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ABSTRACT 
High speed catamaran ferries are used throughout the world in confined waters, such as rivers and 

ports. Wake from these and other small vessels have a variety of effects on the waterways, including 

deterioration of banks, damage to structures and other vessels, and danger to people close to the shore. 

An existing code has been used to predict the wake produced by different catamaran hulls in a channel. 

A CFD study determined the wave heights so that the pressure distribution used in the existing code 

could be calibrated to accurately predict the wave heights for each hull. Design of experiments methods 

were utilised to identify the main and interacting effects of the hull characteristics varied between the 

hulls. Comparison between the existing code and CFD results showed that slight differences between 

hull characteristics gave different wave heights and these differences could be accounted for by 

calibrating the pressure distribution. Design of experiments analysis highlighted that of the four factors 

(beam, demi hull beam, bow keel rake and bow entry angle) demi hull beam had the largest effect on 

the wave heights and for the values tested, the combination of beam and demi hull beam, i.e. hull 

spacing, did not have a higher interacting effect than other combinations. 

Keywords: Catamaran, Funwave, Boussinesq, Wake, Wash 

Ferries catamaran são utilizados em todo o mundo em águas confinadas como rios ou portos. A esteira 

causada por este tipo de embarcações produz uma variedade de efeitos nas vias marítimas, incluindo 

deterioração das margens, danos em estruturas e outras embarcações, e perigo para as pessoas perto 

da margem. De forma a prever a esteira produzida por diferentes tipos de embarcações catamaran 

num canal é uitlizado um código existente. Um estudo de dinâmica de fluidos computacional 

determinou a altura de onda de maneira a que a distribuição de pressões utilizada no código actual 

possa ser calibrada para permitir prever com precisão a altura de onda causada por cada casco.  

Métodos de projecto por planeamento experimental foram utilizados para identificar os principais 

efeitos da variação das características dos vários cascos. Comparação entre o código existente e 

resultados produzidos através de dinâmica de fluidos computacional mostraram que ligeiras variações 

nas características dos cascos produzem alturas de onda diferentes, diferença esta que poderá ser 

explicada pela calibração da distribuição de pressões. A análise de projecto por planeamento 

experimental indicou que dos quatro parâmetros (boca, boca de um casco, forma da roda de proa e o 

ângulo da proa), a boca de um só casco é o parâmetro que tem a maior influência na altura de onda e 

que para os valores testados, a combinação dos valores de boca e boca de um só casco, vulgo 

espaçamento entre cascos, não produz uma efeito superior às outras combinações de alterações.  

 

catamaran, funwave, boussinesq, esteira, 
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1. INTRODUCTION 
The main objectives of this thesis were to predict the wakes generated by a set of catamaran designs 

and their propagation over a given bathymetry, as well as analysing the main and interacting effects of 

the Beam, Demi-Beam, Bow Keel Rake and Entry Angle on the wave height and wave energy of the 

wake wash. These were identified by completing a Design of Experiments analysis in conjunction with 

the CFD studies. Technical data and support for this research were provided by Incat Crowther, Sydney, 

as well as CENTEC, Instituto Superior Tecnico. The research was carried out utilising the commercial 

software Star CCM+ by CD-ADAPCO. The results of this were also used for a feasibility study of using 

an extended version of the Funwave code originally developed by Wei & Kirby (1995) and edited by 

Nacimento & Maciel (2009). In this chapter I will discuss the scope of work, the motivation for carrying 

out these studies and give a brief description of each chapter.  

 Scope of work  
This section details the areas focussed on in this thesis which include a preliminary study and a main 

study both centred around the study of the effects of hull characteristics on wake wash using CFD 

studies as well as the calibration of the Funwave code to produce more accurate results. CFD 

simulations were also analysed using Design of Experiments methodology. The preliminary stage of 

the research included a CFD study of a single 29.6m hull in a deep-water channel as a monohull and 

as a catamaran. The preliminary study included a mesh convergence test and validation of the CFD 

model. A feasibility study using the Funwave code was also undertaken. The secondary stage of 

research included 8 CFD simulations of catamarans in a deep-water channel. The results of the CFD 

study were analysed using the DOE methodology and the main and interacting effects were calculated. 

The final stage of research included a larger feasibility study into the calibration of the Funwave code.   

This research was undertaken as a preliminary study into developing a new method for simulating wake 

wash of catamarans or other ships in waterways and coastal areas. Due to the nature of this master’s 

thesis and the resources available, the time and funding required to gather new experimental results 

was not available. Experimental results were sourced from previous work made by Macfarlane (2012) 

and Macfarlane et al., (2014). However, the main objective of this research was to undertake a proof of 

concept study of this new method and test the effects of hull characteristics on wake wash, which is 

documented in this thesis. It is hoped that this research may be added to in the future to include 

experimental results for the hulls tested, so that the method can be improved, as well as simulations for 

more varied bathymetries. 

 

 Motivation 
Maritime transportation has become an essential part of modern society, however there are many 

negative environmental impacts which people are now seeking solutions for. The main motivations 

behind investigating this topic include: the safety of people and property in coastal environments, the 

effect of wake wash on the coastal environment, the social and economic effects due to changes or 

closure of ferry routes and, lastly, the development of an innovative design tool for naval architects and 

researchers to study the effects of different ship designs on the wake wash in a specific setting. 

There are several safety issues that are affected by the wake wash of maritime traffic. Excessively high 

or powerful wake wash may not only cause damage to manmade structures used by the public, such 

as jetties, wharfs or buildings, but they may also put other water users either swimming or using smaller 
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craft in possibly dangerous situations. When wake wash propagates from deep water, where the wave 

heights may not seem dangerous, into shallower water depths, certain situations can cause the waves 

to rise in size and power. Furthermore, the behaviour of wake wash at specific Froude length and depth 

numbers can create large wakes that can affect the manoeuvrability of other craft, making it harder to 

navigate safely. Large high-speed craft, such as catamaran ferries, have been blamed for causing many 

of these issues, including a fatality in the United Kingdom in July 1999 where a shoaling wave from a 

122m high speed ferry grew to a reportedly 4 m height and swamped a fishing vessel, subsequently 

drowning one person (Purdy, 1999). On the other hand, high speed ferries offer a convenient, fast, 

economical and environmentally friendlier option for commuters in cities or other areas with waterways. 

The effects of maritime traffic on inland waterways has been well documented (Pattiaratchi & Hegge, 

1990) (Macfarlane, et al., 2008) (Kurennoy, 2009). These effects include erosion of banks and 

disturbance of silt, which result in the destruction of fragile ecosystems. In many situations the wake 

wash from the vessels have distinctive height, period and energy characteristics compared to waves 

that occur naturally due to wind and/or tidal movements. These introduced effects can upset the natural 

order and movements that have existed for thousands of years, which leads to irreversible damage. 

Examples of this include highly used rivers such as the Thames, Danube and Rhine, which now require 

heavy fortification in areas. Other issues include damage to aquatic life, as the disturbance of silt and 

sediments effects the living conditions of fish and insects, and the reduced light penetration due to 

poorer water quality effects the growth of plankton and plant species (Bradbury, 2009). 

There are many examples of the economic costs of damage by wake wash, as well as the effects of 

regulations in response to the damage, or perceived threat of damage. In Australia, claims of damage 

allegedly caused by the Sydney RiverCats has amounted to millions of dollars (Vernon, 2016) 

(Cormack, 2015). Residents of the affected zones have started an action group to lobby for speed 

restrictions in these areas. In other cases, lobby groups have caused regulatory responses, which has 

resulted in the implementation of speed restrictions, rendering high speed craft uneconomical. 

Examples of this include PacifiCats (Fissel, et al., 2001) (Macfarlane, 2012) where the ferries’ course 

and operational speed were altered, resulting in uneconomical operations and the subsequent selling 

of the fleet. In New Zealand, a local action group lobbied to have an 18-knot speed limit introduced in 

the Marlborough Sounds in the 1990s, eventually leading to the closing of the high-speed ferry route 

there (Parnell & Kofoed-Hansen, 2001) 

In many situations the normal regulatory response has been to implement speed limits. Macfarlane et 

al. (2008) critically evaluates these responses. These blanket speed limits, although successful in 

reducing wake wash, are applied to all vessels irrespective of their actual wake wash characteristics. 

However, wake wash characteristics such as height, period and power are not solely affected by the 

speed a ship moves at, but also the hull shape of the ship itself (He, et al., 2015).This thesis aims to 

investigate the significance of the four factors Bow Angle of Entry, Bow Keel Rake, Beam and Demi 

Hull Beam on the wave height and wave energy of the wake of a series of 30m Incat Crowther designed 

catamaran ferries. The second main objective is to develop an efficient method to accurately compare 

the effect of different ships’ wake wash in a given bathymetry. This study has the goal to aid designers 

in making safer, more environmentally friendly and economically attractive ship designs for the future. 

 Description of chapters 
Chapter 2 is dedicated to the Literature Review and Sate of Art, this chapter includes sub-sections on 

Wake Wash Studies, Wave Propagation Studies, Computation Fluid Dynamics Studies and 

Significance of Research. Wake Wash Studies deals with full and model scale experiments researching 
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the various factors which affect wake wash. Wave Propagation Studies details the numerical methods 

used to simulate wave propagation, it centres on studies that use Boussinesq type equations to make 

the simulations. Computation Fluid Dynamics Studies specifies the various research in the field 

applicable to wake wash studies. Lastly, the Significance of Research is outlined. 

Chapter 3 is devoted to the Background theory relevant to this thesis. It includes sections on: Design 

of Experiments Methodology, Boussinesq Equations, Funwave and Adaptions, and lastly, Wake Wash. 

Design of Experiments Methodology outlines the various components involved in its use.  Boussinesq 

Equations, Funwave and Adaptions gives some theory the program and its related theory. Wake Wash 

provides an introduction into the relevant wave theory. 

Chapter 4 describes the various Methodologies used in this thesis. These relate to: Design of 

Experiments, Computational Fluid Dynamics and Funwave. The Design of Experiments section 

describes how the factors, levels and factorial were chosen as well as how the effects were calculated. 

The Computation Fluid Dynamics section describes how the models were created, measured and 

validated. The Funwave section details the two main investigations in this thesis: the preliminary study 

and the 8 hulls in a deep-water channel study. 

Chapter 5 presents the Results and Discusses the important findings. This includes results for the 

Preliminary Study, CFD simulations of the 8 hulls in deep water and lastly the Funwave simulations. 

The Preliminary Study comprises of CFD and Funwave results as well as the calibration of the Funwave 

code. The CFD study of the 8 hulls includes presentation of the CFD simulation results as well as 

analysis of the results using the DOE methodology. The Funwave section includes calibration of the 

code for the 8 hulls using the results obtained in the CFD study. 

Chapter 6 details the Conclusions made through completion of the research involved with this thesis 

and suggests possible areas for future work. Conclusions are drawn from the CFD and DOE analysis 

as well as the calibration of the Funwave code using the CFD results. 

 

2. LITERATURE REVIEW AND STATE OF ART 
The waves propagating from a ship have been studied for centuries. Therefore, there has been a very 

large amount of studies carried out in this area. This chapter attempts to group many of these studies 

into three main sections: Wake Wash Studies, Wave Propagation Studies and Computational Fluid 

Dynamics Studies. The section on Wake Wash Studies covers full and model scale experimental 

results. The section on Wave Propagation covers studies on the propagation of waves using numerical 

codes. Lastly, the Computational Fluid Dynamics section details studies which use CFD software to 

study wake wash and water flow around a ship. 

 Wake Wash Studies 
The thin-ship theory developed by Michell (1898) first allowed researchers to predict wake wash 

characteristics. This theory was modified by Srentensky (1936) to allow the estimation of the wake wash 

characteristics of a ship within a channel. Over the past decades, with the improvement in experimental 

tools, there have been numerous, full-scale and model-scale, wake wash studies completed. These 

studies range in scope from measurements taken at a specific location (Fissel, et al., 2001) to the 

development of empirical formulas that can estimate the wake characteristics at sub-critical, trans-

critical and/or super-critical speed regimes. The study by Weggel & Sorensen (1986) is an early 
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example of empirical formulas developed by examining a collection of full-scale wave measurements 

in the sub critical regime, including both monohulls and catamarans.  

Fox et al., (1993), using data collected in the NY state waterways, linked the hull characteristics of the 

ferries used at the time to the wake wash characteristics, specifically the proportionality of the 

displacement length ratio to wake wash heights. Citing the Victoria Clipper III, an Incat designed 

catamaran with a service speed of 24 knots, as an example, showed how a reduced form drag also 

reduced ‘negative’ wake wash characteristics. Also of note is the conclusion that for fixed values of 

length, beam prismatic coefficient and vessel speed, the wash height will increase as draft and/or bow 

entry angle increases.  

Kirkegaard (1998) made a similar study of ferries in the coastal areas of Denmark, including catamarans 

with service speeds between 35 and 45 knots and conventional ferries with speeds of 17 knots. Not 

only did the study include measurements of wave heights, it also measured sediment movements and 

coastal degradation. The report draws conclusions about applicability of regulations and the effects of 

different hulls’ wake wash on the coastal environment. It also outlines the underlying concern and 

driving force behind the destruction of coastal environments by high speed craft, which is; “the relative 

short duration of wave events caused by high speed craft do not allow the natural balancing currents 

that return sediment to approximately original position to occur” (Kirkegaard, et al., 1998). This is true 

of both long-shore and coastal shore sediment transportation.  

More recent studies have again used full and model scale experiments to understand higher level 

phenomenon and wake wash characteristics. Studies by Macfarlane (2012) and Robbins (2013) are 

recent examples of such research. 

 Wave Propagation Studies 
Boussinesq (1872) wrote a paper which introduced the ‘Boussinesq Approximation’ of relatively long 

and weakly non-linear water waves in reply to observed phenomena of solitons by J. S. Russell. After 

some development in this field, Havelock (1908) first proposed the use of a pressure distribution to 

represent a ship’s motion. His studies determined both the ship resistance and the properties of the 

free-surface waves generated. Peregrine (1967) first derived the, now standard, Boussinesq equations 

for variable water depth, by using a depth-averaged velocity as a dependent variable. Many numerical 

models have been based on the derivations of Peregrine and have compared well with experimental 

data (Goring, 1978), (Rygg, 1988). Nwogu (1993) derived the extended Boussinesq equations which 

improved the dispersive properties of propagating waves, allowing simulation of wave propagation from 

deep to shallow water with accuracy.  

Wei & Kirby (1995) developed a numerical model based on these extended Boussinesq equations and 

proved its accuracy for a range of water depths. Kirby et al., (1998)  later developed the program 

FUNWAVE, a more user-friendly version of the numerical model. Nacimento & Maciel (2009) adapted 

the program to model the propagation of ship generated waves. In this model the pressure distribution 

is added to the momentum equations to simulate ship wave generation. Naciemento & Maciel  (2011) 

created the code Funwave+ship, an extension of the adapted Funwave program, to simulate the 

interaction of two wave trains travelling either side by side (but at different speeds) or away from each 

other. Rodrigues et al. (2015) adapted the model of Nacimento & Maciel (2009) to simulate ship waves 

propagating over a sloping bottom using the pressure distribution suggested by Li & Sclavonous (2002). 

Similarly, Torsvik & Soomere (2008) used a code based on the extended Boussinesq equations on the 

highly irregular bathymetry of Tallin Bay, Estonia. The pressure distribution used by Torsvik and 
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Soomere was rectangular in shape, with roughly the length and breadth equal to the ship, and equal to 

the hydrostatic pressure of the ship’s hull. The numerical results where compared with experimental 

data collected at Tallin Bay, showing some agreement. The waves propagated for several kilometres 

before being measured, travelling over variable depths.  

 Computational Fluid Dynamics Studies 
The use of Computational Fluid Dynamics codes to study the area of wake wash has grown in the last 

two decades. In many studies the aim is to predict the wave making resistance of the ship, which has 

led to studies on the wake wash of the ship, Steen et al. (1999) carried out one such study. Tarafder & 

Suzuki  (2007) used a potential based panel method to study the effects of wave interference and hull 

separation on the wave making resistance of a Wigley hull catamaran in deep water. From this study, 

they noted that the magnitude of the wave profile on the inner side of the catamaran is much larger due 

to wave interference, and that at higher speeds and hull separations (s/L>0.4) interference effects were 

negligible. Ahmed & Guedes Soares (2009) studied the free surface flow around a VLCC using a 

commercial CFD program and a potential based code. Comparing the two methods with experimental 

results, they found that the commercial CFD program better approximated the pressure distribution. 

Echoing the results found by Tarafder and Suzuki, Nizam et al. (2013) found that, in their paper on a 

numerical study of wave making resistance of a pentamaran in unbound water using a surface panel 

method, at higher speeds (Fn>0.8) interference between hulls was greatly reduced. Hase et al. (2016) 

developed a novel CFD based numerical method to extrapolate scaled experimental data to full scale 

resistance results, for large medium speed catamarans. Pennino et al. (2016) compared results found 

using STAR CCM+ (a commercial CFD program) and the empirical Morabit method against 

experimental results. They found that the viscous drag component could be overestimated using the 

CFD program and that differences in the pressure distribution could lead to errors in the trim and sinkage 

of the ship. He et al. (2015) also considered the wave interference effects on the far field wake 

characteristics of both monohull and catamarans, noting that the hull shape has a larger impact on the 

wave heights, while the kinematics of the ship have more influence on the shape of the wake field. 

“…although the amplitudes of the waves created by a ship are strongly influenced by the shape of the 

ship hull, the ray angles where the largest waves are found are mostly a kinematic feature that is only 

weakly influenced by the hull shape and the related wave amplitude” (He, et al., 2015). 

In general, CFD simulations are limited by the required computing power to companies, institutions or 

universities and, even then, the work is idealized to save time and computing resources. In many cases 

a single situation will be studied in great detail. CFD simulations that consider wake wash over a coastal 

area, on a large scale, are too demanding at this point in time to be studied. Therefore, there exists a 

space in the current state of art research that this thesis is attempting to fill, which is that a researcher 

or designer needs to be able to study the wake wash behaviour of a given hull over a given bathymetry, 

to then compare that to the results of other hulls. This need may come in the form of comparisons of 

different hulls, considering different speed limits for different ships within a given area, or an operator 

may want to optimise their route to reduce wake wash impacts.  

 Significance of Research 
In general, within the current state of art of wave propagation studies, there are possible links between 

methods that so far have not been explored thoroughly. This thesis aims to connect two different 

methodologies, utilising the best parts of each, to make a new method that allows quick and reliable 

estimation of wake wash from different ships in a variety of environments. It is already possible to 

consider the effects of different hull characteristics on the wake wash in deep water using CFD. It is 
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also possible to consider the propagation of a ship’s waves over varied bathymetry on a large scale. 

However, it has not yet been possible to consider the effects of different hull characteristics on the wake 

wash of a vessel in varied bathymetry on a large scale. This is due to a number of reasons. Firstly, a 

CFD simulation would require a lot of computational power to solve such a large domain and would 

possibly have stability issues due to the varied bathymetry. Secondly, different pressure distributions 

have been used in a variety of Boussinesq based models to simulate different phenomena. However, 

not much time has been given to considering how the different hull shapes, on a more accurate level, 

affect the wake wash in the mid to far field region.  

Considering the effect of different hull characteristics on the wake wash will also add to the general 

background information available to naval architects and marine engineers, giving them a better 

understanding of the main and interacting effects. Furthermore, this study compares the effect of hull 

separation and bow characteristics, two areas which have not been considered together before. Lastly, 

the adoption of DOE methods in CFD research has been used, however not extensively. This method 

allows the effects of various factors to be analysed and could be widely used in optimisation studies. 

As mentioned, CFD studies require numerous resources and utilising DOE methods can reduce the 

required resources, making more studies possible. 
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3. BACKGROUND THEORY 
This section aims to give the reader back ground theory on the areas researched in this thesis. The first 

sub-section describes the Design of Experiments methodology used to analyse the effects of different 

hull characteristics on the wake wash. Design of Experiments methodology is a powerful tool used by 

engineers to understand these effects and when utilised properly can save substantial time and energy. 

The second sub-section details Boussinesq Equations and numerical models based on it. This model 

and the subsequent adaptions can accurately simulate wave propagation over varied depth on a larger 

scale than other numerical methods. The third sub-section talks about the theory of wake wash and its 

related topics such as effects of speed and depth on wave characteristics. 

 Design of Experiments Methodology  
Successfully implemented Design of Experiments (DOE) methodology can yield large gains in terms of 

time and effort saved by reducing the number of experiments required to obtain results for multiple 

factors. Factorial studies relate to experiments where more than one factor may be important and 

Factorial Experimental Design (FED) is applied when each combination of factor levels must be tested. 

A factor is a variable that will be tested in the experiment, a level is a value of the variable that will be 

tested. for instance, in an experiment that tested the chance of an egg breaking when dropped from 

different heights, the factor would be the height, and the levels would be the different heights the eggs 

were dropped from. FED gives the researcher a much more in-depth view into the effect of each factor. 

By testing all combinations of factor levels, both the main effects (of each factor) and the interaction 

effects (the combined effect of changes in multiple factors) can be seen. Taking the egg example 

mentioned above, imagine the tester also wanted to see if the egg being cooked also affected if the egg 

would break. Then there would be two factors, each with different limitations on their levels. Factor A 

(the height dropped from) would allow for as many levels as desired and factor B (cooked or uncooked) 

would be restricted to two levels. Obviously, the main contributing factor to the egg breaking or not is 

the height it is dropped from, but by doing a full factorial study, that is to test every combination of height 

and cooked or uncooked, the tester can pinpoint at what height the cooked/uncooked factor becomes 

important.  

It is evident that this can be applied to the area of Marine Engineering where there are always multiple 

factors affecting any situation. FED has also been used in optimisation studies, it was pioneered by 

Genichi Taguchi, a Japanese engineer, in the 1950s. When there are multiple factors to be considered, 

engineers will usually use a fractional factorial study. A fractional factorial study is where only some 

combinations of the factorial study are tested. The combinations are chosen specifically to allow the 

main and interacting effects to be separated and studied. This means that the engineer only needs half 

or even a quarter of the tests usually required for the full factorial study, while still obtaining an accurate 

idea of what factors have the largest effect. 

As with most things, there is a trade-off. By only studying some of the combinations of factors, it is not 

possible to differentiate all the main and interacting effects. The situation where two or more different 

effects are combined in the one result is called aliasing. The choice of fraction and the number of factors 

dictates which effects will be aliased and it is up to the investigator to ensure that main and low order 

interactions are only aliased with higher order interactions. Because high order interactions (those with 

multiple factors) include within them lower order interactions, it is generally considered  that higher order 

interactions have less effect than lower order interactions and main effects (Montgomery & Runger, 

2003). For this reason, the Taguchi method is well suited as a screening technique to identify the most 

crucial factors and then a secondary more intense investigation can be completed to specify the exact 
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combination of factors that optimise results. In this thesis, Taguchi’s FED is only used to reduce the 

number of CFD simulations needed and to give a general understanding of the importance of the 

different factors. A more in-depth explanation of the mathematics behind this process will be given in 

the methodology section of this thesis.  

 Boussinesq Equations, Funwave and Adaptions 
This section is not intended to be a full description of the extended Boussinesq equations, this can be 

seen in the research of Wei & Kirby (1995), Li & Sclavonous (2002) and Nacimento & Maciel (2009) . 

Instead, a brief explanation of the general equations is given, as well as the various additions made to 

form the version used in this thesis. The standard Boussinesq equations for variable water depth were 

derived by Peregrine in 1967 (Peregrine, 1967). The equations are for shallow water nondispersive 

linear wave propagation. The standard Boussinesq equations assume weak frequency dispersion 

effects, making them invalid in intermediate water depth and deep water. Wei & Kirby  (1995) built on 

the work of Nwogu (1993), who extended the Boussinesq equations by modifying the dispersion 

relationships, to include nonlinear dispersive terms. The model is also able to suitably model 

wave/current interactions (Kirby, et al., 1998). Energy dissipation due to wave breaking is modelled by 

introducing an eddy viscosity term into the equations.  

 

The fully nonlinear Boussinesq equations derived by Wei & Kirby (1995) are: 
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Where  𝜂 is the surface elevation, ℎ is the still water depth, 𝒖𝛼is the horizontal velocity vector at the 

water depth 𝑧 = 𝑧𝛼 = −0.531ℎ , ∇= (
𝜕

𝜕𝑥
,

𝜕

𝜕𝑦
) is the horizontal gradient operator, 𝑔  is the gravitational 

acceleration and the subscript 𝑡 is the partial derivative with respect to time. These equations are 

statements of the conservation of mass and momentum, respectively. They describe the frictionless 

evolution of nonbreaking waves over a smooth, impermeable bottom. 

 

Wei & Kirby (1995) add several additional functions to these two equations to perform specific tasks. In 

the aid of brevity and accuracy, they are omitted from this general description. Nacimento & Maciel 

(2009), adapted this Funwave code adding a pressure distribution function, proposed by Li & 

Sclanovous (2002), to the momentum equation to simulate waves created by a ship. The pressure 

distribution, 𝑷(𝑥, 𝑦), of Li and Sclavonous is described by: 
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Where �̅� is the peak value of the pressure distribution, L is the length of the ship and B is the breadth. 

In the adapted Funwave model by Nacimento et al, the hydrostatic pressure was used as the value for 

�̅�. The adapted Funwave equations of Nacimento et al becomes: 

 

 

 

Conservation of Mass, 
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Conservation of Momentum, 
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 Wake Wash 
Today wake wash is well understood, and the form can be predicted with accuracy. In general, the wave 

pattern generated is more affected by vessel speed than vessel form and as the vessel speed increases 

the wave pattern generated changes (He, et al., 2015). Changes are also caused by a reduction in the 

water depth. The Length Froude Number and Depth Froude Number are both useful dimensionless 

equations which can be used to predict the wave wash form.  

Length Froude Number, 

 𝐹𝑟𝐿 = 𝑢/√𝑔𝐿   (6) 

 

Depth Froude Number, 

 𝐹𝑟ℎ = 𝑢/√𝑔ℎ (7) 

 

In general, the depth Froude number is used more to define different wake wash forms while the length 

Froude number may be used more to define different vessel speed schemes. Congenitally, the depth 

Froude number has little effect until the water depth is less than one half of the water line length of the 

vessel; when the water depth reduces to one quarter of the waterline length of the ship the depth Froude 

number has its greatest importance. When the vessel speed corresponds to a depth Froude number 

less than one, the speed is said to be sub-critical as the Froude depth number approaches one, 

approximately 0.75 ≤ 𝐹𝑟ℎ < 1.0, the speed is said to be trans-critical and when the depth Froude 

number is one it is called critical. Speeds above one are termed super-critical.  

For vessel speeds within the sub-critical region, all vessels produce the wave pattern called a Kelvin 

Wave Pattern (KWP). The KWP was named after Lord Nelson, whose name then was Sir William 

Thomson (Thomson, 1887), and consists of two wave types, transverse and divergent. Transverse 

waves propagate parallel to the sailing line, behind the ship. The height of the waves is heavily 
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dependent on the vessel’s length-displacement ratio. For instance, a shorter, heavier ship will produce 

higher waves and the wavelength is a function of the vessel’s speed. Divergent waves propagate at 

around 35 degrees from the sailing line from the bow and along the hull of the ship, where the form 

creates areas of high or low-pressure concentrations. In general, the waves are steep and localised 

when close to the ship and spread as they move further from the ship. The two main divergent wave 

chains, the ones created at the bow of the ship, make a triangular shape, termed a Kelvin Wedge with 

an angle of 19 degrees each side of the sailing line. The points where the divergent and transverse 

lines meet is called the cusp and the wave height peaks at these points due to superposition. This angle 

termed the wave angle and the propagation angle (19 and 35 degrees, respectively) are dependent on 

the Froude depth number. Havelock (1908) showed that the wave angle is around 19 degrees until the 

Froude depth number approaches 0.75, where it rises sharply peaking at 90 degrees for a Froude depth 

number of one. The wave angle and propagation angles as functions of the Froude depth number are 

plotted in the Figure 1 below. 

 

Figure 1 Wave and Propagation angle as functions of Froude depth number (Macfarlane, 2012) 

The divergent waves decay in height at a slower rate than the transverse waves, so at successive 

cusps, measured further aft of the ship, the divergent waves will be more prominent. The decay in height 

of waves is known as attenuation, this occurs as the length from the sailing line increases. The divergent 

waves are usually of more interest because they propagate at an angle to the sailing line and therefore 

attenuate slower and reach the shore with a higher wave height. A special case where the transverse 

waves are of more interest is in channels where the shorelines effectively lock the transverse waves 

from spreading their energy laterally along the wave crest, increasing its length. These waves can run 

for several minutes and if the canal has bends, the waves created before the ship turns will run with the 

original sailing direction and may hit the shore with higher than usual wave heights. 

As the Depth Froude number approaches one, the speed region known as trans-critical, the divergent 

wave propagation angle reduces, and they run more in line with the transverse waves. Havelock  (1908) 

describes this and later Johnson (1958) first proved it. This may occur due to a change in water depth 

or an increase in speed (for the same or smaller change in water depth).  

When the depth Froude number equals one, a number of interesting phenomena occur. The divergent 

waves join the transverse waves, forming one wave that travels with the ship (not propagating from it, 

therefore there is only one) and the ship encounters an increase in wave making resistance. This 

transverse wave, termed a wave of translation, grows laterally in crest length with the same speed as 

the vessel. The added wave making resistance energy goes into this growth.  
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When the speed increases such that the Froude depth number rises above one, the pattern changes 

again, the transverse waves can no longer keep pace with the ship, falling behind and eventually 

disappearing. The ship also experiences a reduction in wave making resistance, which can be partly 

contributed to this disappearance of the transverse wave train. The Divergent waves remain, however 

they propagate at an angle which is dependent on the vessel speed. As the speed depth ratio increases, 

the wave lines become sleek and at very high speeds and shallow depths the waves seem to propagate 

perpendicular to the sailing line. These different wake wash patterns can be seen in Figure 2 below. 

 

Figure 2 Wake Wash Patterns (Macfarlane, 2012) 

Macfarlane et al. (2008) made some general conclusions on the effect of turning on the wake wash and 

although it is not of a primary concern for this thesis, it has been included for the completeness of this 

section: 

• The height of the primary waves on the outside of a turn reduce due to spreading, so it is 

considered of less importance than the waves made in a straight-line motion. 

• Waves created on the inside of the turn will merge and create a localised maximum and will 

then propagate away and dissipate rapidly due to diffraction.  

The effect of propulsors was considered by Taato et al. (1998). They concluded that the general form 

of the wake wash pattern remains unchanged, however conventional propellers may have increased 

the wave amplitudes between 5-10% when compared with a towed vessel case. This finding was in 

general agreement with Leer-Anderson & Lundgren (2001), who also commented that the wave height 

addition may be a function of water depth. Taato et al (1998) also claimed that a water jet propelled 
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monohull may experience between 20-40% wave height increases, however this was not substantiated 

by Werenskiold & Stansberg (2001).  

3.3.1. WAVE PROPAGATION 
In deep water the propagation of waves is unaffected by the depth. As mentioned earlier, this only really 

occurs significantly around the Froude depth number of 0.75. In deep water the waves will propagate 

at speeds dependant on their wavelengths (Newman, 1977), where waves with longer periods travel 

faster than waves with shorter wavelengths. In deep water the overall length of a wave group increases 

due to individual waves spreading apart from one another as they propagate away from their origin. 

Waves that travel in shallow water are non-dispersive because the maximum speed of propagation is 

capped by the depth critical speed. This effectively stops the waves from spreading (Robbins, 2013).  

In terms of wake wash, the period of a transverse wave is dependent on the ship speed, therefore when 

the ship is travelling at a constant speed the periods will be equal and there will be no evident dispersion. 

Divergent waves, on the other hand, are made up of many waves with different wavelengths and so 

some waves will become speed limited before others. Due to dispersion effects it takes between one 

to two boat lengths for the waves to disperse sufficiently such that the individual waves can be seen 

and measured (Macfarlane, et al., 2008). 

Another important factor to consider when discussing wake wash is Attenuation. Attenuation is used to 

describe the phenomenon of the reduction of wave height as the wave propagates away from a ship. 

This phenomenon is caused by the wave’s energy spreading along the wave crest. Therefore, the 

Attenuation or Decay rate of the waves and the distance to shore must be known when considering the 

impacts of wake wash in each coastal zone. The Attenuation or Decay rate of sub critical speed ship 

waves has been studied to a substantial extent: firstly by Thomson (1887) and then by Havelock  (1908) 

and later by Sorensen (1969). Havelock originally gave the formulas for divergent and transverse waves 

at the cusp line.  

For divergent waves,  

 
𝐻 = 𝛾𝑦−

1
3 (8) 

 

For transverse waves, 

 
𝐻 = 𝛾𝑦−

1
2 (9) 

 

where 𝛾 is the wave height constant and y is the lateral distance from the ship.  

3.3.2. WAVE ENERGY  
Wave energy and wave power are important factors that can be used to compare the wake wash of a 

vessel, particularly with respect to is potential to be destructive to coastal environments. Wave Energy 

can be calculated using the formulas given by (USACERC 1977) in the following three forms. 

Wave energy density per square meter of water surface, 

 
 𝐸 =

𝜌ℎ𝐻2

8
 

 

(10) 
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Wave energy per wavelength per unit width of wave crest, 

 
𝐸 =

𝜌𝑔𝐻2 𝜆

8
 

 

(11) 

 

Wave energy per wavelength per unit width of wave crest in deep water, 

 
𝐸 =

𝜌𝑔2𝐻2 𝑇2

16𝜋
 

 

(12) 

 

3.3.3. VESSEL SPEED REGIMES 
Vessel speed regimes are important to understand when considering wake wash because different 

vessel speeds will generate different wave heights and wave periods. There are three main speed 

ranges to consider: displacement speed, semi-displacement speed and high speed or planning speed. 

Displacement speed is used to describe the slower moving vessels, usually they are large and heavily 

loaded, or they may just be an older design with a smaller motor. Either way it describes the range 

where hulls do not create any form of dynamic lift. Dynamic lift is the force felt by a ship when it is 

planning; it is the reactive force to the act of the ship’s hull pushing the water under it and is analogous 

to skimming a rock along the surface. Vessels will come to an effective maximum speed within this 

region where any increase in speed will require a vastly larger amount of power. Using the length Froude 

number, the limit of the effective maximum speed was classified by Lewis (1988) as 0.399. This limit 

exists because at this speed the longest wavelength created is equal to the ship’s waterline length and 

if the ship wants to go faster it must “climb its own bow wave”. Within this region wave making resistance 

is proportional to 𝑢6 and so a slight increase of speed has large effects on the resistance and wake 

wash. Within this region most wave energy is converted to wave height, which results in steeper waves 

with modest periods. This may be desirable due to Attenuation effects if the distance to the shore is 

great enough.  

Semi-displacement speed is the speed range used to describe the ship overcoming the hump speed 

and entering the planning region. This regime is characterised by a higher running trim and increased 

wave making resistance. It is also the most dangerous in terms of wake wash as maximum wave heights 

and periods occur. This resistance peaks at a length Froude number of 0.5 where after this point the 

ship enters the high-speed regime. Furthermore, when this coincides with a depth Froude number of 1 

both factors act to increase wave heights and periods. 

As the vessel surpasses the length Froude number of 0.5 and enters the high-speed regime, the wave 

making resistance reduces. The wave heights reduce as the skin friction drag becomes the primary 

component of the hulls resistance. In some cases, this may be desired in terms of creating the least 

harmful wake wash. However, the period does not reduce and so overall the wave energy decays less 

in this regime than in others, since the waves are not so steep and there is less wave height to attenuate. 

Also to consider is the time the ship will have to spend getting to this regime, in terms of ferries which 

may have to stop or slow down frequently due to scheduled stops or other traffic. They must pass the 

semi displacement speeds again which may cause peak wave heights, which are unwanted.  

The characteristics of a wave change as it enters shallow water, both the wave speed and length 

decrease, and the wave height increases such that the law of conservation of energy is obeyed, this 
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process is known as shoaling. When the wave reaches a critical height, it becomes unstable and breaks. 

Usually this occurs when the ratio of wave height to water depth reaches unity. The shape of the 

breaking wave is a function of the underwater ground slope and wave characteristics. The three types 

of wave breaking are Spilling, Plunging and Surging (Horikawa, 1988). 

4. METHODOLOGY 
This thesis utilises several different methods for simulating the wake wash of catamarans and analysing 

the effects of different hull shapes. Throughout this section these methods will be discussed. Firstly, the 

Design of Experiments method will be introduced. The DOE methodology is primarily employed to 

reduce test sample size. Secondly, The Computational Fluid Dynamics simulation procedure utilizing 

STAR CCM+ will be presented. CFD studies give extremely accurate and detailed results that are useful 

for gaining a deeper insight into the fluid behaviour around a ship. Lastly, the technique used to run the 

Funwave code will be considered. This code provides the opportunity to simulate wave propagation on 

a larger scale, the accuracy of which builds upon the work of the two aforementioned sections.  

 Design of Experiments 
The Design of Experiments factorial methodology allows the investigator to take a small test sample 

and project the results over a larger range of test values, as well as highlighting the main and interacting 

effects. Due the large cost (time and hardware) associated with Computational Fluid Dynamic (CFD) 

simulations, the method of factorial experimental design was utilised. Differing from standard statistical 

investigation, which take completely random subjects, this method requires carefully chosen 

combinations so that not only the main effects of each factor, but also the effects of combinations of 

factors, can be seen.  

4.1.1. CHOICE OF FACTORS, LEVELS AND FACTORIAL 
Through discussions with Incat Crowther on which hull characteristics could play important roles in the 

wake wash of their craft, the four factors: Beam, Demi Hull Beam, Bow Entry Angle and Bow Keel Rake 

were chosen. Comparing these factors is interesting for several reasons. Firstly, they cover a range of 

wake wash issues which have not been investigated together, such as relating the effect of hull spacing 

and hull shape on the wake wash. Comparing the main and interacting effects of these factors will give 

insight into which is most important. Secondly, each of these factors affect the wake wash in varying 

ways. Demi Hull Beam affects the shape of the hull. Bow Entry Angle effects how gently or aggressively 

the hull separates the water, while Bow Keel Rake effects the volume of the bow and the waterline 

length. Lastly, the Beam of the ship essentially controls the hull separation distance. These factors are 

shown in Figure 3 below. 
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Figure 3 Hull Factors 

For this study only a high and a low level were used. Since CFD simulations are very time consuming, 

and with the limited resources available, it was decided that a third level would be too difficult to achieve 

within the timeframe. Usually this third level is used as a centre point and gives more insight into how 

factor interactions effect the result. Each high and low level were chosen to be approximately the upper 

and lower limits of the range that Incat Crowther usually use. The values used can be seen in Table 1 

below. 

Hull Characteristics High Level Low Level 

Beam [m] 10 8 

Demi Beam [m] 2.5 1.5 

1/2 Entry Angle [°] 14 24 

Bow Keel Rake [°] 0 50 

Table 1 Levels of Hull Factors 

The combinations that would be tested were chosen using the method described by Montgomery & 

Runger (2003). The hull combinations were chosen using a half factorial study of the four factors, each 

with two levels. This means that the number of tests will be half of a full factorial study (8 of 16). With 

this factorial choice, the main effects are easily identifiable. The second order interactions can also be 

studied, to a certain extent. The combinations are shown in Table 2. For simplicity, each factor is given 

a letter and the high and low levels are represented by a 1 and -1, respectively. The factorial has a 

specific order such that every combination of factors A, B and C are tested. The value D is calculated 

by taking the product of the high/low values of A, B and C, as shown in Table 2. In this way the main 

effects are aliased with the third order interactions. In general, third and higher order interactions usually 

have negligible effects and so this is acceptable. The main effects are usually the largest and therefore 

the most important to identify. 
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Hull 
1/2 Entry Angle [°] Bow Keel Rake [°] Demi Beam [m] Beam [m] 

A B C D=ABC 

1 -1 -1 -1 -1 

2 1 -1 -1 1 

3 -1 1 -1 1 

4 1 1 -1 -1 

5 -1 -1 1 1 

6 1 -1 1 -1 

7 -1 1 1 -1 

8 1 1 1 1 
Table 2 Factor and Level Combinations For Each Hull 

One drawback of this combination is that the second order interactions are aliased together, i.e. AB=CD, 

AC=BD and AD=BC, as shown in Table 3. This means that the effect of each aliased pair cannot be 

individually calculated. In this study this is of little consequence and, overall, the benefits of this method 

greatly outweigh this drawback. In most cases, the second order interactions are affected by strong first 

order interactions, so they can still be analysed in conjunction with the first order results. Second order 

effects are also important, however in a preliminary screening study such as this one a strong result 

can be investigated further by follow up tests. 

 

Hull 

1/2 Entry 
Angle [°] 

Bow Keel 
Rake [°] 

Demi 
Beam 

[m] 

Beam 
[m] 

2nd Order Aliases 

A B C D=ABC AB=CD AC=BD AD=BC 

1 -1 -1 -1 -1 1 1 1 

2 1 -1 -1 1 -1 -1 1 

3 -1 1 -1 1 -1 1 -1 

4 1 1 -1 -1 1 -1 -1 

5 -1 -1 1 1 1 -1 -1 

6 1 -1 1 -1 -1 1 -1 

7 -1 1 1 -1 -1 -1 1 

8 1 1 1 1 1 1 1 
Table 3 First & Second Order Effects for Each Hull Combination 

4.1.2. CALCULATION OF EFFECTS 
To calculate the main effects of each factor the sum of the product of each result with the high/low value 

for each hull was divided by the number of factors. Table 4 shows the high/low combinations for each 

hull and hypothetical results for wave height and wave energy. In this example the effect of the half 

entry angle on wave height would be calculated by the sum of each wave height multiplied by the 

corresponding high/low value, divided by four, as shown in Equation 13 below. This same method would 

be used for the second order interactions. For instance, the combined interacting effects of AB and CD 

on wave energy would be calculated by the sum of the product of the energy results and the 

corresponding high/low value, divided by four. 

 
𝐸𝑓𝑓𝑒𝑐𝑡 𝐴 =

1

4
(−𝐻𝑒𝑖𝑔ℎ𝑡 1 + 𝐻𝑒𝑖𝑔ℎ𝑡 2 − 𝐻𝑒𝑖𝑔ℎ𝑡 + 𝐻𝑒𝑔ℎ𝑡 4 −  𝐻𝑒𝑖𝑔ℎ𝑡 5 + 𝐻𝑒𝑖𝑔ℎ𝑡 6

− 𝐻𝑒𝑖𝑔ℎ𝑡 7 + 𝐻𝑒𝑖𝑔ℎ𝑡 8) 
 

 
(13) 
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Hull 

1/2 
Entry 

Angle [°] 

Bow 
Keel 

Rake [°] 

Demi 
Beam 

[m] 

Beam 
[m] 

2nd Order Aliases Wave 
Height 

Wave 
Energy 

A B C D=ABC AB=CD AC=BD AD=BC   

1 -1 -1 -1 -1 1 1 1 Height 1 Energy 1 

2 1 -1 -1 1 -1 -1 1 Height 2 Energy 2 

3 -1 1 -1 1 -1 1 -1 Height 3 Energy 3 

4 1 1 -1 -1 1 -1 -1 Height 4 Energy 4 

5 -1 -1 1 1 1 -1 -1 Height 5 Energy 5 

6 1 -1 1 -1 -1 1 -1 Height 6 Energy 6 

7 -1 1 1 -1 -1 -1 1 Height 7 Energy 7 

8 1 1 1 1 1 1 1 Height 8 Energy 8 
Table 4 Example of Effect Calculations 

 

 Computational Fluid Dynamics  
The CFD simulations where made using the RANSE solver STAR CCM+, which is a commercially 

available program developed by CD ADAPCO. Since all the hulls studied have similar characteristics, 

the same model could be used each time. This section details how the model was created, and the 

settings chosen. The subsections in this chapter include: Domain, Mesh Generation, Initial and 

Boundary Conditions, Models Used, Stopping Criterion and Convergence, Measurements, and CFD 

Verification and Validation. The hulls were received in .iges format from Incat Crowther and were edited 

in the 3D modelling program Rhino 3D to ensure the surface boundary was closed. Once this was 

completed the models were imported to STAR CCM+ and the models were rebuilt. 

4.2.1. DOMAIN 
Due to the short window of time allocated for a Master’s Thesis and the number of simulations needed 

for the study, the domain size was chosen to be as small as possible. However, the domain also needed 

to have a sufficient size so that the wake could become fully developed. The domain width also needed 

to be large enough so that comparisons between STAR CCM+ and the Funwave code were possible. 

The domain size was chosen based on multiples of the ships length. The domain stretched from four 

ship lengths aft of the ship, to 1.5 ship lengths forward of the bow. The domain width was also 1.5 ship 

lengths measured each side of the sailing line, the water depth was 2 ship lengths below and the top of 

the domain was 0.5 ship lengths above. These measurements can be seen in the Figure 4 below. 



26 
 
 

 

Figure 4 CFD Domain of 30m catamaran 

 

4.2.2. MESH GENERATION 
Knowing how fine or coarse the grid can be to still give accurate results is important, especially when 

there is a time factor involved. On the other hand, undertaking a lengthy convergence testing process 

would also require many simulation hours. In this thesis a balance was achieved that highlights the 

required level of grid refinement to achieve accurate results with the most efficiency. A convergence 

test was made for the preliminary hull used in this thesis. Three simulations were run: one at 10 million 

cells, one at 4 million cells and one at 2.8 million cells. The test highlighted that for a simulation with 

around 4 million cells, the results were very close to those of 10 million cells, and a reduction in the cell 

size of 25 percent resulted in a significant difference in the results, as shown in Figure 5. 

 

 

Figure 5 Grid Convergence Test Results 
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The grid used was a uniform prism mesh with custom surface mesh sizes at the boundaries and two 

volumetric controls at the water surface. The hulls also used prism layers and wall functions. The grid 

size at the exterior surfaces were 5m, while the smallest grid size on the surface of the hull was 0.05m. 

The boundary growth rate was set to slow, which yielded a growth pattern shown in Figure 6 below. 

The near wall prism layer thickness was set to 0.01m and the prism layer thickness was set to 0.04m, 

where 3 prism layers were used. Although, the number of prism layers is much lower than suggested 

in the ITTC guidelines, the simulations were still stable. Given the restricted time frame to complete the 

study, it is justifiable to use the smaller amount of prism layers for the purpose of this thesis. 

 

Figure 6 Mesh Growth 1 

The grid was refined at the surface interface using two Volumetric Controls. The larger covered the 

entire water surface and had a total thickness of 0.08m and the smaller covered a horizontal rectangular 

area one ship length in front and to each side of the ship, and two ship lengths aft of the ship. This 

smaller volumetric control also had a total thickness of 0.08m. The larger volumetric control used an 

anisotropic trimmer size of 0.02m in the Z direction, while the smaller volumetric control included the 

same value but also specified values for x and y of 1m. These volumetric controls created the horizontal 

growth pattern shown in Figure 7 below. 

 

Figure 7 Mesh Growth 2 
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4.2.3. INITIAL AND BOUNDARY CONDITIONS 
The model included boundary conditions for the inlet, outlet, side walls, top, bottom and hull surface. 

The side walls, top and bottom boundaries used the wall type with the slip Shear Stress Specification 

utilised. The hull was also utilised the wall type, but used the non-slip Shear Stress Specification and a 

smooth wall surface specification. The inlet used a velocity inlet type with a current of 10m/s for both 

air and water in the preliminary study and 12.86 m/s in the main study. The outlet used a pressure outlet 

type, utilising the hydrostatic pressure from the Volume of Fluid model. The Boundary conditions are 

summarised in Table 5. 

Boundary Type Specifications 

Side Walls 
Top 
Bottom 

Wall Slip 

Hull Wall Non-Slip 

Inlet Velocity Inlet 10m/s – Preliminary study 
12.86m/s – Main Study 

Outlet Pressure Outlet Hydrostatic Pressure of VOF 
Table 5 CFD Boundary Conditions 

Initially the water surface utilised a Flat VOF Wave specification for the VOF model. This specification 

means the water surface is undisturbed and wake is developed over time. As previously mentioned, the 

preliminary hull simulation used an inlet speed of 10 m/s for water and air, while the other simulations 

ran at 12.86 m/s. The outlet boundary used a pressure field function to define the initial conditions.  

 

4.2.3.1. Models Used 
The models selected for the physics continuum included: 

• Volume of Fluid waves model with FlatVOFWave option selected allows the user to determine 

the initial water and air speed at the inlet. 

• Two Layer all y+ Wall Treatment, which is the recommended wall treatment to be used in 

conjunction with the Realizable K epsilon turbulence model.  

• Realizable K epsilon model, which is the improved version of the standard K epsilon model, 

and includes a new transport equation for the turbulent dissipation rate epsilon. 

• Implicit Unsteady Solver was used due to the Segregated Flow model also being used.   

• The hull was fixed in all axis of rotation and translation. This meant that trim and sinkage effects 

were not included in the simulation. Although this is not realistic, as all ships will have some 

trim and sinkage effects due to the hydrostatic and hydrodynamic pressure distribution on the 

hull, the time and stability issues this would entail excluded this from the scope of work. 

4.2.3.2. Stopping Criterion and Convergence 
Convergence was judged by measuring the forces in the x and y directions and the moment in the z 

direction, as well as checking the surface elevations to see that a steady state condition was met. 

Although measuring the resistance of the catamarans is not the main purpose of this thesis, wave 

making resistance does make up a part of the total ship resistance and it was felt that it constituted a 

reliable form of convergence testing. With both the forces and the moments there was some oscillation 

even after considerable time had passed. It was taken that this was the reality of the results and the 

best that could be hoped for given the turbulence caused from the hull interactions. The y force and z 
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moment oscillated with a high frequency, but with a relatively small amplitude, and had centred on the 

same value for an extended period. Therefore, these factors were considered converged. The x force 

took longer to stabilize, and it was considered converged when the amplitude of the oscillations dropped 

below 0.5 percent of the result and stayed below that range for an extended duration.  

4.2.4. MEASUREMENTS 
Measurements were taken in the form of surface elevations and longitudinal wave cuts. Using an iso 

surface for the volume fraction of water, the surface elevations could be measured. Using a second 

section plane, in the xz orientation, with the input variable set as the iso surface, the longitudinal wave 

cuts could also be created. This method gave cleaner results than simply manipulating the data in the 

data processing program MATLAB. Several codes were created in MATLAB to analyse the CFD data.  

4.2.5. CFD VERIFICATION AND VALIDATION 
The verification and validation of results are important parts of any study based on numerical methods. 

In many situations, the researchers are fortunate enough to have access to experimental results for the 

tested situation or a scaled version of the numerical study being undertaken. However, in many cases, 

this is also too costly or not feasible. In this thesis, experimental testing was outside the scope of work 

due to the extent of time and resources it would require. Therefore, the experimental results were 

sourced from other projects. 

It was decided that due to the extensive public use of the commercial software STAR CCM+, verification 

has already been made. That is to say that the software’s governing equations give results as expected 

and work with the intended purpose.  The validation of the CFD results was completed using 

experimental data for shallow water gathered from Macfarlane (2012) and data extrapolated from 

experimental results for deep water (Macfarlane, et al., 2014). These experimental results were 

gathered at the test basins in the Australian Maritime College (AMC) in Tasmania, Australia. The data 

from Macfarlane (2012) is for a 24m catamaran with a similar hull shape and characteristics to the hulls 

presented in this thesis. The data from Macfarlane et al. (2014) was extrapolated from the results of 

over 900 tests, including the previously mentioned 24m catamaran, as well as a 30m catamaran of a 

similar shape. The difference between the two data sets is that the experimental results from Macfarlane 

(2012) are for a 24m catamaran in shallow water (h/L=0.55), while the results from Macfarlane et al. 

(2014) is extrapolated from experimental data including a 24m and 30m catamaran in deep water.  

HULL CHARACTERISTICS 
h  

(m) 

𝐿𝑤𝑙 

(m)  

V 

(kt) 

Y 

(m) 

∆ 

(t) 

𝐹𝑟ℎ 𝐹𝑟𝐿 h/L 

Deep Water Data 60 29.6 19 41.4 31 0.4 0.57 2.03 

Hull used in CFD Simulation 60 29.6 19 41.4 28 0.4 0.57 2.03 

Shallow Water Data 12 24 19 41.4 55 0.92 0.65 0.55 
Table 6 Hull Characteristics for CFD Validation 

4.2.5.1. Experiments by Macfarlane 
Over the past 15 years Gregor Macfarlane has conducted numerous experiments at the AMC test tank. 

AMC has two tanks, characteristics of which are shown in Table 7 below. Macfarlane (2002) conducted 

a series of experiments for a variety of hull forms, using the first tank. This study only concerned itself 

with sub critical (deep water) water depths. In 2012 the study was extended to include the effect of 

water depth (Macfarlane, 2012). This study includes the first set of experimental data used in this thesis, 

the 24m catamaran, which has similar hull shape and characteristics to the preliminary hull used for 
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validation. Macfarlane et al. (2014) published a paper with SNAME on their results and the development 

of a wake wash predictor model. This predictor model takes data from both series of tests to give results 

for ships in varying water depths.  

Description Tank 1 Tank 2 

Length 100 m 35 m 

Width 3.55 m 12 m 

Depth Range 0-1.6 m 0-0.9m 
Table 7 AMC Tow Tank Dimensions 

4.2.5.2. Comparison Between Results 
Again, due to a lack of time and resources, it was impossible to replicate the experiments exactly in 

CFD. However, since the hull shapes tested by Macfarlane (2012) and Macfarlane et al. (2012) are of 

a similar shape and have similar characteristics it was decided that a comparison between the two 

would give a good indication of the validity of the CFD results. Comparing the two sets of results does 

show that the CFD results accurately predict the maximum wave height and period with only a small 

margin of error. These results were compared with the results of the preliminary hull. 

To compare the wave heights and wave periods of the experimental results and the CFD results, wave-

cuts were made using STAR CCM+ at the lateral distance from the sailing line of 41.4m (corresponding 

to the y/L ratio of 1.38 used in the experimental results of Macfarlane (2012) and Macfarlane et al. 

(2014). These wave heights could then be compared with the wave heights and periods from figures 

6.20 to 6.25 for the corresponding Froude length number of 0.75. The results of the CFD validation are 

shown below in Table 8, where 𝐻𝐴 , 𝑇𝐴, 𝐻𝐵 , 𝑇𝐵  are the wave heights and periods of waves A and B, 

respectively. 

RESULTS COMPARISON 
𝐻𝐴 

[mm] 

𝑇𝐴 

[s] 

𝐻𝐵 

[mm] 

𝑇𝐵 

[s] 

Wave Predictor 1   171 5 289 4.5 

Hull used in CFD Simulation 175 4.5 275 3.9 

Exp. Results of 24m cat at 10m/s 250-450* 5.75-6.5* 550-850* 3.5-4.75* 

*Range of experimental results with error bars included 
Table 8 CFD Validation Results 

The results of the wave predictor model and the Preliminary Hull CFD simulation show very good 

agreement, both in terms of the wave heights and periods. However, the experimental results for the 

24m catamaran are much higher. The most likely reason for this is that the effect of the water depth 

has increased the wave heights and periods. The effect of varying water depth was explained in the 

Background Theory section: Wave Propagation. It is generally concluded that as the Froude depth 

number approaches 1, the wave making resistance increases, which means the wake wash wave 

heights and periods may increase as well. Apart from the difference in the Froude depth number, there 

is also a significant difference in the water depth length ratio (h/L) which again confirms the interaction 

of the bottom and wave characteristics. Another possible reason for the difference between 

experimental results and the CFD results is the difference in displacement and length. He et al. (2015) 

suggests that the water line length greatly affects the wake wash height and Macfarlane et al. (2014) 

states that a larger displacement will create larger waves.  Although the comparison between 

experimental results and CFD is not perfect, the differences in the models give justification for this. 
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Given the close fit of the CFD and Wake Wash Predictor (extrapolated) results, it is believed that the 

CFD model is validated. The Wake Wash Predictor model is based on experimental data for the same 

24m catamaran hull and the 30m catamaran hull for deep water (unfortunately these results were 

unavailable). The variations between predicted and experimental results can be explained by the effect 

of the water depth, water line length and displacement.  

 Funwave 
This section describes the testing procedures used for the feasibility study into the use of the Funwave 

code. The Funwave code was used to simulate wave propagation from a pressure distribution moving 

along the water surface in a channel.  The code was used extensively within this thesis and so there 

are several subsections. The first subsection deals with the preliminary study, which was used as a 

proof of concept for calibrating the pressure distribution to replicate the wave heights found from a CFD 

simulation more accurately. The second section deals with the calibration of the pressure distribution 

with the 8 different hulls used in the main study of this thesis. In this section the pressure distribution of 

8 hulls, with different combinations of 4 hull characteristics, are calibrated using the results of CFD 

simulations.  

The program has four main components, each integral to its function. The program depth.exe which 

creates the bathymetry data files used by the other programs, the initw.exe program which calculates 

the initial water surface conditions, the Funwave2d.exe program which calculates the wave propagation 

caused by the movement of the pressure distribution and finally the input file Funwave2d.data. In this 

thesis the depth program was only used to create simple channel bathymetries, however the code has 

14 different bathymetries already written into it to choose from. These range from simple sloping 

bottoms to under water islands and reefs. A considerable amount of time was also spent attempting to 

create the bathymetry of a section of Sydney Harbour, however it was decided that this fell outside of 

the scope of this thesis and was not feasible to complete within the time restrictions. 

The importance of being able to calibrate the pressure distribution becomes clear when you consider 

that the Funwave code only uses the Length, Breadth and Draft of the hull to describe the pressure 

distribution, shown in Figure 8. Where the length and breadth describe the outer limits of the pressure 

distribution and the draft is used to calculate the maximum pressure value (Pm) used to model the 

pressure distribution. The maximum pressure value Pm, is just the hydrostatic pressure given by 

Equation 14. 

 
𝑃𝑚 = 𝜌 ∙ 𝑔 ∙ 𝑇  [𝑃𝑎] 

 
(14) 

 
Where 𝜌 is the density of water, 𝑔 is the gravity constant and 𝑇 is the ships draft. 

The maximum pressure value is then used to calculate the pressure distribution described by Li & 

Sclavonous (2002), as shown in Equation 15. 

 

𝑃 = −𝑃𝑚 {cos2 (
𝜋𝑥

𝐿
) cos2 (

𝜋𝑦

𝐵
)} , −

𝐿

2
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𝐿

2
 , −

𝐵
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𝐵

2
  

 
(15) 

 
 

Where P is the pressure distribution, L is the ship’s length and B is the ship’s beam. 
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The version of the edited Funwave code available only allowed a single hull to be simulated at a time. 

This meant that a workaround needed to be found so that a catamaran could be simulated. Due to the 

underlying equations of the numerical code, there are no surface boundary interactions, therefore it was 

possible to superimpose the results of a single hull on top of itself using the hull spacing as the lateral 

shift in the y direction of the data. This was done using the data processing program MATLAB in which 

a code was written to obtain the desired results. 

4.3.1. PRELIMINARY STUDY 
The domain of the preliminary study used 901 grid points in the longitudinal direction and 301 points 

transversely. The dx and dy grid separations were both set to 1m, which yielded a length and breadth 

of 900m and 300m respectively. This grid separation was chosen because it gave good simulation 

stability and the long length of the domain allowed the results to be taken later in the propagation 

process, allowing the surface elevations to be fully developed. The Funwave input data is shown in 

Table 9. 

Description Symbol Value 

Longitudinal grid separation [m] dx 1 

Lateral grid separation [m] dy 1 

Time step [s] dt 0.03 

Water depths [m] h0 20 

Froude depth number [-] fh 0.7 

Ship Speed [m/s] vb 9.8 

Sponge layer width [grid points] ISPG 62 

Ship Length [m] L 30 

Ship Beam [m] B 1.2 
Table 9 Funwave Input Data Preliminary Hull Study 

The Funwave code was run for several ‘applied’ ship drafts, although the hull’s actual draft is 1.3m, so 

that the effect of the hull’s shape can properly be accounted for. The drafts tested for the preliminary 

study ranged from 0.8 to 1.4 meters. The outputs for each simulation were read by MATLAB and surface 

elevations and wave-cuts were compared with the same outputs for the CFD simulations.  

Figure 8 Pressure Distribution used in Funwave code 
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4.3.2. 8 HULLS IN CHANNEL 
Once the preliminary study was completed and the CFD results were ready for comparison, the 

Funwave simulations were made. Since there were two different Demi Hull Beams tested in the 8 hulls, 

the number of Funwave simulations made increased. Furthermore, the variety in hull forms meant that 

the range of ‘applied’ drafts required to test also increased. However, the overall testing process was 

the same as the preliminary study, the input variables used are shown in Table 10 below. Due to the 

larger Demi Hull Beams, the grid separations were increased to improve the stability of the simulation. 

Because the ship speed increased in these simulations from 19 knots to 25 knots (to match the 

proposed service speed of the ferry being designed by Incat Crowther) the water depth was also 

increased to maintain the Froude depth number of 0.7. Lastly, the sponge thickness was decreased 

because the reflection issues no longer existed with the increase in grid separation. For each of the 

Demi Hull Beams, ‘applied’ drafts ranging from 0.8 to 1.8 were tested. The outputs were analysed in 

MATLAB in the same fashion as previously described and compared with the corresponding CFD 

results. 

Description Symbol Value 

Longitudinal grid separation dx 1.5 

Lateral grid separation dy 1.5 

Time step dt 0.03 

Water depth h0 34 

Froude depth number fh 0.7 

Ship Speed vb 12.86 

Sponge layer width ISPG 10 

Ship Length L 30 

Ship Beam B 1.2 
Table 10 Funwave Input Data 8 Hulls in Channel 
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5. RESULTS AND DISCUSSION 
This section of the thesis presents the results collected over the course of the research, as well as an 

analysis and discussion. The first sub section covers the CFD results of the preliminary hull simulated 

as a catamaran and a monohull, the Funwave results for the corresponding hull characteristics and 

finally, the calibration of the Funwave pressure distribution. The second sub section covers the CFD 

results of the 8 hulls used for the half factorial study on the effect of the different hull characteristics on 

wave heights and wave energy. The third subsection covers the calibration of the Funwave code for the 

8 Hulls used in the CFD study.  

 Preliminary Study  
The first section of testing completed was the preliminary hull, which was used as a proof of concept 

for the overall theory of this thesis. A ship’s hull in deep water, travelling at 19 knots, was simulated as 

a monohull and as a catamaran in the CFD program STAR CCM+. This same hull and test conditions 

were simulated in the Funwave code for several ‘applied’ drafts (the term ‘applied’ is used to differentiate 

the draft inputted into the Funwave code from the actual ship’s draft). The surface elevations and wave 

cuts were then compared with the CFD results to see which applied draft gave the best agreement 

between results. The preliminary hull has the following characteristics: 

 

Description Value 

Length (m) 29.6 

Beam (m) 8.8 

Demi Beam (m) 1.2 

Ship’s Actual Draft (m) 1.3 

Ship Speed (knots) 19 

Applied Drafts 0.8, 0.9, 1.0, 1.3, 1.4 
Table 11 Characteristics of Hull Used in the Preliminary Study 

 

5.1.1. CFD SURFACE PLOTS 
The results gathered from the two CFD simulations for the preliminary hull study included wave cuts 

and surface elevations. The wave cuts were used to accurately measure the wave heights and periods 

of the waves, while the surface plots allow the wave pattern and its features to be visualised. It can be 

seen in the two surface plots Figure 9 and Figure 10 that the wake patterns share the general form of 

the standard Kelvin wake pattern for sub critical flow. Named after Lord Kelvin and described in chapter 

3 of this thesis, the standard Kelvin wake pattern for subcritical flow travels in a wedge shape. The 

wedge is visualised by drawing a line through the peaks caused by the meeting of the divergent and 

transverse wave trains, this is known as the cusp line. In theory the acute angle between the cusp line 

and the sailing line is around 19 degrees, this is also the case for the wakes shown in Figure 9 and 

Figure 10. 

The surface elevations also show some expected phenomena such as wave interactions and a turbulent 

wake behind the hulls. Wave interaction occurs when two or more waves meet, it can cause either pure 

constructive interference, pure deconstructive interference (these two possibilities are rare as it requires 

the exact same waves meeting at a point in the exact same phase) or a mixture of the two (this is much 

more likely). The wave interactions can be identified by the localised peaks and troughs. As expected 

the maximum wave height occurs at the interactions between the two wakes in the catamaran 
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simulation and is absent in the monohull simulation. Comparing the differences in the wake wash of the 

monohull and catamaran wakes highlights this very well. 

 

Figure 9 Surface Elevations Mono Hull Preliminary Study 

 

 

 

As can be seen in Figure 9 and Figure 10, the wakes have multiple waves following in quick succession, 

this is because each hull has two main wave trains: one that propagates from the bow and one that 

propagates from the stern. These waves travelling in close proximity to each other are described by 

Robbins (2013) as two separate but equally important waves. The first wave (termed wave A) is 

characterised by a large period and medium to high wave height. Adding these two characteristics 

together means that in many instances this first wave can have the largest total wave energy. The 

second wave, named wave B, is characterised by the highest wave height of the wave group following 

wave A and usually has a larger wave height but a lower period than wave A. In many situations this is 

the wave with the highest wave energy. Therefore, these waves are important to analyse, as they stand 

out because of their potential for damage in coastal areas due to their high wave energies. 

Figure 10 Surface Elevations Catamaran Preliminary Study 
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5.1.2. FUNWAVE SIMULATIONS 
As previously mentioned the first Funwave study simulated a single hull travelling through a channel 

and a MATLAB code was written to convert these results to the form of a catamaran. Figure 11 below 

shows an example of each of these surface plots over a range of time stamps. The results for the 

catamaran are shown on the left and the results for the monohull are shown on the right. It can be seen 

when comparing the two figures that the catamaran results (on the left) have higher wave heights, this 

is due to the interaction effect of the wakes of the two hulls. Otherwise, both wakes are very similar and 

the surface plots resemble a Kelvin wake wash pattern. Although these Funwave simulations were 

made for 5 different ‘applied’ drafts ranging from 0.8m to 1.4m, to be concise only one set of results is 

shown below. 

   

 

5.1.3. COMPARING WAVE-CUTS OF THE CFD AND FUNWAVE RESULTS 
Using the surface elevations from the Funwave code and the wave-cut results from the CFD 

simulations, a MATLAB code was written to compare the wave heights and periods so that the best 

matched draft could be chosen. The wave-cut comparisons of the catamaran results can be seen in 

Error! Reference source not found. to Figure 16 below for the ‘applied’ drafts of 0.8, 0.9, 1.0, 1.3 and 1

.4m, respectively. 

 

 

Figure 11 Surface Plot Over Time of Catamaran (left) and Monohull (right) from Funwave code 
for an applied draft of 0.8m 
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Comparison of Wave Cuts at 0m, 15m, 

25m, 35m, 45m for a draft of 0.9m 

Figure 13 Comparison of Wave Cuts from Funwave and CFD for T=0.9m  

Comparison of Wave Cuts at 0m, 15m, 

25m, 35m, 45m for a draft of 0.8m 

Figure 12 Comparison of Wave Cuts from Funwave and CFD for T=0.8m 
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Comparison of Wave Cuts at 0m, 15m, 

25m, 35m, 45m for a draft of 1.3m 

Figure 15 Comparison of Wave Cuts of Funwave and CFD at T=1.3m  

Comparison of Wave Cuts at 0m, 15m, 

25m, 35m, 45m for a draft of 1.0m 

Figure 14 Comparison of Wave Cuts from Funwave and CFD for T=1.0m  
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In general, the Funwave results compare better with the CFD results the further laterally the wave-cut 

is measured. This is expected, as the CFD program can simulate the near field results with much higher 

accuracy than the Funwave code can. This is because the Funwave code was originally created to 

simulate wave propagation over very large distances, which it does very well, however it doesn’t 

necessarily predict wave propagation as accurately in the near field. This is also why it is important to 

calibrate the Funwave code for the widest possible CFD results, because the CFD is still accurate in 

this mid field region and the Funwave code is as accurate as possible. It can be seen from the above 

figures that the ‘applied’ draft of 1.4m gives the best agreement with the CFD results at the 45m wave-

cut. Both the wave heights and wave periods are very similar, although there is a small gap in the phase 

of the two wave trains. This does not really matter if the Funwave code is simulating the correct wave 

heights and wave periods, because if these two values are correct, it will also accurately predict the 

wave energy. For this reason, it was chosen as the best approximation of the wake wash of the 

preliminary hull.  

The surface plots for the ship draft of 1.4m were also compared in Figure 17 below. Here the CFD and 

Funwave results are compared side by side, as well as the absolute error and the relative error. As 

mentioned previously, it was evident from the comparison of the wave cuts that there was a small 

difference in the phases of the two wake washes. This is most likely because there is a small difference 

in the Froude depth numbers of the two simulations and this could be causing a slightly larger Kelvin 

wedge angle. This was unavoidable as the CFD simulations had already been done (Froude depth 

number of 0.54) when it became apparent that the Funwave code could only run at Froude depth 

numbers of 0.7 or greater. However small and insignificant this phase difference is, the absolute and 

relative errors have been affected by it. Although most of the error plots show error close to zero, there 

are some localised spots where the error is quite large. 

 

Comparison of Wave Cuts at 0m, 15m, 

25m, 35m, 45m for a draft of 1.4m 

Figure 16 Comparison of Wave Cuts of Funwave and CFD at T=1.4m  
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 CFD of 8 Incat Hulls and DOE 
DOE is an important tool engineers can use to gain a deeper insight into the causality of different factors. 

The 8 CFD simulations are important because they highlight a number of phenomena affected by these 

different factors. This section covers the results of the CFD simulations for the 8 hulls as part of the half 

factorial Design of Experiments study to determine the main and interacting effects of Beam, Demi 

Beam, Bow Entry Angle and Bow Keel Rake on the maximum wave height and wave energy of the 

wake. The first sub section will present the results from the 8 CFD simulations and the second section 

will show the results of the DOE analysis and discuss its importance. 

The factorial DOE method was utilised in this thesis to reduce the number of CFD simulations required 

to analyse the effect of the four factors. This method has been proven to be useful for screening studies 

that try to identify the most crucial factors out of a larger number. It can be used for larger studies and 

becomes more important when the number of factors increases above 4 or 5. The method requires a 

specific set of tests to be done so that the results from the test done can be analysed to show a larger 

picture. In this thesis a half factorial study was chosen, which required 8 of the possible 16 combinations 

to be tested. The characteristics of the 8 hulls are shown in Table 12. 

HULL Beam [m] Demi Beam [m] 1/2 Entry Angle [°] Bow Keel Rake [°] 

1 8 1.5 14 0 

2 10 1.5 24 0 

3 10 1.5 14 50 

4 8 1.5 24 50 

5 10 2.5 14 0 

6 8 2.5 24 0 

7 8 2.5 14 50 

8 10 2.5 24 50 
Table 12 Hull Characteristics 

Figure 17 Error Analysis of Funwave and CFD Surface Plots T=1.4m  
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5.2.1. CFD RESULTS 

5.2.1.1. Hull 1 
The general characteristics of Hull 1 are shown in Table 12. This catamaran shares the smallest beam 

and demi beam with Hull 4, which is combined with the smaller entry angle, making each hull extremely 

thin. The CFD surface plot shown in Figure 18 displays a well-defined wake wash of the sub-critical 

Kelvin form, including interaction between the bow and stern waves from each hull. In contrast to the 

preliminary hull, the largest wave heights are located at the bow. The largest troughs are located just 

aft of the ship’s stern where the inner stern waves interact.  

 

Figure 18 CFD Surface Elevations Plot for Hull 1 

 

5.2.1.2. Hull 2 
The main characteristics for Hull 2 are shown in Table 12. The hull has a small Demi-Beam but a larger 

beam, which means that the separation between the hulls is larger. Comparing the surface plot of Hull 

1 with that of Hull 2, shown in Figure 18 and Figure 19 respectively, the more complex and turbulent 

wake of Hull 1 can be seen. In Figure 18, showing the surface plot of Hull 1, three defined wave peaks 

can be identified in the wake, whilst in Figure 19 for Hull 2 there are only two wave peaks. Hull 2 also 

shows milder wave heights and a cleaner and calmer wake wash. Again, the maximum surface 

elevation is at the bow and the minimum elevation is located at an interaction point between the inner 

bow/stern waves. 
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Figure 19 CFD Surface Elevations Plot Hull 2  

5.2.1.3. Hull 3 
Hull 3 has a wide beam and thin hulls, lower entry angle and demi beam, as shown in Table 12. The 

wake has many similarities to the wake of Hull 2, effectively the only difference between the two 

catamarans is in the bow, the bow entry angle of Hull 2 is larger than that of Hull 3 and the bow keel 

rake is vertical for Hull 2 and angled at 50 degrees for Hull 3. The difference in the maximum surface 

elevation shows the effect of these minor differences in the bows. It can also be seen that the wave 

heights for Hull 2 are higher than Hull 3 and so the effect of the bow is carried through the wave trains. 

 

 

Figure 20  CFD Surface Elevations Plot Hull 3 

5.2.1.4. Hull 4 
Hull 4 shares similar characteristics to Hull 1, equal beam and demi beam and different bow 

characteristics as can be seen in Table 12. Comparing the two surface plots shown in Figure 18 and 

Figure 21 highlights the effect of the combination of a wider entry angle and a larger bow rake verses a 
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thinner and vertical bow. In the surface plot of Hull 4, the maximum surface elevation is over 1.2m, 50 

percent larger than that of Hull 1, while the wave heights in the wake are also slightly higher. In contrast, 

the maximum trough depression is lower for Hull 4 than for Hull 1, suggesting the bow characteristics 

effect the interactions in some way. 

 

Figure 21  CFD Surface Elevations Plot Hull 4 

5.2.1.5. Hull 5 
Hull 5 is the first of the hulls tested with a wider demi beam. It is evident that this characteristic is 

important because it has a large effect on the wave heights of the wake wash. The wake wash pattern 

shows wave peaks in the wake between 1-2 boat lengths aft of the ship. Also, the trough caused by the 

interaction of the inner bow and stern wakes is larger than any of the catamarans with a 1.5m Demi 

Beam. 

 

 

Figure 22  CFD Surface Elevations Plot Hull 5 
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5.2.1.6. Hull 6  
Hull 6 shares the smallest separation distance with Hull 7, due to the smaller Beam and larger Demi 

Beam values. This is coupled with a larger entry angle, which causes very large bow waves and large 

interactions at the stern. The wake pattern is also unique as the two waves following in close succession 

in the 1-2 ship lengths aft region have almost joined, forming very long crested waves. This is a 

dangerous possibility to be avoided, as the merging of these waves would increase the wave height 

substantially. 

 

Figure 23  CFD Surface Elevations Plot Hull 6 

5.2.1.7. Hull 7  
Hull 7 shows a very interesting wake pattern, characterised by very steep waves in the near field, which 

then show the effects of attenuation in the mid-field region closer to the domain boundaries. The 

steepness of the waves and the narrow initial propagation angle could be a symptom of the bow entry 

angle changes. It is most likely more connected with this factor than with the bow keel rake. The surface 

plot also shows large interactions at the aft of the ship causing a deep trough at the stern. This could 

also be linked to the bow characteristics which may be affecting how and where the waves interact. 

Lastly, it is clear that the bow characteristics again have affected the maximum surface elevation at the 

bow, this time a thinner raked bow has created lower elevations than Hull 6. 
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Figure 24  CFD Surface Elevations Plot Hull 7 

5.2.1.8. Hull 8 
The surface plot for Hull 8 shown in Figure 25 is again very interesting. The waves in the wake wash 

are less steep, but also extremely high. This combination of factors also produces the largest surface 

elevations at the bow. The stern trough caused by the interactions of the inner bow and stern waves is 

larger. 

 

 

5.2.2. DESIGN OF EXPERIMENTS ANALYSIS OF RESULTS 
Measurements at various points were taken for each simulation, including at the bow, at the 45m lateral 

boundary of the domain and at the highest and lowest peaks in the near-field region. The near-field 

region was chosen to include the domain, 2 ship lengths aft and 1 ship length laterally from the outer 

Figure 25 CFD Surface Elevations Plot for Hull 8  
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edge of the hull. This region was considered important because it represented a dangerous case where 

the catamaran may come into very close proximity to another vessel, mooring or jetty etc. The 

interactions along the sailing line were excluded from this analysis, as they did not provide results of 

interest. 

The results taken from these measurements are shown in Table 13. The wave heights are measured 

in meters and are measured from the height of the wave peak to the bottom of the next trough, except 

for at the bow where the measurement is just the surface elevation from the undisturbed free surface. 

The different combinations of hull characteristics have a significant impact on the wave heights in the 

near-field region (NFR) and at the bow, however these effects become less apparent at the mid-field 

region. This is due to wave height attenuation, or wave height decay and at a certain distance (in deep 

water) it would not matter which hull was chosen, as the waves heights would all be extremely similar. 

However, in congested or narrower waterways, where the bathymetry is varied, this type of data is very 

important for understanding what effects each characteristic has on the wave heights and wave energy.  

HULL 
Measurements taken at 45m 

Near Field 
Region 

At Bow 

Max Wave 
Height [m] 

Period 
[s] 

Energy 
[kJ/ms] 

Max Wave 
Height [m] 

Max wave 
Height [m] 

1 0.350 5.8 0.981 0.781 0.823 

2 0.248 6.6 0.515 0.469 0.988 

3 0.207 5.8 0.358 0.469 0.719 

4 0.219 6.2 0.402 0.547 1.220 

5 0.396 5.8 1.287 0.781 0.826 

6 0.409 6 1.373 0.938 1.472 

7 0.350 5.6 1.030 1.094 0.861 

8 0.374 5.8 1.173 0.938 1.599 

AVG 0.319 6.0 0.890 0.752 1.064 
Table 13 Results of CFD Simulations of 8 hulls in channel  

 

Bow Peak 

Near Field 

Region 

45 m  

Figure 26 Description of measurement points and regions  
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To understand the results better, an analysis was made using the Design of Experiments method. This 

method quantifies the effect each characteristic has on the output variables in a manner that is easy to 

read and understand. The results of this analysis can be seen in the Table 14 below. To make the table 

easier to understand, the absolute values were normalised by the average value for each output shown 

in the last row of Table 13 above. In Table 14, the larger the value in absolute terms, the larger the 

effect that factor had on the output. A positive value means that the trend is increasing, that is, an 

increase in the value of the hull characteristic will increase the output. Inversely, a negative value 

suggests that the opposite is true. The other factors have smaller but significant effects. For instance, 

Bow Keel Rake is reasonably important for the wave heights and wave energy in the mid-field region.   

DOE ANALYSIS 

1/2 Entry 
Angle [°] 

Bow 
Keel 

Rake [°] 

Demi 
Beam 

[m] 

Beam 
[m] 

2nd Order Interactions 

A B C D AB=CD AC=BD AD=BC 

Hw 45m ABS -0.014 -0.063 0.126 -0.026 0.031 0.032 0.023 

Hw NFR ABS -0.059 0.020 0.371 -0.176 0.020 0.059 0.137 

Hw Bow ABS 0.513 0.072 0.252 -0.061 0.107 0.180 0.009 

Ew 45m ABS -0.010 -0.242 0.429 -0.080 0.094 0.116 0.038 

Hw 45m % -4% -20% 40% -8% 10% 10% 7% 

Hw NFR % -8% 3% 49% -23% 3% 8% 18% 

Hw Bow % 48% 7% 24% -6% 10% 17% 1% 

Ew 45m % -2% -39% 69% -13% 15% 19% 6% 
Table 14 DOE Analysis of CFD Results for 8 hulls in channel 

5.2.2.1. Main Effects of the Bow Entry Angle 
The Bow Entry Angle only seems to have a large effect on the wave heights at the bow. This is most 

likely due to the blunter bow creating higher pressure and therefore increasing the surface elevation. 

When considering the hull shape as it moves through the water, it is easy to perceive how a sharper 

bow will part the water easier than a blunter bow, which must move the water around the hull quicker, 

therefore locally increasing the pressure on the hull. This same theory is applied to hull design when 

considering the propulsion, where a blunt stern will create larger eddies and vortices than a stern which 

comes to a finer point. It is interesting to note that it has little effect on the wave heights in other parts 

of the wake wash.  

5.2.2.2. Main Effects of the Bow Keel Rake 
The results show that the bow keel rake has an important contribution to the wave heights in the wider 

zones, but has little effect closer to the hull. In these simulations the bow keel rake affects the waterline 

length of the hull, because the overall length of the hulls was kept the same, the bow keel rake effectively 

shortened the waterline length when it is changed from 0 to 50 degrees. So, through its effect on the 

waterline length, the bow keel rake directly effects the displacement of the hull. Both Macfarlane (2012) 

and Fox et al. (1993) have proved that the displacement of a ship is one of the most crucial factors in 

terms of its effect on wave heights and energy. 

5.2.2.3. Main Effects of the Demi Beam 
From the Table 14 above, it is obvious that the Demi Beam is the most crucial factor in terms of wave 

height and wave energy. In every measurement point, excluding the bow wave height, it has the largest 

main effect, and for the bow wave, it has the second largest effect. It is easy to understand why the 

results suggest it is so important. The Demi Beam has the largest effect on the displacement, and as 

mentioned above, this has been proven to be a significant factor.  
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5.2.2.4. Main Effects of the Beam 
From considering the results in the Table 14 above, the Beam does not strongly affect the wave heights 

and wave energy of the wake wash as much as other factors. The major effect of the Beam is to increase 

or decrease the separation between the hulls. However, the interacting effects of this are seen within 

the wake wash mostly along the sailing line and behind the leading waves. For this reason, the effects 

of the Beam may not have been measured, however it is important to remember that in studies by 

Nizam et al. (2013) and Tarafder & Suzuki (2007), as mentioned previously, the effect of hull separation 

was considered negligible at higher separations. This range of ineffectiveness is only slightly larger than 

the larger beam considered here, and so it is possible to infer that the hull separations are large enough 

to cause a drop in the effect on wave heights and wave energy in the wider regions.   

5.2.2.5. Interactions  
Due to the type of factorial DOE method used, it is difficult to discern between the effects of the 

interaction between one pair of factors and the other. This was unavoidable with the number of factors 

desired without completing all 16 simulations. However, as can be seen from the tabulated results, 

there is no interaction which is extremely strong, and so it would not be worth the time to extend the 

CFD simulations to the other 8 hull combinations to study this further. Results within this range for 

interactions most likely are resultant of individual factor effects (Montgomery 2003). However, it is also 

possible that some interactions are not notable, due to the range tested.  

 

 CFD 8 hulls calibration with Funwave 
This section details the results of the feasibility study of calibrating the Funwave pressure distribution 

to match the wave heights and periods at the 45m lateral line. The CFD results have already been 

presented and the calibration method was discussed in the preliminary hull section. The same method 

was used here, however over a larger range of hull beams and drafts. In the effort of efficiency not 

every comparison made is shown, only the final calibrations and the results shown in Table 15 below, 

where H CFD and H FW are the maximum wave heights from the 45m lateral wave-cut for CFD and 

Funwave results respectively. Also, T CFD and T FW are the period of the same waves for CFD and 

Funwave results respectively. 

Hull Beam [m] 
Applied 
Draft [m] 

H CFD [m] H FW [m] T CFD [s] T FW [s] 

1 1.50 1.60 0.35 0.32 5.80 4.28 

2 1.50 1.15 0.25 0.23 6.60 4.67 

3 1.50 1.00 0.21 0.20 5.80 4.67 

4 1.50 1.05 0.22 0.21 6.20 4.67 

5 2.50 1.80 0.40 0.37 5.80 4.67 

6 2.50 1.75 0.41 0.35 6.00 4.67 

7 2.50 1.60 0.35 0.32 5.60 4.28 

8 2.50 1.70 0.37 0.34 5.80 4.27 
Table 15 Comparison of Funwave and CFD wave height (H FW and H CFD) and wave period (T 

FW and T CFD) results for 8 hulls in a channel 



49 
 
 

 

Figure 27 Hull 1 CFD Funwave 45m Wavecut Comparison 

 

Figure 28 Hull 2 CFD Funwave 45m Wavecut Comparison 
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Figure 29 Hull 3 CFD Funwave 45m Wavecut Comparison 

 

Figure 30 Hull 4 CFD Funwave 45m Wavecut Comparison 
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Figure 31 Hull 5 CFD Funwave 45m Wavecut Comparison 

 

Figure 32 Hull 6 CFD Funwave 45m Wavecut Comparison 
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Figure 33 Hull 8 CFD Funwave 45m Wavecut Comparison 

 

Figure 34 Hull 8 CFD Funwave 45m Wavecut Comparison 
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6. CONCLUSION  
This thesis developed a novel methodology utilising a commercial CFD software to calibrate the 

pressure distribution used in the extended Funwave code so that the wake wash, of similar yet distinct 

hull shapes, can be assessed over a given bathymetry. This will allow researchers the ability to study 

the wakes of different ships on a larger scale. Prior to this development, the pressure distribution used 

in a Funwave code was defined by a ships’ length, beam and draft. This means that two hulls with 

different hull shapes, but these same characteristics, could not be differentiated. This new method has 

many applications, such as optimisation of hull shapes for a given journey, optimisation of vessel speed 

and route for a given ship and bathymetry to reduce environmental impacts, as well as the study of the 

effect of different hull characteristics on the wake wash of a ship and its interaction with its surrounding 

environment.  

The studies showed that by varying the ships’ draft as an input variable into the Funwave program, the 

wave heights of the wake wash could be matched for each different hull. Since the Funwave program 

can accurately predict the wake patterns, which affects the wave periods, varying the draft (and 

therefore the pressure amplitude), effectively allows calibration of the wave heights. These calibrated 

inputs can then be run for any given bathymetry by editing the depth section of the code.  

This thesis also studied the effect of four different hull characteristics on the wake wash of a catamaran. 

These four characteristics were: Beam, Demi Beam, Bow Entry Angle and Bow Keel Rake. The results 

showed that of these four characteristics, Demi Beam was the most influential factor in affecting 

maximum wave height and wave energy. The results also showed that the Bow Keel Rake was 

influential as well. This is probably because in this study it affected the waterline length of the ship. 

These results agree well with conclusions by Macfarlane et al. (2014) and He et al. (2015), who both 

suggest that the Demi Beam and the Waterline Length greatly affect the maximum wave height and 

wave energy of a ship’s wake wash. Analysis of the interacting effects did not show that any particular 

interaction was of more importance. This could be due to the small number factor levels studied or the 

range. Although it makes sense that certain combinations of factors will inevitably create large 

constructive or deconstructive wave interactions, the main effects of the hull characteristics will have 

the largest effect on wave height and wave energy in most cases. This theory is supported by the 

studies of Tarafder & Suzuki (2007) and Nizam et al. (2013) that both conclude that for higher Froude 

numbers and hull spacings the interference effects are less distinguishable.  

 Future Work 
As with any project, not every avenue of research could be studied. Due to the time and resource 

limitations of this thesis, only the most crucial elements of this project were wholly addressed. The final 

component of the testing procedure of this thesis aimed to use the 8 calibrated Funwave codes and a 

varied bathymetry file to study the interaction between the different wake wash of the 8 hulls from Incat 

Crowther and the bathymetry of a section of Sydney Harbour. Although not finalised, a large amount of 

effort was made to try and write a version of the Funwave code that studied a section of the Sydney 

Harbour. Due to several reasons, including the complex and the non-user-friendly nature of the code, 

a lack of in-depth knowledge of the programming language Fortran and a lack of time, it was decided 

that this last stage of testing was outside the scope of this master’s thesis, but creates a great avenue 

for future study.  
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