

Associated with Lateral Modes, after [81] 

9.8.5 Background Noise Level 

The test bench with the test muffler was set up and the background noise level was measured 

with the loudspeaker off but the microphones in place. The background noise level was 56 to 

57 dB re 20µPa. This is well below the operating sound pressure levels of approximately 120 

dB re 20µPa and 107 dB re 20µPa before and after the test muffler respectively. 
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Chapter 10 Muffler LMM Acoustic 

Measurements 

This chapter describes the experimental validation of the large marine muffler (LMM) using 

air jet excitation and the experimental transmission loss test bench. 

10.1 Air jet excitation of cavity modes 

The acoustic resonant modes of the LMM cavities and internal features were experimentally 

determined using a close microphone and air jet excitation as shown in Figure 10.1. Similar 

in principle to a woodwind musical instrument, the air jet produced a broadband excitation 

and excited the muffler cavities to resonance at ambient temperature.  

 

Figure 10.1 Muffler LMM Cavity Mode Determination, Microphone and Air Jet Gun, 

Inlet Side 

The broadband frequency content of the air jet is shown in Figure 10.2.  

Microphone 
(with wind sock) 

Air Jet Gun 

Muffler 
Inlet 

Microphone 
Stand 
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The air jet was directed at the following locations in order to excite the cavity and internal 

feature modes. 

1. Excitation - Inlet Side 

a. Chamber Inlet Edge 

b. Inlet chamber / centre tube 

c. Axial on centre tube 

d. Chamber inlet edge-lateral & longitudinal modes. 

2. Excitation - Outlet Side 

a. Chamber Outlet Edge 

b. Outlet chamber / centre tube 

c. Axial on centre tube. 

 

Figure 10.2 Air Jet Broadband Excitation Auto (Power) Spectrum, delta frequency 0.25 

Hz, Dataset TJun33 

The responses are summarised in Table 10-1 and the auto (power) spectra responses of the 

inlet chamber and the outlet chamber are shown in Figure 10.3 and Figure 10.4 respectively.  
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Table 10-1 Summary of the Natural Frequencies of the Muffler LMM Cavity Modes 

Excitation Site 

Frequency (Hz) 
Data 

Set 1st Peak 2nd Peak 3rd Peak 4th Peak 5th Peak 

Excitation - Inlet Side 

Chamber Inlet Edge 201.5 49 30.5 230 245 TJun30 

Inlet chamber/centre tube 49 30.5 201.5 233 256 TJun31 

Axial on centre tube 49 30.5 255 202 336 TJun32 

Chamber inlet edge, 

lateral & longitudinal modes 

202.5 49 30.5 229.5 245 TJun37 

Excitation - Outlet Side 

Chamber Outlet Edge 30.5 176 49 281 221 TJun34 

Outlet chamber / centre tube 49 30.5 176 221  TJun35 

Axial on centre tube 49 30.5 176 221 343 TJun36 

 

 

Figure 10.3 Muffler LMM, Inlet Cavity Response, delta frequency 0.25 Hz, Dataset 

TJun30 

 

3E+08

SPL^2

rms

0

Magnitude

 Hz400 0  Hz

Power Spectrum 1 Inlet Cavity,AirJet



166 

 

 

Figure 10.4 Muffler LMM, Outlet Cavity Response, delta frequency 0.25 Hz, Dataset 

TJun34 

As can be seen from Table 10-1 , the 30.5 and 49 Hz resonant responses are common to both 

chambers. These frequencies have corresponding wavelengths at 25 ºC and 347 m/s speed of 

sound of 11.4 and 7.1 metres respectively. As these wavelengths and half wavelengths are 

far larger than the longitudinal dimensions of the muffler, these are most likely associated 

with the Helmholtz resonator / low pass filter characteristics of the muffler. The inlet side’s 

202 Hz resonance has an equivalent half wavelength of 0.85 metres and approximates the 

longitudinal length of the inlet chamber.  The outlet side’s 176 Hz resonance has an 

equivalent half wavelength of 0.99 metres and approximates the longitudinal length of the 

outlet chamber.  The expected lateral mode at around 253 Hz for the muffler body was either 

not excited or not captured due to the microphone’s positions.  

10.2 Muffler LMM Results 

The large marine muffler (LMM) was tested on the experimental acoustic transmission loss 

test bench across two frequency ranges using the corresponding microphone spacings. The 

results for Dataset TJun39 are shown in this section. The MATLAB code was used to 

process the data is listed in Appendix C. 
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Figure 10.5 shows the measured auto (power) spectra for the pair of microphones before the 

test muffler. The standing wave behaviour is very clear upstream of the muffler due to the 

reflections from both the muffler and the speaker. Reflections from the speaker end add to 

the noise source giving a multiple speaker effect. In contrast there is no standing wave 

behaviour after the muffler due to the anechoic termination as shown in Figure 10.6. 

 

Figure 10.5 Muffler LMM, Measured Auto (Power) Spectra of Microphones 1 and 2  

 (Upstream) 
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Figure 10.6 Muffler LMM, Measured Auto (Power) Spectra of Microphones 3 and 4 

 (Downstream) 
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Figure 10.7 shows the calculated incident and reflected auto (power) spectra before the test 

muffler.  The incident auto (power) spectrum and the reflected auto (power) spectrum are 

essentially identical as expected due to the lack of absorption. 

 

Figure 10.7 Muffler LMM, Incident and Reflected Auto (Power) Spectra - Upstream 
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Figure 10.8 shows the calculated incident and reflected auto (power) spectra after the test 

muffler.  The incident auto (power) spectrum is greater than the reflected auto (power) 

spectrum as expected with the difference being due to the anechoic termination. The peak 

near 350 Hz is the microphone λ/2 spacing effect. 

 

Figure 10.8 Muffler LMM, Incident and Reflected Auto (Power) Spectra - Downstream 
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Figure 10.9 shows the calculated acoustic transmission loss for the low frequency range. The 

transmission loss was also calculated using only one microphone after the muffler and this 

result is also included, labelled as the “three microphone” result. There is little difference 

between using two microphones or one after the muffler as expected with an effective 

anechoic termination except below 50 Hz where the anechoic termination is less effective. 

 

Figure 10.9 Muffler LMM, Acoustic Transmission Loss, Three and Four Microphone 

Measurements 
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Chapter 11 Measured Structural 

Responses – LMM Muffler 

This chapter describes the experimental measurement of the dynamic structural behaviour of 

the LMM muffler shell and internal structures. Resonant frequency results are presented for 

the shell ring modes and for modes of the interconnecting tube and centre baffle. 

11.1 Overview 

To assess the veracity of the FEA analysis of the muffler shell (Muffler LMM), the structural 

resonances of the muffler were measured experimentally. This was not a modal analysis but 

rather a limited measurement of resonances to assist with validation of the FEA analysis. The 

physical constraints of the muffler were as shown in  Figure 11.1 and differed from the on-

engine constraints and from those used in the FEA analysis. The differences in constraints 

made comparisons difficult and will be revisited in future work. The acoustic modes can 

couple with the structural modes and vice versa with the vibro-acoustic modal coupling and 

relative directions of the structural vibrations and sound propagation being significant. The 

measurements targeted the following modes as they were considered most likely to influence 

acoustic performance by changing the end conditions of lateral and longitudinal cavity 

acoustic modes: 

1. ring modes of the inlet side chamber 

2. ring modes of the outlet side chamber 

3. modes of the interconnecting tube mounted in the centre baffle. 
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Figure 11.1 Muffler LMM, Chain Supports 

11.2 Instrumentation 

The structural resonances were measured experimentally using an impact hammer (PCB 

086C01) with white impact tip (medium stiffness) and aluminium mass extender and a single 

accelerometer (PCB 353B33 accelerometer 100mV/g).  A HP 3567A Spectrum Analyser 

was used for data capture and calculation of the averaged frequency response function (FRF) 

– acceleration relative to input force. The processing parameters were 15 averages, Hanning 

window, and 1600 frequency lines.  
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11.3 Measurements 

A comprehensive set of measurements with varying locations and input and response 

directions was taken and these are summarised in Table 11-1. This table lists the measured 

resonant frequencies, accelerometer locations and directions, input impact locations and 

directions, and set-up photographs. The frequencies for ring modes are summarised in Table 

11-2  and Figure 11.11. Similarly, the frequencies for the centre tube / baffle modes are 

summarised in Table 11-3  and Figure 11.12.  Frequency response functions, coherence, and 

input force spectra are shown in Figure 11.13 and Figure 11.14  for sample measurements for 

a ring mode and a centre tube / baffle respectively.  A full set of these measurements are 

attached in Appendix A for each measurement / data set. 
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Table 11-1 Frequency Response Function Summary - Muffler LMM 

Data 

Set 
Target 

Frequency 

Range (Hz) 

Response 

Accelerometer 

Location & 

Orientation 

Force Input 

Location & 

Orientation 

Measured 

Resonances 

(Hz) 

Setup 

Figure 

TJuly01 

Body 

Ring 

Mode, 

Inlet side 

1600 
Location A1, 

Radial 

Location H1, 

Radial 

408, 466, 689, 

714, 728, 776, 

892 

Figure 

11.2 

Figure 

11.3 

TJuly02 Body 

Ring 

Mode, 

Outlet 

side 

1600 
Location A2, 

Radial 

Location H2, 

Radial 

275, 323, 351, 

394, 443,  570, 

712, 797, 868, 

876, 894 

Figure 

11.2 

Figure 

11.4 

TJuly03 Centre 

Tube, 

Outlet 

side 

800 
Location A3, 

Vertical 

Location H3, 

Vertical, Up 
151, 200, 443 

Figure 

11.5 

TJuly04 Centre 

Tube, 
800 

Location A3, 

Vertical 

Location H4, 

Lateral 

150, 151, 200, 

444 

Figure 

11.6 

TJuly05 Outlet 

side 800 
Location A4, 

Lateral 

Location H7, 

Vertical, 

Down 

150, 151, 200, 

443 

Figure 

11.7 

TJuly06 Centre 

Tube, 
800 

Location A4, 

Lateral 

Location H5, 

Lateral 
150, 200, 443 

Figure 

11.8 

TJuly07 Outlet 

side 
800 

Location A5, 

Axial 

Location H6, 

Axial 
145, 151, 200 

Figure 

11.9 

TJuly08 Centre 

Tube, 

Outlet 

side 

800 
Location A5, 

Axial 

Location H5, 

Lateral 
150, 200, 445 

Figure 

11.10 
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Figure 11.2 Muffler LMM, Ring Mode Locations, Data Sets TJuly01 and TJuly02 

 

 

Figure 11.3 Muffler LMM, Ring Mode Locations, Inlet Side, Data Set TJuly01 
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Figure 11.4 Muffler LMM, Ring Mode Locations, Outlet Side, Data Set TJuly02 

 

Figure 11.5 Muffler LMM, Centre Tube Modes, Data Set TJuly03 
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Figure 11.6 Muffler LMM, Centre Tube Modes, Data Set TJuly04 

 

Figure 11.7 Muffler LMM, Centre Tube Modes, Data Set TJuly05 
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Figure 11.8 Muffler LMM, Centre Tube Modes, Data Set TJuly06 

 

 

Figure 11.9 Muffler LMM, Centre Tube Modes, Data Set TJuly07 
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Figure 11.10 Muffler LMM, Centre Tube Modes, Data Set TJuly08 

 

Table 11-2 Ring Mode Frequencies 

Data Set Body Ring Modes Frequencies (Hz)  

Inlet Side     408  466  689 714 728 776    892 

Outlet Side 275 323 351 394  443  570  712   797 868 876 894 

 

Table 11-3 Centre Tube Frequencies 

Data Set Centre Tube, Outlet Side,  Frequencies (Hz) 

TJuly03   151 200 443 

TJuly04  150 151 200 443 

TJuly05  150 151 200 443 

TJuly06  150  200 443 

TJuly07 145  151 200 443 

TJuly08  150  200 445 
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Figure 11.11 Frequency Response Function, Ring Modes 

 

 

Figure 11.12 Frequency Response Function, Centre Tube Modes 

Freq Response 2:1 Ring Mode Inlet Side,TJuly01
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Figure 11.13 Frequency Response Function, Ring Modes, Data Set TJuly01 

 

Figure 11.14 Frequency Response Function, Centre Tube Modes, Data Set TJuly03 
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Chapter 12 Discussion 

12.1 Flow Modelling 

12.1.1 Simplified Large Mufflers (LM) 

The WAVE modelling results show sensitivity of flow rate to design changes and the 

calculated flow rate characteristics are consistent with the level of complexity and expected 

flow restriction of the mufflers with the exception of muffler LM2. 

12.1.2 Large Marine Muffler (LMM) 

For the large marine type muffler (LMM), the calculated flow rate was sensible but lower for 

a given pressure difference than the on-engine test data with similar mufflers suggests. The 

discretization study showed an 8% (minimum to maximum) flow range which highlighted 

the modelling sensitivity and resulting poor confidence level in the simulated absolute value.  

12.2 Finite Element Analysis 

The FEA analysis showed many structural modes in the frequency range of interest which 

are likely to influence the acoustic performance. This is particularly so where the vibro-

acoustic coupling is significant and when the direction of wall motion is in the direction of 

propagation of the acoustic mode and / or sound wave. For example shell ring modes are 

more likely to interact with lateral acoustic modes than longitudinal acoustic modes. The 

multiple low frequency structural modes involving the centre baffle and the interconnecting 

tube were unexpected and any longitudinal motion of the centre baffle will influence the 

longitudinal waves. Additionally there is the possibility of metal fatigue failures if run at 

resonance and high stress amplitudes due to the lack of structural damping. 

 The experimental structural measurements confirmed that there are low frequency modes of 

the centre tube and centre baffle though at lower frequencies than predicted by the FEA 

analysis as shown in Figure 12.1.  The measurements confirmed the existence of ring modes 

in the frequency range predicted by the FEA analysis but with a wider range as shown in 

Figure 12.2. As this was not a modal analysis but rather a limited measurement of resonances 

with differences in how the muffler was constrained, the correlation with the FEA analysis is 

acceptable for the purposes of this thesis and should be the subject of future work. 
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Figure 12.1 Muffler Centre Tube Modes, Measured versus FEA 

 

 

Figure 12.2 Muffler Body Ring Modes, Measured versus FEA 
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12.3 Acoustic TL Bench 

The experimental acoustic transmission loss test bench designed, constructed and used in this 

study operates with zero flow at ambient conditions of temperature and pressure unlike an 

on-engine application. The effects of these temperature and flow differences were discussed 

in Sections 2.5 and 2.6 respectively and temperature can be corrected for by a ratio of the 

respective speeds of sound. If the flow is less than Mach 0.1, there should be minimal effect 

on acoustic attenuation though the local effects of turbulent flow including flow generated 

noise can be significant. One benefit of zero flow for the experimental bench is an improved 

acoustic signal to noise ratio in the absence of flow generated noise. A second and more 

important benefit is the ability to have an effective anechoic termination as there is no need 

for flow through the termination. 

The performance of this facility has been compared with computer simulations and 

theoretical calculations. For simple components such as the contraction / expansion 

chambers the correlation is excellent. For the large marine muffler (LMM) there is 

reasonable agreement in the variation of the magnitudes of the transmission losses but 

frequency shifts are evident. The effective frequency range of the facility at room 

temperature is currently 30 Hz to 600 Hz. The lower value is limited by the speaker / driver 

performance and the upper value is due to the measurement duct’s first cut-on frequency 

being at approximately 615 Hz. 

12.4  Acoustic Modelling 

The WAVE virtual acoustic transmission loss test bench is internally constrained by the 

software to operate at zero flow and Section 12.3 covers the effects of this. 
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12.4.1 NACA Mufflers 

Modelling and experimental results from the NACA muffler research program were used to 

benchmark WAVE’s capabilities at test bench conditions. Seven single chamber expansion 

chambers, nine multi-chamber expansion chambers, three quarter-wave tubes and seven 

Helmholtz resonators were compared. The WAVE modelling results showed good 

agreement with NACA results for the overall shapes and magnitude of transmission losses. 

As the complexity of the mufflers increase, the WAVE simulation appears to overestimate 

the magnitude of the transmission losses. This may be due to an absence of losses in the 

simulation resulting in unrealistic estimates of transmission loss, e.g. a 60 dB reduction is a 

reduction to one part in one thousand. 

12.4.2 Simplified Large Mufflers (LM) 

The WAVE modelling results for the large mufflers showed high sensitivity to design 

changes and the transmission loss characteristics were consistent with the findings for the 

NACA muffler models. 

12.4.3 Large Marine Muffler (LMM) 

The air jet excitation of the muffler cavities and internal features confirmed that the muffler 

is not simply two expansion chambers in series but rather a much more complex Helmholtz 

filter / low pass filter with interactions between the centre tube and the two chambers. The 

WAVE modelling results (at 25 ºC) and the experimental test bench results are shown in 

Figure 12.3. The modelling results show reasonable agreement with test results with respect 

to overall shape, frequencies, and amplitudes of the noise spectrum. 
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Figure 12.3 Muffler LMM, Modelling and Experimental Test Results, 0 to 400 Hz 

12.4.4 Large Marine Muffler (LMM) Discretization 
Study 

It was apparent that the predicted transmission loss of the subject muffler (LMM) is sensitive 

to the discretisation size in all three directions - dx, dy, and dz. In particular there doesn’t 

appear to be an optimum size or clear trends as the mesh increases or decreases from this 

optimum.  This may be a function of the size and complexity of the subject muffler. This 

appears to be an area of possible error as evidenced by Ricardo issuing guidelines for 

automotive sized mufflers in “Special Topics: Acoustic Benchmark & Recommended 

Discretization Techniques” [68].  This recommends: 

1. Use the minimum number of elements possible so to minimise run times 

2. Use ducts to model chambers and ducts where possible 

3. Use a dx which gives at least six pieces per wavelength at maximum frequency of 

interest 

4. In a general volume use a dx / dy / dz of 50 mm where possible. 

The modelling in this thesis follows guidelines 1, 2, and 3.  Guideline 4 is applicable to 

automotive sized mufflers but not achievable with the size of the subject mufflers.  The 

approach taken in this thesis was to select the discretisation size in the direction of flow (dx) 

as one tenth of the wavelength at the highest frequency of interest and use this in the lateral 

directions (dy) and vertical (dz) directions where the software element number limits permit. 
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Chapter 13 Conclusions 

13.1 Flow Analysis 

The conclusions with respect to the flow simulation can be summarised as: 

1. WAVE virtual test bench modelling gave sensible results for simple mufflers and design 

iterations with the exception of large muffler LM2. 

2. WAVE virtual test bench modelling gave only fair agreement for a complex large marine 

muffler (LMM).  

3. Accordingly, the technique is currently useful for design trend predictions but for a 

typical large marine muffler does not give absolute results with high confidence limits. 

13.2 Finite Element Analysis 

The conclusions with respect to the structural behaviour of the muffler shell as investigated 

using FEA and experimental measurements can be summarised as: 

1. The FEA analysis showed many structural modes in the frequency range of interest 

which are likely to influence the acoustic performance.  

2. There are multiple low frequency modes involving the centre baffle and the 

interconnecting tube. 

3. Shell ring modes were identified for both cavities. 

4. The experimental measurements confirmed that there are low frequency modes of the 

centre tube and centre baffle and ring modes of the muffler shell. 

13.3  Experimental Acoustic TL Bench 

The conclusions with respect to the experimental transmission loss test bench designed, 

constructed and used in this study can be summarised as: 

1. An experimental facility capable of measuring the acoustic transmission loss of exhaust 

and intake system components representative of a large marine diesel has been designed, 

constructed and validated using simple and complex acoustic devices. 

2. The differences between measured and simulated transmission loss results for complex 

mufflers need to be further investigated and the reasons identified.  
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3. It is expected that the experimental facility’s performance can be further improved with 

development and optimisation of parameters including measurement duct lengths, 

measurement duct diameters, duct wall thicknesses, absorption on source side, 

microphone locations, data processing error analysis and tailored input spectra.  

4. Future work could include an assessment of benefits of correcting microphone phase and 

magnitude differences. 

13.4  Acoustic Analysis and Verification 

The conclusions with respect to the acoustic behaviour of the muffler as investigated using 

1D simulation and experimental measurements can be summarised as: 

1. This study has developed an effective computer simulation capability based on WAVE 

software capable of modelling the acoustic response of an intake or exhaust system 

representative of a large marine diesel. 

5. WAVE virtual test bench modelling results showed excellent agreement with: 

a. published NACA results 

b. theoretical results for the simplified large mufflers (LM1 to LM10) 

c. theoretical results for the contraction / expansion chambers 

d. experimentally derived results for the contraction / expansion  chambers.   

6. The virtual test bench modelling results showed only reasonable agreement for the large 

marine type muffler (LMM) perhaps due to some modelling issue with the muffler’s 

internal geometry.  The discretization study highlighted this sensitivity.  

7. The computer models developed can be used for exhaust system components, complete 

exhaust systems or full engine-exhaust systems. The modelling flexibility permits 

assessment and development of systems with or without engine source data. 

13.5 Overall 

In summary the following overall conclusions were drawn from this study: 

1. The study has shown that a commercial one-dimensional (1D) software suite targeted at 

automotive applications can be successfully used for modelling the acoustic performance 

for the intake systems and exhaust systems of medium and large diesels. 

2. The study has shown that a commercial one-dimensional (1D) software suite targeted at 

automotive applications can be used for modelling the flow restriction for the intake 

systems and exhaust systems of medium and large diesels but with reservations on the 

absolute values obtained. 
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3. The study identified and catered for the acoustic, gas flow, and modelling differences 

between automotive scale intake systems and exhaust systems and those of medium and 

large diesels. 

4. The study identified the most promising method for accurate characterization of the 

acoustic performance of intake and exhaust systems and system components in a 

laboratory test facility. This information was then used to design and construct the zero 

flow ambient conditions experimental acoustic transmission loss test bench used in this 

study. This test bench was validated using simple verifiable large acoustic devices such 

as the contraction / expansion chambers.  
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Appendix A Muffler Shell FEA Analysis 

This appendix presents the mode shapes for all 20 modes and the ANSYS generated analysis 

report. 

A.1 FEA Analysis Mode Shapes 

 

Figure App A.1 Mode 1, 42 Hz  
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Figure App A.2 Mode 2, 128 Hz 
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Figure App A.3 Mode 3, 220 Hz 
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Figure App A.4 Mode 4, 266 Hz 
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Figure App A.5 Mode 5, 290 Hz 
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Figure App A.6 Mode 6, 340 Hz 
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Figure App A.7 Mode 7, 366 Hz 
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Figure App A.8 Mode 8, 407 Hz 
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Figure App A.9 Mode 9, 471 Hz 
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Figure App A.10 Mode 10 507 Hz 
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Figure App A.11 Mode 11, 511 Hz 
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Figure App A.12 Mode 12, 518 Hz 

  



 

211 

   

  

 

Figure App A.13 Mode 13, 536 Hz 
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Figure App A.14 Mode 14, 540 Hz 
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Figure App A.15 Mode 15, 558 Hz 
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Figure App A.16 Mode 16, 588 Hz 
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Figure App A.17 Mode 17, 617 Hz 
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Figure App A.18 Mode 18, 668 Hz 
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Figure App A.19 Mode 19, 688 Hz 
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Figure App A.20 Mode 20, 714 Hz 
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A.2 ANSYS Analysis Report 

A.2.1 Project 

First Saved Saturday, June 25, 2016 

Last Saved Tuesday, June 28, 2016 

Product Version 17.0 Release 

Save Project Before Solution No 

Save Project After Solution No 

 



220 

 

A.2.2 Contents 

 Units 

 Model (A4) 
o Geometry 

 Muffler B 
o Coordinate Systems 
o Connections 
o Mesh 
o Modal (A5) 

 Pre-Stress (None) 
 Analysis Settings 
 Loads 
 Solution (A6) 

 Solution Information 
 Total Deformation 

 Material Data 
o Structural Steel 

A.2.3 Units 

TABLE 1 

Unit System Metric (m, kg, N, s, V, A) Degrees rad/s Celsius 

Angle Degrees 

Rotational Velocity rad/s 

Temperature Celsius 
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A.2.4 Model (A4) Geometry 

TABLE 2 
Model (A4) > Geometry 

Object Name Geometry 

State Fully Defined 

Definition 

Source 
C:\Users\David\Documents\Muffler B 
ansys_files\dp0\SYS\DM\SYS.agdb 

Type DesignModeler 

Length Unit Meters 

Element Control Program Controlled 

Display Style Body Color 

Bounding Box 

Length X 0.838 m 

Length Y 2.1815 m 

Length Z 1.0519 m 

Properties 

Volume 5.7365e-002 m³ 

Mass 450.31 kg 

Scale Factor Value 1. 

Statistics 

Bodies 1 

Active Bodies 1 

Nodes 16218 

Elements 8206 

Mesh Metric None 

Basic Geometry Options 

Solid Bodies Yes 

Surface Bodies Yes 

Line Bodies Yes 

Parameters Yes 

Parameter Key 
 

Attributes Yes 

Attribute Key 
 

Named Selections Yes 

Named Selection Key 
 

Material Properties Yes 

Advanced Geometry Options 

Use Associativity Yes 

Coordinate Systems Yes 

Reader Mode Saves 
Updated File 

No 

Use Instances Yes 

Smart CAD Update Yes 

Compare Parts On Update No 

Attach File Via Temp File Yes 

Temporary Directory C:\Users\David\AppData\Local\Temp 

Analysis Type 3-D 

Mixed Import Resolution None 

Decompose Disjoint 
Geometry 

Yes 
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Enclosure and Symmetry 
Processing 

Yes 

TABLE 3 
Model (A4) > Geometry > Parts 

Object Name Muffler B 

State Meshed 

Graphics Properties 

Visible Yes 

Transparency 1 

Definition 

Suppressed No 

Stiffness Behavior Flexible 

Coordinate System Default Coordinate System 

Reference Temperature By Environment 

Behavior None 

Material 

Assignment Structural Steel 

Nonlinear Effects Yes 

Thermal Strain Effects Yes 

Bounding Box 

Length X 0.838 m 

Length Y 2.1815 m 

Length Z 1.0519 m 

Properties 

Volume 5.7365e-002 m³ 

Mass 450.31 kg 

Centroid X -6.6181e-004 m 

Centroid Y -3.6377e-002 m 

Centroid Z -1.0519e-002 m 

Moment of Inertia Ip1 181.53 kg·m² 

Moment of Inertia Ip2 53.289 kg·m² 

Moment of Inertia Ip3 178.49 kg·m² 

Statistics 

Nodes 16218 

Elements 8206 

Mesh Metric None 
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Coordinate Systems  

TABLE 4 
Model (A4) > Coordinate Systems > Coordinate System 

Object Name Global Coordinate System 

State Fully Defined 

Definition 

Type Cartesian 

Coordinate System ID 0.  

Origin 

Origin X 0. m 

Origin Y 0. m 

Origin Z 0. m 

Directional Vectors 

X Axis Data [ 1. 0. 0. ] 

Y Axis Data [ 0. 1. 0. ] 

Z Axis Data [ 0. 0. 1. ] 

 

Connections 

TABLE 5 
Model (A4) > Connections 

Object Name Connections 

State Fully Defined 

Auto Detection 

Generate Automatic Connection On Refresh Yes 

Transparency 

Enabled Yes 
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Mesh 

TABLE 6 
Model (A4) > Mesh 

Object Name Mesh 

State Solved 

Display 

Display Style Body Color 

Defaults 

Physics Preference Mechanical 

Relevance 0 

Shape Checking Standard Mechanical 

Element Midside Nodes Program Controlled 

Sizing 

Size Function Curvature 

Relevance Center Coarse 

Initial Size Seed Active Assembly 

Smoothing Medium 

Transition Fast 

Span Angle Center Coarse 

Curvature Normal Angle Default (70.3950 °) 

Min Size Default (1.2774e-003 m) 

Max Face Size Default (0.127740 m) 

Max Tet Size Default (0.255470 m) 

Growth Rate Default (1.850 ) 

Automatic Mesh Based Defeaturing On 

Defeaturing Tolerance Default (6.3868e-004 m) 

Minimum Edge Length 7.1343e-002 m 

Inflation 

Use Automatic Inflation None 

Inflation Option Smooth Transition 

Transition Ratio 0.272 

Maximum Layers 2 

Growth Rate 1.2 

Inflation Algorithm Pre 

View Advanced Options No 

Advanced 

Number of CPUs for Parallel Part Meshing Program Controlled 

Straight Sided Elements No 

Number of Retries 0 

Extra Retries For Assembly No 

Rigid Body Behavior Dimensionally Reduced 

Mesh Morphing Disabled 

Triangle Surface Mesher Program Controlled 

Topology Checking No 

Pinch Tolerance Default (1.1496e-003 m) 

Generate Pinch on Refresh No 

Statistics 

Nodes 16218 

Elements 8206 

Mesh Metric None 
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A.2.5 Modal (A5) Analysis 

TABLE 7 
Model (A4) > Analysis 

Object Name Modal (A5) 

State Solved 

Definition 

Physics Type Structural 

Analysis Type Modal 

Solver Target Mechanical APDL 

Options 

Environment Temperature 22. °C 

Generate Input Only No 

TABLE 8 
Model (A4) > Modal (A5) > Initial Condition 

Object Name Pre-Stress (None) 

State Fully Defined 

Definition 

Pre-Stress Environment None 

TABLE 9 
Model (A4) > Modal (A5) > Analysis Settings 

Object Name Analysis Settings 

State Fully Defined 

Options 

Max Modes to Find 20 

Limit Search to Range No 

Solver Controls 

Damped No 

Solver Type Program Controlled 

Rotordynamics Controls 

Coriolis Effect Off 

Campbell Diagram Off 

Output Controls 

Stress No 

Strain No 

Nodal Forces No 

Calculate Reactions No 

General Miscellaneous No 

Analysis Data Management 

Solver Files Directory 
C:\Users\David\Documents\Muffler B 

ansys_files\dp0\SYS\MECH\ 

Future Analysis None 

Scratch Solver Files 
Directory  

Save MAPDL db No 

Delete Unneeded Files Yes 

Solver Units Active System 

Solver Unit System mks 
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TABLE 10 
Model (A4) > Modal (A5) > Loads 

Object Name Fixed Support 2 Frictionless Support 

State Fully Defined 

Scope 

Scoping Method Geometry Selection 

Geometry 1 Face 

Definition 

Type Fixed Support Frictionless Support 

Suppressed No 

 

A.2.6 Solution (A6) 

TABLE 11 
Model (A4) > Modal (A5) > Solution 

Object Name Solution (A6) 

State Solved 

Adaptive Mesh Refinement 

Max Refinement Loops 1. 

Refinement Depth 2. 

Information 

Status Done 

MAPDL Elapsed Time 8. s 

MAPDL Memory Used 415. MB 

MAPDL Result File Size 10.938 MB 

Post Processing 

Calculate Beam Section Results No 
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The following bar chart indicates the frequency at each calculated mode. 

FIGURE 1 
Model (A4) > Modal (A5) > Solution (A6) 

 

TABLE 12 
Model (A4) > Modal (A5) > Solution (A6) 

Mode Frequency [Hz] 

1. 41.829 

2. 128.45 

3. 219.62 

4. 265.99 

5. 290.09 

6. 339.66 

7. 366.29 

8. 407.12 

9. 470.77 

10. 506.9 

11. 511.12 

12. 517.73 

13. 535.71 

14. 540.47 

15. 558.24 

16. 587.88 

17. 616.75 

18. 667.51 

19. 687.68 

20. 713.77 
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TABLE 13 
Model (A4) > Modal (A5) > Solution (A6) > Solution Information 

Object Name Solution Information 

State Solved 

Solution Information 

Solution Output Solver Output 

Newton-Raphson Residuals 0 

Identify Element Violations 0 

Update Interval 2.5 s 

Display Points All 

FE Connection Visibility 

Activate Visibility Yes 

Display All FE Connectors 

Draw Connections Attached To All Nodes 

Line Color Connection Type 

Visible on Results No 

Line Thickness Single 

Display Type Lines 

Model (A4) > Modal (A5) > Solution (A6) > Comment 

TABLE 14 
Model (A4) > Modal (A5) > Solution (A6) > Results 

Object Name Total Deformation 

State Solved 

Scope 

Scoping Method Geometry Selection 

Geometry All Bodies 

Definition 

Type Total Deformation 

Mode 9. 

Identifier 
 

Suppressed No 

Results 

Minimum 0. m 

Maximum 0.57746 m 

Minimum Occurs On Muffler B 

Maximum Occurs On Muffler B 

Information 

Frequency 470.77 Hz 
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TABLE 15 
Model (A4) > Modal (A5) > Solution (A6) > Total Deformation 

Mode Frequency [Hz] 

1. 41.829 

2. 128.45 

3. 219.62 

4. 265.99 

5. 290.09 

6. 339.66 

7. 366.29 

8. 407.12 

9. 470.77 

10. 506.9 

11. 511.12 

12. 517.73 

13. 535.71 

14. 540.47 

15. 558.24 

16. 587.88 

17. 616.75 

18. 667.51 

19. 687.68 

20. 713.77 

A.2.7 Material Data  

Structural Steel 

TABLE 16 
Structural Steel > Constants 

Density 7850 kg m^-3 

Coefficient of Thermal Expansion 1.2e-005 C^-1 

Specific Heat 434 J kg^-1 C^-1 

Thermal Conductivity 60.5 W m^-1 C^-1 

Resistivity 1.7e-007 ohm m 

TABLE 17 
Structural Steel > Color 

Red  Green  Blue  

132 139 179 

TABLE 18 
Structural Steel > Compressive Ultimate Strength 

Compressive Ultimate Strength Pa 

0 

TABLE 19 
Structural Steel > Compressive Yield Strength 

Compressive Yield Strength Pa 

2.5e+008 
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TABLE 20 
Structural Steel > Tensile Yield Strength 

Tensile Yield Strength Pa 

2.5e+008 

TABLE 21 
Structural Steel > Tensile Ultimate Strength 

Tensile Ultimate Strength Pa 

4.6e+008 

TABLE 22 
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion 

Zero-Thermal-Strain Reference Temperature C 

22 

TABLE 23 
Structural Steel > Alternating Stress Mean Stress 

Alternating Stress Pa Cycles  Mean Stress Pa 

3.999e+009 10 0 

2.827e+009 20 0 

1.896e+009 50 0 

1.413e+009 100 0 

1.069e+009 200 0 

4.41e+008 2000 0 

2.62e+008 10000 0 

2.14e+008 20000 0 

1.38e+008 1.e+005 0 

1.14e+008 2.e+005 0 

8.62e+007 1.e+006 0 

TABLE 24 
Structural Steel > Strain-Life Parameters 

Strength 
Coefficient Pa 

Strength 
Exponent  

Ductility 
Coefficient  

Ductility 
Exponent  

Cyclic Strength 
Coefficient Pa 

Cyclic Strain 
Hardening 
Exponent  

9.2e+008 -0.106 0.213 -0.47 1.e+009 0.2 

TABLE 25 
Structural Steel > Isotropic Elasticity 

Temperature C Young's Modulus Pa Poisson's Ratio  Bulk Modulus Pa Shear Modulus Pa 

 
2.e+011 0.3 1.6667e+011 7.6923e+010 

TABLE 26 
Structural Steel > Isotropic Relative Permeability 

Relative Permeability  

10000 
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Appendix B Transmission Loss Test 

Bench - Experimental 

B.1 Construction 

This appendix covers the physical construction, instrumentation and data sheets for the 

experimental acoustic transmission loss test bench.  The measurement ducts and the anechoic 

termination shell were constructed using galvanized steel round ducting of spiral-folded-

seam construction with a nominal bore of 330 mm and one  mm wall thickness. The 

anechoic termination was three metres long and packed with Tontine Acoustisorb2 material 

in a one metre long cone (Figure App B.1) followed by a 1.2 metre long parallel section 

(Figure App B.2). The upstream and downstream measurement ducts were each 1.5 metres 

long.  

 

Figure App B.1 Anechoic Termination, Cone Section 
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Figure App B.2 Anechoic Termination, Parallel Section 

The transmission loss test bench used the following instrumentation: 

1. Marantz brand Model MA6100 mono amplifier. 

2. HP 3567A Spectrum Analyser with 

a. four HP 35652B input modules  

b. HP 35653C sound source module 

3. Dayton Audio brand Model RSS315HO-44,  subwoofer loudspeaker driver, ø 12 inch 

(305 mm) 

4. Custom non-vented speaker enclosure, 126 litre, 18 mm plywood, lined with Tontine 

Acoustisorb2 material 25 mm thick 

5. PCB brand Model 378B02 half inch microphones (four)  

6. PCB Model 426E01 preamplifiers (four) 

7. Microphone holder, cable grommet, TST Rutaseal Light, Part Number T_14 583 32 

8. Larson Davis Model CAL250 microphone calibrator, 114 dB re 20µPa at 251.2 Hz
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B.2 Data Sheets 

B.2.1 Mono (single channel) Amplifier 

Table App B.1 Marantz MA6100 Specification Summary 

Mono Amplifier Specification 

Model Marantz MA6100 

Rated Output 125 W 8 ohms  rms 

Distortion 0.02% 

Rated Input Level 1 V rms 

Frequency Response (-1 dB) 10 Hz to 70 kHz 

Signal / Noise Ratio (A weighted) 110 dB 

Damping Factor (1 kHz) 60 
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B.2.2 HP Spectrum Analyser HP3576A 

 

Figure App B.3 HP3566 / 67A Specification Sheet Page 1 
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Figure App B.4 HP3566 / 67A Specification Sheet Page 2 
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Figure App B.5 HP3566 / 67A Specification Sheet Page 3 
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Figure App B.6 HP3566 / 67A Specification Sheet Page 6 
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Figure App B.7 HP3566 / 67A Specification Sheet Page 7 
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B.2.3 Subwoofer loudspeaker driver 

 

Figure App B.8 Dayton Audio RSS315HO-44 Data Sheet 
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B.2.4 Acoustic Absorptive Material 

 

Figure App B.9 Tontine Acoutisorb 2 Data Sheet 
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B.2.5 Microphones 

 

Figure App B.10 PCB Model 377B02 Data Sheet 

B.2.6 Microphone Preamplifiers 

 

Figure App B.11 PCB Model 426E01 Data Sheet 
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B.2.7 Microphone holder 

 

Figure App B.12 TST Rutaseal T_14 583 32 Data Sheet 
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B.2.8 Microphone Calibrator  

 

Figure App B.13 Larson Davis CAL250 Data Sheet Page 1 
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Figure App B.14 Larson Davis CAL250 Data Sheet Page 2 
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Appendix C MATLAB Code 

This appendix lists the MATLAB R2014a  code used to calculate the acoustic transmission 

loss using the four microphone frequency domain averaged data from the HP analyser and 

the experimental transmission loss test bench. This has been generated using the ‘Report’ 

function in MATLAB.
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Appendix D Muffler Shell Experimental 

Measurements 

This appendix lists the instrumentation used for the experimental analysis of the LMM 

muffler shell and internal structure.  The measured FRF, coherence and input power 

spectrum are presented for each measurement. 

D.1 Instrumentation 

The structural resonances were measured experimentally using: 

1. PCB brand Model 086C01 impact hammer 

2. PCB brand white impact tip (medium stiffness)  

3. PCB aluminium mass extender 

4. PCB brand Model 353B33 accelerometer (100mV/g) 

5. HP 3567A Spectrum Analyser 

 

  

Figure App D.1 PCB Impact Hammer Model 086C01 Data Sheet 
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Figure App D.2 PCB Accelerometer Model 353B33 Data Sheet 
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D.2 Measured FRF’s 

 

 

Figure App D.3 FRF, Body Ring Mode, A1 H1, Data Set TJuly01 
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Figure App D.4 FRF, Body Ring Mode, A2 H2, Data Set TJuly02 
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Figure App D.5 FRF, Centre Tube, A3 H3, Data Set TJuly03 
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Figure App D.6 FRF, Centre Tube, A3 H4, Data Set TJuly04 
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Figure App D.7 FRF, Centre Tube, A4 H7, Data Set TJuly05 
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Figure App D.8 FRF, Centre Tube, A4 H5, Data Set TJuly06 
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Figure App D.9 FRF, Centre Tube, A5 H6, Data Set TJuly07 
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Figure App D.10 FRF, Centre Tube, A5 H5, Data Set TJuly08 

 


