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Abstract 

Fast round-bilge displacement hulls capable of operating above displacement speeds have long 

been important in the design of warships. The size of the vessels makes planing impractical due to 

the power and speeds that would be required to produce sufficient hydrodynamic lift. These vessels 

are uncommon when compared with both slow displacement and planing craft, the available design 

data is limited and their development has traditionally relied on the experimental testing of series 

of hulls. 

While vessels of the dimensions of ships can adopt slender forms and these are beneficial for 

reaching higher speeds, smaller vessels must maintain sufficient stability and can’t be designed 

with such narrow hulls. The hulls of small craft designed to operate above traditional displacement 

speeds evolved towards semi-displacement and planing hull forms, where hydrodynamic lift can 

reduce the effective volume of water displaced and the wetted surface of the hull. This is 

conceptually simple and can lead to reduced resistance, but at the added cost of producing such lift. 

Producing hydrodynamic lift in the transition speed range is largely ineffective because the flow 

velocity and resulting forces are insufficient in relation to the mass of the vessel. Designing fast 

displacement hulls for such small vessels is more difficult because stability requirements largely 

preclude using fine and narrow hulls, but it should be of great interest. 

The author uses a gradient-free search and optimisation algorithm coupled to a parametric modeller 

and the Star-CCM+ RANS flow solver to optimise the entire shape of complex hulls under 

displacement and stability constraints in a free-to-trim and free-to-heave condition. The process is 

computationally efficient in a large multi-dimensional solution space. It is first used to produce a 

model hull and test it in the towing tank of the Australian Maritime College in Launceston, 

Tasmania. The problem of obtaining the resistance of full-scale hulls is then considered and the 

same methods are applied to design a substitute hull of the same displacement and initial stability 

as an existing 20-metre hard-chine semi-displacement fishing boat. The author demonstrates the 

possibility of economical operation at 150% of hull speed. When this optimised hull is compared 

to hard-chine semi-displacement hulls, much better fuel economy at all speeds can be demonstrated 

and this difference increases even further when the hulls are required to carry payloads. Superior 

results are also illustrated in comparisons with existing fast displacement hull designs, such as the 

NPL hull, even when their length/beam ratio is more favourable.
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Chapter 1 

Introduction 

1.1 Fast Displacement Craft 

The interest for producing fast displacement craft, for which ratio of the speed to the square root of 

their waterline length exceeds easily achieved values, was acute until lighter hull construction 

materials and sufficiently powerful engines made planing (or semi-planing) possible. However, this 

was only ever practical for relatively small vessels, due to the very rapid increase in displacement 

with hull length, and it has been remarkably inefficient in many applications, as will be illustrated 

in this thesis. Whenever fast monohull ships were required, the hydrodynamic challenge of 

efficiently displacing the water at speed remained. Identifying the design factors involved in the 

performance of round-bilge displacement hulls when they need to exceed the traditional “hull 

speed” limit and producing such hulls has been a pursuit for over a century as a result. This effort 

was first fuelled by the need for fast attack craft in response to traditional warships in the early 20th 

century and led to the development of the destroyer [1]. The need for data to support the resistance 

estimation for fast displacement hulls at design stage became increasingly acute and, in 1936, 

Nordström [2] published the results of resistance tests with 14 different round-bilge hulls at the 

Royal Institute of Technology in Stockholm. In 1951, de Groot [3] followed with a series of 31 

round-bilge, high-speed hull forms tested at the Netherlands Ship Model Basin (NSMB). From this 

point onwards, research efforts accelerated. In 1960, Marwood and Silverleaf [4] presented the 

results of tests with some 30 unrelated hull shapes at the British National Physical Laboratory 

(NPL). By then, it was becoming increasingly clear that a more systematic approach was required 

if correlations between design factors and resistance were to be identified and experimenters 

focused on varying some of the design parameters in a more methodical fashion. Beys [5] carried 

out tests with 5 geometrically similar hulls of identical length and displacement in the Davidson 

Laboratory of the Stevens Institute of Technology in 1963. The following year, Yeh [6] published 

the results of tests with a systematic series of 27 slender hull forms at the David W. Taylor model 

test basin. From this point onwards, many systematic model series were designed and investigated 

in towing tanks around the world and the interested reader should refer to Van Oossanen [7] for a 

comprehensive review and discussion of the available data up to the year 1980. More recent 

experimental series include the MARIN/NSMB series [8, 9], the related AMECRC series [10] and 

the NTUA series [11]. Here, the author wants to point out that only a fraction of this effort has gone 
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towards hull forms useful for small craft. Small craft hulls, due to their smaller displacement, need 

to be more stable in order to be seaworthy and this requires lower length/beam ratios (i.e. wider 

hulls) than have commonly been considered. As a result, the body of design data to draw upon is 

even more limited for small vessels. 

The design criteria for small commercial or pleasure craft is also typically very different than for 

craft in strategic applications. In the case of a fishing boat or a motor yacht for example, being able 

to sustain higher speeds is generally desirable, but cost-effectiveness is important and top speed 

generally has little relevance; in the case of some warships, top speed is frequently essential even 

if it can’t be sustained and the limit is set by the combination of the resistance of the hull and the 

propulsive power that can be installed. In relative terms, small craft commonly operate at higher 

speeds for their length than large vessels, which is partly due to the fact that high power-to-weight 

ratios are more easily achievable in a small vessel, but also because of service expectations in terms 

of absolute speed. 

If we assume that it is feasible to design a fast round-bilge displacement hull significantly more 

efficient than today’s semi-planing designs, based on the principle that no energy needs to be 

expended to lift the hull, such a hull for a small craft in commercial operation should typically be 

intended for operating at an economically sustainable speed where performance and cost are well 

balanced. This speed should be high enough to make the design attractive when compared to 

currently existing vessels. If marketing considerations can be set aside at all, this should equally 

apply to the design of pleasure craft, where very high speeds are uncomfortable, uneconomical, and 

very seldom used in practice. Last, but not least, such a new vessel of pure displacement type would 

also need to meet any other service requirements at least as well as the existing craft to constitute a 

suitable alternative. 

1.2 Motivation 

The motivation for this research was finding stable pure-displacement hull forms capable of 

outperforming the hard-chine semi-displacement vessels commonly built nowadays for the modern 

coastal fishing industry. Such small commercial craft represent a fragmented market dominated by 

owner-operators. Funding research in this context is more challenging than in the case of larger 

commercial or strategic applications. Yet, these applications face economic pressure from shrinking 

margins and their environmental footprint is bound to place them under increasing scrutiny. 

The development of an alternative suitable hull with lower resistance characteristics offers benefits 

throughout the lifecycle of the vessels: lower hull resistance allows using smaller and lighter power 
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plants with a significant reduction in the capital cost of the vessels. A reduction in displacement 

associated with a smaller engine leads to a further reduction in resistance and the overall outcome 

is sustained fuel savings throughout the service life of the craft. The maintenance costs of smaller 

engines are also significantly lower. 

The prospects of marine electric propulsion with improvements in battery technology are also 

bound to lead to some renewed interest in hull forms capable of carrying the load represented by 

the battery. In this context, sustained high speeds are unlikely due to the comparative energy 

expenditure it entails, but a hull offering low resistance and speed capability is likely to be more 

attractive than a slow, albeit economical, hull. 

1.3 Scope 

Vessels operating in the displacement speed range are supported by hydrostatic pressure forces, or 

buoyancy. High-speed planing craft mostly interact with the water surface only and a significant 

part of their weight is supported by hydrodynamic lift, which effectively reduces the volume of 

water they displace and their wetted surface. While their efficiency may sometimes be good, the 

speed required typically makes for unacceptably high absolute power requirements and sea 

conditions may also prevent attaining such speeds; in other words, planing is too costly and often 

unachievable. In the intermediate, or transition, speed range, hulls can’t plane due to the speed 

being insufficient and any hydrodynamic lift can only partly alleviate the resistance effects arising 

from progressing through the water. The author proposes that, provided near-planing speeds are not 

required, a hull should be able to operate more efficiently at transition speeds if the production of 

ineffective hydrodynamic lift is prevented altogether. Furthermore, such a hull should be able to 

carry loads with a lesser resistance penalty as the hydrostatic force naturally increases with hull 

loading and it is normal to the resistance force. 

The objective of this research is to apply high-fidelity computational fluid dynamics and multi-

variable non-linear optimisation techniques to look for pure-displacement hulls suitable for routine 

operation in the transition speed range. Furthermore, the focus is on small vessels above about 14 

metres overall with the requirement that the hulls offer the same large initial stability that is 

commonly found in modern hard-chine semi-displacement workboats, to ensure the service 

capability is comparable. 

Unlike the experimental work alluded to earlier, which entailed considerable time and effort to 

obtain relatively small sets of results, in this work the author uses a computational approach to 

generate and evaluate a much more considerable body of data. No assumptions are made about 
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favourable hull design parameters either and the focus goes towards producing and evaluating 

geometries of constant length, displacement and initial stability. 

This work also departs from recent hydrodynamic optimisation efforts, which have commonly been 

limited to specific parts of the hull and/or based on low-fidelity models that can be solved quickly. 

The shape of an entire hull is instead optimised using the results of state-of-the-art viscous flow 

computations. To this effect, a parametric hull model of considerable flexibility in the hull forms it 

can produce is used, which allows the optimisation algorithm to discover new hull shapes with 

lower full-scale calm water total resistance. In this process, a family of parametric designs of equal 

displacement and form stability is also obtained that can be further analysed in terms of traditional 

design coefficients to try to identify requirements for low resistance at the speed considered. 

1.4 Contributions 

This thesis contains four scientific contributions. It explores the challenges of modelling fast pure-

displacement craft numerically using a RANS CFD solver and identify requirements that exceed 

what is normally found when calculating the resistance of traditional displacement vessels or 

planing vessels. It demonstrates a methodology to produce constrained parametric design variants 

within a large multidimensional space, so only functionally equivalent designs are ever evaluated 

and resources are not wasted calculating the resistance of designs that violate the displacement and 

stability constraints. The author then demonstrates an efficient shape optimisation of a full hull, 

rather than parts of it, by building an automated workflow using a parallel pattern search algorithm 

coupled to a parametric geometry modeller and a RANS flow solver. Finally, the considerable 

population of designs produced by the optimiser is examined and the author seeks to identify which 

hull design metrics commonly used in naval architecture are correlated to the resistance results at 

the design speed adopted. 

1.5 Thesis Outline 

The reader can find the workflow underlying this thesis in Figure 1 and will notice that hull shape 

optimisation was in fact undertaken twice, once to obtain a model hull suitable for tank testing, and 

then a second time to design a full-scale vessel. The work draws on knowledge in computational 

fluid dynamics, parametric modelling, marine hydrodynamics and non-linear optimisation. For the 

sake of concision and clarity, this thesis has been structured in the four parts described below.
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Figure 1 - Process outline. 
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1.5.1 Quantification of the Performance of Marine Surface Craft 

The quantification of the performance of marine surface craft largely relies on accepted 

methodologies and a summary description of the methods used and level of results achieved is 

offered in Chapter 2. The reader interested in the theoretical background behind computing the 

hydrodynamic resistance of marine surface craft and its implementation using the CFD package 

Star-CCM+ [12] will find a comprehensive treatment in Appendix A and Appendix B. 

The techniques presented throughout this thesis were first employed to obtain a fast pure-

displacement model hull form of the type the author was interested in. This hull, denoted 

AMC 16-12, was built at model-scale and its performance was quantified in the towing tank of the 

Australian Maritime College (AMC) in Launceston, Tasmania, as described in Appendix D. With 

experimental results available, the numerical model was then validated using hull AMC 16-12 as 

well as several other hull geometries borrowed from the Delft Systematic Yacht Hull Series 

(DSYHS) [13] in Appendix E. 

In Appendix F, the author considers the challenges in efficiently obtaining numerical results for 

full-scale hulls in order to carry out shape optimisation on the real-world case. The conditioning of 

the full-scale numerical problem is improved, so it can be solved as quickly and as reliably as what 

was possible for model-scale hulls in spite of the much higher Reynolds number. The model-scale 

and full-scale computational results are compared with those obtainable using accepted resistance 

extrapolation methods. 

1.5.2 Hull Design 

The question of what a pure displacement hull form should look like in order to be able to operate 

at transition speeds is discussed in Chapter 3, where a review of the historical work in the design 

of fast round-bilge displacement hulls and the mechanisms underpinning hydrodynamic resistance 

is offered. A parametric hull model suitable for the purposes of searching for an optimal hull shape 

is then constructed. 

1.5.3 Optimisation 

In Chapter 4, the methods available for optimising multidimensional non-linear problems are 

briefly reviewed as well as the characteristics of the present CFD-based hull shape optimisation 

problem. A design objective based on the characteristics of a semi-displacement hard-chine fishing 

vessel is then formulated for the purpose of later comparing the anticipated service performance of 

the optimised design against that of an existing craft. 



 

1.5  THESIS OUTLINE 

7 

The author introduces a method to handle displacement and stability constraints efficiently and 

avoid computing costly flow solutions for non-compliant designs and then demonstrates the 

optimisation of a full hull shape using RANS CFD simulations on a high-performance computing 

cluster. 

1.5.4 Results 

In Chapter 5, the performance of the optimised hull design is compared with two semi-displacement 

hard-chine fishing boat hulls, a large fast displacement motor yacht hull proposed by Van Oossanen 

[14] in 2009 and two of Bailey’s NPL hulls [15]. The author shows considerable resistance 

reductions against the reference hard-chine design with a much superior load carrying ability and 

improvements over all the other hulls. 

Finally, advantage is taken of the large dataset produced by the optimisation process to look back 

at the traditional non-dimensional design ratios achieved by the hulls created in this work and the 

results are compared with the empirical knowledge acquired over several decades of experiments.
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Chapter 2 

CFD Computation of the Calm Water Resistance of Fast 

Pure-Displacement Hulls 

2.1 Introduction 

The computation of the hydrodynamic resistance of marine surface craft is a problem where an 

advancing floating body interacts with the interface region between air and water. As the pressure 

at the free-surface remains constant, any pressure changes induced in the water in the vicinity of 

the interface alters its elevation and creates waves. Since waves produced by the hull at the surface 

influence its position and attitude, a correct solution for resistance must solve both the flow field 

and the position and attitude of the floating body [3, 128]. This is known as a fluid-body interaction 

problem with pressure relief at the free-surface. 

In the context of the work presented in this thesis, the CFD computation of the resistance of 

displacement hulls in calm water takes the place of a function to be evaluated in an optimisation 

process. In order to enable optimisation, this function evaluation process must be efficient, fully 

automated and its results dependable. This is a non-trivial objective in itself, but since the work 

primarily relies on established methodologies, the reader is invited to refer to Appendix A for a 

comprehensive theoretical background for such computations and Appendix B for their 

implementation. 

In order to allow validation of the results of CFD calculations, experimental data must be available 

for some relevant hull geometries and this aspect normally leads to conducting simulations for 

small-scale model hulls that were experimentally tested in towing tanks, because resistance data for 

full-scale vessels is very rarely available. However, the practical design of full-scale vessels 

requires full-scale data. Procedures have long been available to extrapolate model-scale results to 

larger scales, but these have known pitfalls. The obvious alternative is carrying out the flow 

computations at full-scale and these aspects are the topic of Appendix F. 

In this chapter, the author presents an overview of the theory and methods employed as well as the 

outcomes achieved. 
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2.2 Hydrodynamics of Marine Surface Craft 

In the context of studying the resistance characteristics of ships, Froude [16] identified that, in order 

to obtain similitude in the wake pattern produced by the hull independently of the actual hull length, 

the speed/length ratio 𝑣 √𝐿𝑊𝐿⁄  needed to be preserved in scaled experiments. Achieving similitude 

in this ratio resulted in the wave resistance contribution to be scalable. 

This quantity was later generalised and non-dimensionalised to become the Froude number defined 

by Equation (1) in marine hydrodynamics, where 𝑣 is the velocity of the hull and 𝐿𝑊𝐿 is its 

waterline length. 

 𝐹𝑟 =
𝑣

√𝑔 𝐿𝑊𝐿

 
(1) 

Ship wakes were formally studied by Kelvin [17] in 1877, who investigated the characteristics of 

the wave pattern produced by a ship as a function of its speed using linearised wave theory and 

potential flow. In the case of the wake of a ship in deep water, Kelvin identified a geometric pattern 

of both transverse and divergent waves in the wake, contained within a triangular envelope with a 

constant half-angle of approximately 19.5° as illustrated in Figure 2.  

 

Figure 2 - Kelvin wake pattern, from Hennings, et al. [18] 

In the immediate vicinity of the hull, the shape of the free-surface is also influenced by the pressure 

changes induced by the shape of the hull [19, p. 66] and this aspect is investigated in more detail in 

the discussion of hull resistance in Chapter 3. This wave system is also referred to as the primary 



 

2.2  HYDRODYNAMICS OF MARINE SURFACE CRAFT 

11 

wave system and the Kelvin wake as the secondary wave system. These two wave systems interfere 

in the near vicinity of the hull and can either reinforce or oppose each other as speed changes. 

The characteristics of the wave system are associated with the Froude number the hull is travelling 

at. The relationship between the Froude number 𝐹𝑟 and the length 𝜆𝑤 of the transverse wave system 

is obtained from linearised wave theory (Appendix A, Section A.3): 

 
𝜆𝑤 =

2𝜋

𝑔
𝐿𝑊𝐿 ∙ 𝐹𝑟2 (2) 

A particular case arises when the wave length 𝜆𝑤 becomes equal to the waterline length of the hull 

itself and Equation (2) then reduces itself to 𝐹𝑟 ≅ 0.4. This non-dimensional speed is commonly 

referred to as “hull speed” and is normally associated with a rapid increase in wave resistance. If 

the speed exceeds this value, the crest behind the hull moves further back while the first wave 

trough shifts towards the stern. The hull begins to operate increasingly within its own bow wave 

with the stern in the trough and the gradient of the speed/resistance curve becomes steeper. As a 

result, 𝐹𝑟 ≅ 0.4 represents the maximum practically achievable speed for many displacement hulls. 

The following definitions, based on the Froude number, are therefore introduced: 

 Displacement speed range: 𝐹𝑟 ≤ 0.4. 

 Transition speed range: 0.4 < 𝐹𝑟 < 1.0. 

 Planing range: 𝐹𝑟 ≥ 1.0. 

The speeds of interest in this thesis belong to the transition speed range and a lot of the work utilises 

the Froude number 𝐹𝑟 = 0.6, which is 50% above the maximum economically achievable speed of 

traditional displacement craft. 

Another important result arising from wave theory concerns the depth of impingement of the waves 

generated by the hull (Appendix A, Section A.3.3). A gravity wave propagating at the surface of a 

body of deep water imparts a circular motion to the water molecules, the amplitude of which decays 

exponentially with depth. At a depth 𝑧 = −𝜆𝑤 2⁄ , the residual amplitude of the motion has decayed 

to approximately 4% of the wave amplitude. In oceanography, this depth is referred to as the wave 

base as, below this, the disturbance is deemed negligible. 

Typical ship hydrodynamic simulations focus on solving the flow field near the hull as well as the 

deformation of the free surface with little concern with modelling the deep water. In the case of fast 

displacement craft, both the wavelength of the transverse wake and the depth of impingement of 

the waves increase with the square of the Froude number and the author identified through the work 
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presented in Appendix B that failing to model the deep water leads to unstable simulation results 

where heave is not modelled correctly. 

2.3 CFD 

Two broad options exist for modelling flows including a free-surface around hulls: modelling the 

free-surface as a dynamic and deformable boundary, or modelling the problem as a multiphase flow 

including both the air and the water. The first option doesn’t require solving the flow in the 

atmospheric part of the domain, but struggles to deal with complex fluid interfaces comprising 

over-turning waves or broken water. As this work is concerned with fast craft and such features are 

commonly present, the multiphase flow approach was employed. 

2.3.1 The Volume of Fluid Formulation 

The Volume of Fluid formulation [20] entails modelling both air and water as a single fluid by 

introducing a new quantity called the phase fraction, which reflects how much of each fluid is 

present in a given volume. If we define the quantity 0 ≤ 𝛼water ≤ 1 as the phase fraction of water, 

the amount of air can be expressed as 1 − 𝛼water by definition and the local value of the phase 

fraction can be used to determine the physical properties of the fluid by interpolation in the 

simulation. The free surface is obtained by reconstruction of the interface where the phase fraction 

crosses the threshold value 𝛼water = 0.5 during post-processing. The reader will find a detailed 

discussion of the topic in Appendix A, Section A.6. 

2.3.2 Flow Modelling 

The flows surrounding marine vessels are both viscous and turbulent as a boundary layer develops 

under the action of fluid shear forces near the hull surface. Resolving the turbulence in the flow is 

not possible within the limits of the computational resources available today. Turbulent flow 

computations rely on decomposing the instantaneous local flow velocity u(𝑥𝑖, 𝑡) into mean and 

fluctuating contributions before modelling, rather than resolving, at least some of the turbulent 

scales: 

 u(𝑥𝑖, 𝑡) = u̅(𝑥𝑖) + u′(𝑥𝑖, 𝑡) (3) 

The continuity (4) and momentum (Navier-Stokes) equations governing the flow can be expressed 

in terms of these averaged and fluctuating quantities [21, p. 293], yielding the Reynolds-Averaged 

Navier-Stokes (RANS) equations (5): 
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 𝜕(𝜌�̅�𝑖)

𝜕𝑥𝑖
= 0 

(4) 

 𝜕(𝜌�̅�𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌�̅�𝑖�̅�𝑗 + 𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅) = −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕𝜏̅𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑔 + 𝑓𝑖 

(5) 

where 𝑓𝑖 represents external forces applied to the fluid and �̅�𝑖𝑗 represents the mean viscous stress 

tensor. The Reynolds stresses −𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅ contain the fluctuating turbulent velocity components and 

need to be obtained from a turbulence model in order to achieve closure. In this work, the author 

relied on the two-equation turbulence models 𝑘-𝜔 𝑆𝑆𝑇  and 𝑘-𝜖 𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 to fill this role [22]. 

In order to track the temporal evolution of turbulent flows, unsteady RANS techniques [21, pp. 

292-293, 307] have been developed; these are of interest for modelling marine surface vessels and 

were employed in this work. 

The reader can find a presentation of the theory underlying marine CFD computations in Appendix 

A, Section A.4. 

2.3.3 Modelling Hull Dynamics 

The details of the configuration of the numerical problem of modelling the calm water resistance 

of fast pure-displacement craft are presented in detail in Appendix B and only an overview of the 

methods employed is offered here. 

As stated earlier, modelling marine surface craft is a fluid-body interaction problem and the hull 

must be able to dynamically adopt its natural position of equilibrium during the simulations as the 

wave pattern develops. In the case of calm water resistance simulations, the degrees of freedom of 

interest are trim and heave. In Appendix B, Section B.10, three options were investigated for 

modelling the position and attitude of the hull. An overset mesh block containing the hull was 

employed after facing considerable numerical stability issues at Froude numbers 𝐹𝑟 > 0.5 with the 

faster and preferred mesh morphing algorithm in the Star-CCM+ flow solver. 

2.3.4 Verification 

The CFD verification process ensures that the simulation results converge, or at least remain very 

comparable, when its discretisation parameters are varied. It is therefore an assessment of the 

quality of the formulation of the numerical problem. The problem is discretised both in space and 

time and, as a result, convergence studies were carried out both in terms of simulation time step 

and mesh resolution. Furthermore, as the computation of the viscous forces originates from the 
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mesh containing the boundary layer surrounding the hull and the pressure forces are the result of 

the deflection of the free stream in the outer parts of the mesh, separate convergence studies were 

carried out to confirm that both the viscous and pressure components of the resistance were 

adequately modelled. The reader can find the detail of these studies in Appendix C and a complete 

description of the construction of the computational mesh in Appendix B, Section B.8. 

Once a suitable mesh spatial resolution was identified, varying the time step left the viscous 

resistance component near constant and the changes in total resistance were within 0.05% across 

the full range, which is an order of magnitude below the limit of what would be considered as 

meaningful in the marine applications of interest. Numerical stability can place an upper bound on 

how coarse a time step can be adopted even when the convergence of the results appears to remains 

good. 

The spatial convergence study showed that refining the core mesh size led to a decrease and an 

eventual stabilisation of the pressure resistance once the relative mesh base size ℎbase (see Appendix 

B, Section B.8.3) reached ℎbase/𝐿𝑊𝐿 ≤ 2.46 ∙ 10−2, while the viscous forces were largely 

unaffected. On the other hand, meshing the boundary layer closer to the hull wall caused a decrease 

in viscous resistance until further reducing the first cell height was prevented by numerical 

ventilation, a phenomenon discussed in Appendix B, Section B.11; this left the pressure resistance 

almost unchanged. 

2.3.5 Validation 

Validation of the numerical model entails comparing its output against experimental results. The 

author first sourced experimental data from the Delft DSYHS database of towing tank test results 

[13] for various yacht hulls, before using a data set acquired from towing tank tests at the Australian 

Maritime College (AMC) with an experimental fast pure-displacement model hull denoted 

AMC 16-12 designed and built as part of this work. The reader can find a comprehensive 

presentation and discussion of these tank tests in Appendix D and a description of the construction 

of the model in Appendix G. 

The CFD resistance predictions achieved for the selected Delft hulls were on average within less 

than 2% of the experimental results so long as dynamic lift effects didn’t cause the forebody to rise 

out of the water, and they often remained very good even in the presence of some dynamic lift and 

high trim angles up to 𝐹𝑟 = 0.6. The simulations also successfully reproduced the behaviour of the 

hulls in terms of trim and sinkage as speed increased and the CFD model appeared capable of 

capturing the physics present in these experiments. 
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When the simulations were compared against the experimental results obtained from the AMC 

Towing Tank, the computed resistance in the speed range of interest was found to be systematically 

below the measured values by approximately 7%. The linearly proportional nature of the 

differences between CFD and experiments, which extends all the way to the highest speeds 

simulated, suggested that the numerical model still captured the non-linear physics underpinning 

the behaviour of the hull successfully. The trim and heave behaviour of the model were also well 

reproduced by the simulations. As the resistance of the Delft hulls could be predicted with good 

accuracy at the same speeds, a facility bias or calibration issue may have existed that could explain 

the difference observed. 

In the context of hull shape optimisation, the ability to differentiate hull shapes based on their 

computed resistance is more important than the absolute exactness of this computed resistance and 

no compelling reasons to doubt the fidelity of the numerical model were found in these results. 

2.3.6 Full-Scale Resistance Computations 

In order to enable the design of full scale craft, a measure of the resistance of the full-scale hulls is 

necessary. Two avenues are available: 

1. Extrapolating the model-scale results. This approach, which has its roots in the 

extrapolation of towing tank test results, is plagued by uncertainties originating from the 

fact that the viscous and pressure components of resistance do not scale similarly and need 

to be separated when they are in fact interdependent. 

2. Computing the resistance of the full-scale hull. This approach allows to correctly account 

for the interactions between the boundary layer and the free-stream, but the validation of 

the result is problematic due to the absence of reference data. 

Full-scale resistance computations differ from their model-scale equivalent by the fact that the 

boundary layer is more turbulent and proportionally thinner. The behaviour of turbulent flows is 

characterised by the Reynolds number, which, for a hull travelling at a velocity 𝑣, equates to: 

 
𝑅𝑒 =

𝑣 𝐿𝑊𝐿

𝜈
 

(6) 

where 𝜈 the kinematic viscosity of the fluid. 

Solving the full-scale flow case proved feasible, but at the cost of a considerable time penalty as 

the full-scale numerical problem appeared poorly conditioned in the Star-CCM+ solver; this 

prevented also scaling up the time step in the computations. The matter was remediated by using a 
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technique developed by Haase, et al. [23] where the similitude in both the Froude number and the 

Reynolds number is achieved in model-scale simulations through the use of a modified fluid 

kinematic viscosity. This enabled evaluating the full-scale resistance of one hull geometry in 

approximately one hour using 32 CPU cores on a supercomputing cluster. 

In order to assess the plausibility of the full-scale CFD results, the full-scale resistance of the hull 

geometry AMC 16-12 was compared against the value produced by the accepted ITTC resistance 

extrapolation methods [24] when applied to the validated model-scale CFD result. The full-scale 

resistance from CFD was found to be 0.8% below the extrapolated value when applying the 

ITTC-1957 method and 4.8% above the estimate provided by the more recent ITTC-1978 method. 

The CFD procedure for the calculation of the full-scale resistance of the hulls was therefore deemed 

able to produce useful results. 

The reader can find a comprehensive development regarding the computation of the full-scale hull 

resistance in Appendix F, together with a presentation of the ITTC resistance extrapolation methods 

and their historical background. 
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Chapter 3 

Hull Design 

3.1 Introduction 

The goal of searching for hull forms and optimising their geometry requires an initial design to 

exist in the form of a parameterised model that can subsequently be altered. The definition of this 

model is critical: if the model is too general and flexible, it will lead to producing a great many hull 

forms clearly without any potential, wasting resources in analysing them; conversely, if the model 

lacks flexibility, it may prove unable to reach the kind of geometries leading to high performance. 

In this chapter, the process followed to construct a parametric model representing a family of hull 

shapes deemed worth exploring is described. This entails identifying the hydrodynamic principles 

that underpin the performance of displacement hulls in the transition speed region, as well as the 

service requirements to design for. 

3.2 Historical Background 

Pure displacement hulls capable of operating in the transition speed region have a history of over 

100 years, with considerable effort being invested into the development of fast Navy vessels from 

the late 19th century to the Second World War. This work led towards slender hull shapes, as the 

benefits to be found in a long waterline length, a narrow beam and a sharp entrance angle have long 

been understood. Toby [25, 26] extensively discusses the origin, development, evolution and design 

characteristics of the U.S. Navy destroyers in history and writes “Designing a ship to operate 

efficiently in the region of speed-length ratios between 1.5 and 2.0 requires that the hull be of 

exceptionally slender form so that wave resistance could be pared to a minimum. But hulls of this 

form have a lot of wetted surface compared to their volume.” The speed-length ratio1 is directly 

related to the Froude number by a factor of 0.2975, which translates here into the range 0.45 ≤

𝐹𝑟 ≤ 0.6. Toby’s reference to wetted surface and volume relates to high length/displacement ratios. 

Van Oossanen [7], who completed an extensive review of the historical experimental work and 

results available in relation to the resistance of small high-speed displacement vessels, highlights 

                                                      

1 The speed-length ratio 𝑆𝐿𝑅 is a traditional measure defined as 𝑆𝐿𝑅 = 𝑣/√𝐿𝑊𝐿, where the ship velocity 𝑣 

is expressed in 𝑘𝑛𝑜𝑡𝑠 and the waterline length 𝐿𝑊𝐿 in 𝑓𝑒𝑒𝑡. 
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that “besides being dependent on the Froude number, the residual resistance is, of course, also 

dependent on the hull form. The most important hull form parameter in this regard is the length-

displacement ratio.” The length/displacement ratio is defined as 𝐿𝑊𝐿/∇
1/3 and higher values 

simply reflect more slender hull forms. At the same time, Ping-Zhong, et al. [27] undertook a 

statistical analysis of the historical series of high-speed round-bilge displacement hulls and 

commented that “four of the parameters – namely the length-displacement ratio, the longitudinal 

distribution of displacement, prismatic coefficient, and ratio of transverse section area at transom 

– are of greater importance then L/B, B/T, half-angle of entrance, etc”, but agree that the length 

displacement ratio is “by far the most important parameter”. The authors also highlights that the 

longitudinal distribution of displacement, the prismatic coefficient and the ratio of transverse 

section area at transom are closely interrelated. While research typically aimed at developing fast 

Navy ships focused on long and narrow hulls that are impractical to use in smaller craft, this 

definition of slenderness doesn’t exclude beamy hulls; it only constrains them to be of shallow 

draft. In fact, several of the many historical high-speed round bilge hull experimental series 

developed and studied did include hulls with low length/beam ratios. Some of the modern series, 

listed in Table 1, still reached down to 𝐿𝑊𝐿/𝐵𝑊𝐿 = 4. 

Experimental Hull Series Year 𝑳𝑾𝑳/𝑩𝑾𝑳 𝑳𝑾𝑳/𝛁
𝟏/𝟑 

Nordstrom series [2] 1936 4.83 to 6.94  

63-Series of Round Bottom Boats [5] 1963 2.5 to 6.0 4.5 to 6.4 

NPL High Speed Round Bilge Displacement 

Hull Series [15] 

1976 3.33 to 7.5 4.47 to 8.3 

MARIN systematic series [9] 1979-1989 4 to 12  

AMECRC series [10] 1997 4 to 8  

NTUA systematic series [11] 1999 4.3 to 5.9 6.2 to 10 

Table 1 - Some well-known experimental fast displacement hull forms series featuring relatively beamy hulls. 

These experimental series typically involved varying a small number of parameters, for practical 

reasons, while keeping other aspects of the design constant as much as possible. All of the more 

recent experimental work carried out in relation to fast round-bilge displacement hulls has been 

exploring the design space in terms of non-dimensional design ratios, or coefficients. The 

length/displacement ratio can be readily expressed as a function of other dimensional design 

parameters deemed of secondary importance, as described by Bojovic [10] in the context of the 

AMECRC systematic series using Equation (7), where 𝐶𝐵 = ∇/(𝐿𝑊𝐿 ∙ 𝐵𝑊𝐿 ∙ 𝑇) is the block 

coefficient. As a result, some of the more recent hull series have focused on exploring design 

envelopes based on these parameters, while the position of the centre of buoyancy and the prismatic 
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coefficient were set at already accepted values. The publication of the results has sometimes been 

partial and/or delayed as they were deemed of strategic interest.  A relatively recent (2005) and 

comprehensive review of the experimental research into the design of fast round-bilge displacement 

hull forms is offered by Grigoropoulos [28]. 

 

𝐿𝑊𝐿

∇1/3
=

√
(
𝐿𝑊𝐿
𝐵𝑊𝐿

)
2 𝐵𝑊𝐿

𝑇

𝐶𝐵

3

 
(7) 

Toby [1], in search of guidance for the design of fast ships, extracted data from a number of designs 

in order to try and identify the necessary conditions to achieve speed capability. Many other authors, 

such Fung [29, 30] and Ping-Zhong, et al. [27] have attempted the statistical analysis of the 

accumulated body of data concerning fast round-bilge displacement hulls for the purpose of 

deriving general regression-based formula for estimating the residuary resistance; this is no trivial 

exercise due to the often inconsistent and partial nature of the published data. In spite of sometimes 

reaching very good correlation over the fitted data, none of these attempts seem to have ever met 

the kind of acceptance enjoyed by the Delft formulation [31] for yacht hulls, the Holtrop and 

Mennen [32] formulation for traditional ship hulls or Savitsky’s method [33, 34] for hard-chine 

planing hulls. It may be that the overall dimensions and integral shape coefficients of a hull simply 

are not enough to reliably estimate the pressure effects at high speeds, or new designs of this nature 

are not being produced in numbers that support the validation of these formulations. 

In the case of small craft, the length/beam ratio is limited by stability considerations and this rules 

out using long and narrow hulls. As a result, a lot of the experimental data is not directly relevant 

for us. Regardless of this, designing to coefficients is an approach that best suits methods that 

transform a parent design, because many scale transformations preserve some of these values, or 

variations can be induced in a controlled manner. However, these approaches assume that a lot is 

already known about the design of the hull considered and what the design coefficients may need 

to be. In the present case, the author doesn’t want to make such assumptions and rather witness 

what the design coefficients may become if hull shapes are explored with a focus on reducing their 

total resistance. As a result, the only aspect taken into account is the length/displacement ratio; both 

the length and the displacement of a craft are quantities that are commonly decided early in the 

design process, at least approximately, and they condition the feasibility of obtaining a fast 

displacement hull. 
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3.3 Elements of Hull Resistance 

Rather than undertaking the design of a fast displacement hull form by trying to constrain the 

geometry to meet empirical criteria, the author wants to drive the design from the requirements for 

low-resistance that arise from fluid flow considerations. 

Hull resistance arises from viscous forces tangential to the hull surface and pressure forces normal 

to it. Resistance (Figure 3) is equal to the force components �⃗� 𝑝 and �⃗� 𝑣 aligned with the craft’s 

horizontal velocity vector 𝑣 hull, where 𝐹𝑝⃗⃗  ⃗ represents the hull pressure force and 𝐹𝑣⃗⃗  ⃗ is the viscous 

shear force. 

 

 

 

 

 

 

 

 

 

 

3.3.1 Hull Pressure 

The pressure distribution at the hull wall is what determines the pressure resistance as well as the 

attitude of a hull. The total pressure 𝑝total at any point in the fluid is the sum of the static and 

dynamic pressures 𝑝stat and 𝑝dyn respectively, as per Equation (8)Error! Reference source not 

found., where the elevation 𝑧 is negative below the reference level of the undisturbed free-surface. 

 
𝑝total = 𝑝dyn + 𝑝stat =

1

2
𝜌water ∙ 𝑢2 − 𝜌water ∙ 𝑔 ∙ 𝑧 

(8) 

At the hull wall, the fluid velocity 𝑢 is necessarily zero due to the effect of viscosity, the dynamic 

pressure 𝑝dyn is zero and only static pressure exists. This static pressure, however, varies with 

velocity-induced effects in the surrounding flow; it can be further decomposed into a hydrostatic 

𝐹𝑝⃗⃗  ⃗ 

𝐹𝑣⃗⃗  ⃗ 𝑣 hull 

𝑅𝑝
⃗⃗ ⃗⃗   𝑅𝑣

⃗⃗ ⃗⃗   

Streamline 

𝑺 

Figure 3 - Decomposition of the viscous and pressure forces 𝐹𝑣⃗⃗  ⃗ and 𝐹𝑝⃗⃗  ⃗ on an element of hull surface 𝑆 into 

resistance forces �⃗� 𝑣 and �⃗� 𝑝. 
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contribution arising from the depth of the water and a hydrodynamic contribution arising from 

velocity effects, as per Equation (9). At the free-surface, the pressure must be equal to the reference 

atmospheric pressure and therefore the hydrostatic and hydrodynamic contributions cancel each 

other out. The hydrodynamic pressure at the hull surface is therefore obtained from Equation (10). 

This quantity can be further normalised into a non-dimensional hydrodynamic pressure coefficient 

by dividing it by the value of the free-stream dynamic pressure at the free-stream velocity 𝑢0 as per 

Equation (11). 

 𝑝wall = 𝑝total = 𝑝stat = 𝑝hydrostatic + 𝑝hydrodynamic (9) 

 𝑝hydrodynamic = 𝑝total + 𝜌water ∙ 𝑔 ∙ 𝑧 (10) 

 𝑐p,hyd =
𝑝hydrodynamic

1
2𝜌water ∙ 𝑢0

2
 

(11) 

This decomposition is useful for analysing specific aspects of hull resistance and generally follows 

Larsson, et al. [35, p. 183], who start from a potential flow calculation that neglects the effects of 

the boundary layer. The authors then use the hydrodynamic pressure field at the hull wall to identify 

the regions of the hull contributing to wave generation. Hull resistance, however, is only very 

indirectly related to the hydrodynamic pressure coefficient: where the hull surface is parallel to the 

velocity of the vessel, pressure effects don’t contribute to pressure resistance2. The connection 

between a wave pattern and resistance is also complex and varies with the Froude number: 

observation shows that many displacement hulls can benefit from a wave peak close to the stern as 

it can dynamically extend the waterline length and reduce the effective Froude number. 

Figure 4 illustrates the hydrodynamic pressure coefficient at the hull surface of the low-powered 

displacement motor launch shown in Figure 97 of Appendix B, as obtained from a RANS 

simulation for the Froude number 𝐹𝑟 = 0.45, in conjunction with the wave elevations. A large low-

pressure region is associated with the amount of rocker present in the hull aft of midships. The 

correlation between the hydrodynamic pressure at the hull wall and the shape of the free-surface is 

striking. The pressure coefficient is close to zero just forward of the transom, which corresponds to 

a rise of the free-surface past the midship wave trough. 

                                                      

2 For the sake of accuracy and completeness, static pressure changes have an impact on the pressure gradient 

within the boundary layer and therefore on viscous shear forces. 
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In order to explore the relation between the dynamic pressure at the hull and performance, we need 

to express the fraction of the hydrodynamic pressure that contributes to a force aligned in the 

direction of interest: parallel to the translation velocity vector 𝑣 hull of the craft for the resistance 

pressure and vertical for the lifting pressure. The resistance contribution 𝑝hr of the local 

hydrodynamic pressure at a given point 𝑃 on the hull can be calculated using Equation (12), where 

�⃗� 𝑃 is the unit vector normal to the surface at the location 𝑃. Similarly, Equation (13) provides the 

hydrodynamic lifting pressure 𝑝lift using the vertical unit vector 𝑒 𝑧. 

 
𝑝hr = 𝑝hydrodynamic �⃗� 𝑃 ∙

𝑣 hull
‖𝑣 hull‖

 
(12) 

 𝑝lift = 𝑝hydrodynamic �⃗� 𝑃 ∙ 𝑒 𝑧 (13) 

Figure 5 depicts the effect of the hydrodynamic pressure on resistance: hydrodynamic resistance 

mostly arises from parting the water at the bow. Slightly propulsive pressures are found on the hull 

body past the bow wave due to the shape of the trimmed hull, and an area of resistance aft of the 

deepest part of the hull, where the buttocks curve and rise towards the transom. The stern pressure 

is very slightly propulsive overall. 

The hydrodynamic lifting pressure is plotted in Figure 6, which shows a positive contribution from 

the bow wave on the forebody and a negative contribution where the flow turns upwards near the 

maximum draft of the hull: this part of the hull can clearly be expected to contribute to dynamic 

sinkage. The distribution of the hydrodynamic lifting pressure over the hull determines the trim 

behaviour of the craft and, as such, it is of interest to the hull designer. The hydrodynamic lifting 

“pressure moment” 𝑀trim at a point 𝑃 on the hull can be quantified with regard to the transverse 

neutral axis of the waterplane, as per Equation (14), where 𝑥𝑃 is the local x-ordinate of 𝑃 and 𝑥𝐶𝐹 

the longitudinal position of the centre of flotation, i.e. the x-ordinate of the centroid of the 

waterplane. 

 𝑀trim = 𝑝lift ∙ (𝑥𝑃 − 𝑥𝐶𝐹) (14) 

This provides a way of visualising the areas of the hull contributing to dynamic trim. The 

contribution this vertical component of the hydrodynamic pressure makes to the running trim of the 

craft is illustrated in Figure 7; the result is much more informative in terms of making design 

decisions. The areas of the hull showing positive values are contributing to a bow-up attitude: the 

forebody, but also the curved area of the hull aft of midships. This region also contributed to 

resistance and is an obvious candidate for improvement. The stern region benefits from a small 
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pressure area pushing the bow down. Adding a transom wedge, for example, would magnify this 

effect, and lowering the transom would help with reducing the rocker in the hull. In Section 3.5.3, 

the author uses these observations to modify this hull to extend its speed capability into higher 

Froude numbers. 

 

Figure 4 - Hydrodynamic pressure coefficient (a) at the hull surface and (b) non-dimensional wave elevations 𝑧/𝐿𝑊𝐿 

(seen from underneath) for the displacement launch Wild South at 𝐹𝑟 = 0.45. 

 

Figure 5 - Hydrodynamic resistance pressure at the hull on the displacement launch Wild South at 𝐹𝑟 = 0.45 in plan 

view (top) and side elevation (bottom). 

 

(a) 

(a) 

(b) 
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Figure 6 - Hydrodynamic lifting pressure at the hull on the displacement launch Wild South at 𝐹𝑟 = 0.45. 

 

Figure 7 - Hydrodynamic trimming pressure moment at the hull on the displacement launch Wild South at 𝐹𝑟 = 0.45. 

3.3.2 Shape and Hydrodynamic Pressure 

Pressure resistance is coupled to hull shape. There are no hydrodynamic pressure effects in a fluid 

in the absence of velocity gradients; in other words, all such pressure effects are associated with 

fluid acceleration, which translates into a deflection in the streamlines. Thinking about the flow 

around a hull in terms of streamline curvature and pressures [35, p. 184] is useful: in two 

dimensions, a curvature in the streamlines is accompanied by a region of high pressure on the 

convex side of flow and one of low pressure on the concave side, as schematically depicted in 

Figure 8. 
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Pressure effects in the fluid can only be relieved at the free-surface, where the water level will rise 

or dip until the resulting hydrostatic pressure cancels the dynamic pressure, causing a wave to 

appear. The wake is the result of the additive contributions of these dynamic pressure effects. This 

process can lead to wave cancellation or amplification along the hull. 

 

 

 

 

 

 

In terms of hull hydrodynamics, the flow is first deflected when the free-stream approaches the 

bow; the resulting high pressure region is located towards the hull and results in the formation of 

the bow wave. Further along traditional hull lines, the shape of the hull causes the flow to turn once 

again and become parallel with the free-stream or even converge towards the stern; a low pressure 

region is now created at the hull side, promoting the development of a wave trough. Past the hull, 

any convergent flow must somehow align itself again with the free-stream and a high pressure 

region develops at or behind the stern (Figure 9). At high speeds, a formation known as a rooster 

tail can appear in this region. 

 

 

 

 

Using a simplistic, two-dimensional approach, one can envisage minimising these pressure effects 

by reducing the deflection of the streamlines at the approach of the stem by adopting a sharper 

entrance angle. Straightening up the streamlines along the hull sides would then minimise the 

pressure drop in the midships region and reduce the development of a wave trough in this area. This 

approach was explored experimentally by Calderon and Hedd [36] and it is reviewed in Section 

3.4. 

The length of the bow wave increases with speed however and once 𝐹𝑟 > 0.4, the hull can be 

expected to begin operating increasingly within its own bow wave. Any flow phenomena leading 

Low pressure 

High pressure 

Figure 8 – Hydrodynamic pressure and streamline curvature. 

H 
H 

L 

Figure 9 - Two-dimensional streamlines around a half-hull in plan view. 
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to a reduction in the height of this wave can be expected to lead to a flatter running trim at speed 

and potentially lower resistance. 

Similar considerations can be formulated considering the flow in a vertical plane along the length 

of a hull (Figure 10). A shallow forebody can force the streamlines to curve downwards at the 

approach of the stem and create bow pressure; some hulls rely on this phenomenon to produce lift. 

Convex streamlines in the midships and stern regions can be expected to induce suction and trim 

the stern down at speed. 

In reality, the flow is fully three-dimensional and most of the streamline curvature effects cannot 

be decomposed as illustrated at the surface and on the centre plane of the hull, but the insights 

gained remain useful. 

  

 

 

 

 

3.3.3 Hydrodynamic Lift 

In Section 3.3.1, the author developed the topic of the pressure at the hull surface. Hydrodynamic 

pressure is the component shaping the free-surface and it determines the trim and sinkage of the 

hull. If the integral of the hydrodynamic pressure at the hull surface becomes positive, the centre of 

gravity can rise above its calm water value and the operation of the craft is said to become of “semi-

displacement” (or “semi-planing”) type [37]. Such a pressure build-up underneath the hull can lead 

to lifting part of the hull out of the water, reducing its wetted surface and effective displacement 

and eventually lead to lower resistance: the craft is then said to be planing. 

However, hydrodynamic lift is a by-product of speed and therefore supporting a fraction of the 

weight of the hull this way comes at the cost of achieving speed in the first place. Hydrostatic lift, 

i.e. buoyancy, on the other hand, is not reliant on speed and doesn’t require any input power. In the 

transition speed range, the velocity is insufficient for generating high lifting forces and a craft needs 

to be very light to be able to achieve a beneficial outcome from hydrodynamic lift. This practically 

excludes large vessels due to the unfavourable relation between length and mass, as well as a great 

many small vessels in useful applications, where service conditions preclude achieving ultra-light 

displacements. 

L 

H 

L 
H 

Figure 10 - Two-dimensional streamlines around a hull profile with an immersed transom running dry. 
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3.3.4 Resistance from Hydrostatic Pressure Loss at the Transom 

The integral of the pressure forces on a hull at rest naturally equates to the buoyancy force opposing 

the weight of the craft. As speed increases, parts of the hull that were previously immersed and 

subjected to hydrostatic pressure can run dry. An immersed transom running dry is a typical such 

case, which results in the loss of a previously forward-acting, and therefore favourable, pressure 

force. Immersing the transom therefore needs to result in hydrodynamic benefits that outweigh the 

loss of the hydrostatic pressure when such a design approach is followed. This loss of hydrostatic 

pressure and the effect of the formation of a transom hollow at speed are discussed by Doctors [38], 

who proposes that the transom hollow extends the apparent length of the hull and consequently 

lowers the effective Froude number and wave-making resistance. Toby [37] concurs with the above 

and suggests that stern wedges or hooked buttocks magnify this effect with a result that dominates 

the effect of the reduction in running trim. 

Orych and Larsson [39], after completing a series of computational experiments with a simplified 

hull geometry offering a variable transom beam and draft, point out that the loss of hydrostatic 

pressure is, of course, constant for all speeds at which the transom runs fully dry. They then observe 

that the hydrodynamic characteristics of the hull improve for wider and shallower transoms at 

higher Froude numbers, and that transom width has a much larger effect on trim and resistance than 

transom draft. A wide and shallow transom causes a lesser hydrostatic pressure loss for a given 

immersed area due to the lower depth of the immersed centroid, but also obviously results in a 

reduced depression of the surface past the transom3. In Figure 11, the converging lateral boundary 

of the flow leaving the wide, flat and shallow transom of the hull AMC 16-12 was highlighted in a 

tank test at 𝐹𝑟 = 0.8: a considerable distance is required for the pressure to recover past the transom 

and the flow to “close” behind the hull. The highlighted wedge became steadily longer as speed 

increased in the tests. An effect similar to the one discussed by Doctors, et al. [40] is still observable 

and the beam of an immersed transom also appears to be able to contribute towards extending the 

apparent length of a hull. 

                                                      

3 A side-effect of the hull variations undertaken by Orych and Larsson [39] is a change in the relative 

longitudinal position of the centre of buoyancy 𝑥𝐶𝐵/𝐿𝑊𝐿. The pressure resistance in displacement hulls is 

generally quite sensitive to this parameter and therefore the consequences of altering 𝑥𝐶𝐵/𝐿𝑊𝐿 are blended 

into the results of the stern shape alterations. This issue is not present in the analysis carried out by Doctors, 

et al. [40] using models from the AMECRC series. 
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Figure 11 - Transom outflow geometry for model hull AMC 16-12 at 𝐹𝑟 = 0.8. 

Depressing the water level behind the transom likely improves the hydrodynamics of the hull at 

speed, but also leaves the free surface at an energy potential that is non-zero; in other words, 

achieving this result first demands that some work is performed by the hull to depress the surface 

and none of this energy can be recovered once the streamlines leave the transom; at some point, the 

investment in energy required is likely to exceed the hydrodynamic benefits. Shallow, flat hulls 

with a broader and shallower transom may be able to access these hydrodynamic benefits at a lesser 

cost and it could explain Orych and Larsson’s observation. 

3.3.5 Viscous Resistance 

Viscous resistance is first and foremost proportional to the dynamic wetted surface of the hull. A 

minimisation of the wetted surface is the only practical avenue for reducing viscous resistance and 

this wetted surface is a function of hull shape. Fully-rounded cross-sections lead to the least wetted 

surface for a given displacement [25, p. 172], but at the cost of form stability. A reduction in 

pressure resistance leads to more favourable pressure gradients on the boundary layer and reduced 

viscous resistance as well, but the benefit is a side-effect of reducing pressure by altering the hull 

shape. 

As viscous resistance is influenced by pressure effects, short of resorting to measures altering the 

molecular forces and shear stress at the wall, viscous resistance must be optimised by seeking the 

lowest total resistance at the speed of interest. 
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3.4 The Transonic Hull Form 

3.4.1 Background 

The so-called “transonic” hull form was proposed by Calderon and Hedd [36] with the claim that 

it resulted in an “absence of wave-making resistance up to maximum speed-length ratio of 2” (i.e. 

𝐹𝑟 ≤ 0.6) after tank testing some models. Regardless of the validity of such a claim, the proposed 

hull shape (Figure 12) is interesting in at least two aspects: 

 The hull surfaces have zero longitudinal curvature; and 

 The hull surfaces are arranged in a way that precludes the development of hydrodynamic 

lift. 

The second aspect places them in the pure-displacement hull form category and the fact that they 

were tested at Froude numbers throughout the transition speed range and beyond makes their 

investigation relevant. 

 

Figure 12 - Transonic hull form, from Calderon and Hedd [36]. 

3.4.2 The Canonical Transonic Shape 

Calderon claimed that a “translating hole” in the water of the shape shown in Figure 13 is optimal 

in terms of minimising wave-making resistance. The author therefore created the 2-metre long CAD 

hull geometry of Figure 14 to compare it with some Delft yacht hulls. Its centre of buoyancy is 

exactly located at midships, with a perfectly symmetrical sectional area curve. The underwater hull 

shape, and therefore its displacement, are entirely determined by three parameters only: the 

waterline length 𝐿𝑊𝐿, the draft at the stem 𝑇𝑠 and the transom beam 𝐵; the transom draft 𝑇𝑡 is zero 

by definition. Table 2 contains the values used to perform flow simulations of the transonic hull 

geometry. 
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Figure 13 - Geometry of the “ideal” volume of displaced fluid for a transonic hull, from Calderon and Hedd [36]. 

 

Figure 14 - Upside-down canonical transonic hull form with 𝑇𝑡  =  0 (transom at the waterline) 

 

Parameter Value Unit 

𝐿𝑊𝐿 2.000 𝑚 

𝐵 0.700 𝑚 

𝑇𝑠 0.200 𝑚 

𝑇𝑡 𝑇𝑠⁄  0.000 − 

𝐹 0.200 𝑚 

∇ 4.667 ∙ 10−2 𝑚3 

𝐿𝑊𝐿 ∇1/3⁄  5.55 − 

Table 2 - Nominal base dimensions of the modelled transonic hull. 
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Based on the shape and pressure considerations exposed in Section 3.3, the wedge-shaped hull 

should cause a high pressure region to appear over the forebody, but at the same time the upward-

sloping bottom surface should contribute to curving the streamlines upwards, leading to low 

hydrodynamic pressure underneath the hull. The free-surface elevations at 𝐹𝑟 = 0.6 is shown in 

Figure 15 with a substantial bow wave, but little trim. This geometry performed much worse than 

all of the Delft hulls used in this work for comparison, as demonstrated by the normalised resistance 

values of Table 3, the culprit being the pressure resistance. The visualisation of the flow field in 

Figure 16 reveals that some of the fluid flows from the high pressure region along the hull side into 

the low pressure area underneath the rising bottom plane. This results in a separation of the flow 

with a strong vortex structure originating at the hard chine and it explains the high resistance 

observed. 

Hull 𝑹𝑻/𝑾 (𝑭𝒓 = 𝟎. 𝟔) 

Transonic 0.199 

SYSSER25 0.100 

SYSSER35 0.099 

SYSSER43 0.131 

SYSSER48 0.116 

SYSSER62 0.106 

Table 3 - Computed non-dimensional total resistance 𝑅𝑇/𝑊 of a transonic hull shape and some Delft hulls at 𝐹𝑟 = 0.6. 

 

 

Figure 15 - Surface elevations around a canonical transonic hull at 𝐹𝑟 = 0.6. 
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Figure 16 - Chine vortex structure underneath a canonical transonic demi-hull at 𝐹𝑟 = 0.6. The velocity vectors are 

attached to an iso-surface built on the vorticity field. 

3.4.3 Modified Transonic Geometries 

The separation of the flow observed around the hard-chine transonic hull must clearly be prevented 

if any interesting results are to be obtained and Calderon’s sketch (Figure 12) does in fact suggest 

that the geometries tested used a radiused chine forward. Four alternative transonic geometries were 

therefore developed with a radiused surface connecting the vertical hull side to the triangular 

bottom plane (Figure 17) by varying the bow and stern radiuses 𝑟𝐶𝐵 and 𝑟𝐶𝑆. The resulting 

configurations, denominated MT1 to MT4, are shown in Figure 18. 

 

Figure 17 - Transonic hull with radiused bilge surface. 

𝑟𝐶𝐵 

𝑟𝐶𝑆 

Bow 

Chine 

Transom 



 

3.4  THE TRANSONIC HULL FORM 

33 

  

  

Figure 18 - Transonic hull variants MT1 to MT4. 

Hull MT1 preserved the deep entry by using a conical bilge surface with a radius at the stern only. 

Hull MT2 closely corresponds to Calderon’s sketch in Figure 12, employing the opposite approach 

with a radius forward and maintaining a sharp corner and full beam at the transom. Variant MT3 

used a constant radius from bow to stern. Carrying the bilge radius into the bow in variants MT2 

and MT3 had the effect of also decreasing the volume in the forward sections and led to reduced 

bow waves. Consequently, this aspect was further explored with hull MT4 by doubling the bilge 

radius forward. 

The calculated normalised total resistance 𝑅𝑇/𝑊 of each of the MT-series hulls was plotted in 

Figure 19 alongside that of Delft hull SYSSER25, which is a scaled model of an actual Van de Stadt 

yacht with a 2-metre long waterline as well. We can see that the Van de Stadt hull is always better 

at low speeds up to 𝐹𝑟 = 0.425, mainly due to its smaller wetted surface, and then its resistance 

rises quite steeply. The MT1 variant has the deepest stem and suffers from an excessive bow wave; 

it is the worst overall performer. MT2 performs significantly better at all simulated speeds, which 

suggest the importance of reducing the volume forward; it also outperforms SYSSER25 by a small 

margin around 𝐹𝑟 = 0.6, but not at the top speed of 𝐹𝑟 = 0.75. Considering that this hull best 

matches Calderon’s sketch, the result is still unimpressive. Carrying the bilge radius over the full 

length of the hull in variant MT3 creates a significant improvement once again, but only once in the 

transition speed region. This result suggests that the widest transom and sharp corner at the stern in 

Calderon’s sketch are a mistake and that the aft bilge radius has an important role to play at speed. 

Hull MT4, which has less volume forward again due to its larger bow radius, outperforms all others, 

but becomes meaningfully superior to MT3 only once 𝐹𝑟 ≥ 0.6. Its characteristics are summarised 

MT1 

MT3 

MT2 

MT4 



CHAPTER 3 

HULL DESIGN 

34 

in Table 4. The results for both variants MT3 and MT4 qualitatively align with the model-scale 

experimental plots published by Calderon, which suggests a somewhat linear dependency between 

speed and resistance in the transition speed region. In the absence of dimensional data for the hulls 

tested, these calculated resistance figures cannot be compared and one can only assume that the 

relative contributions of the viscous and pressure forces are similar. 

 

Figure 19 – Normalised total resistance 𝑅𝑇/𝑊 of the MT hulls compared to Delft SYSSER25. 

Parameter Value Unit 

𝐿𝑊𝐿 2.000 𝑚 

𝐵 0.700 (*) 𝑚 

𝑟𝐶𝑆 0.1 𝑚 

𝑟𝐶𝐵 0.2 𝑚 

𝑇𝑠 0.200 (*) 𝑚 

𝑇𝑡 𝑇𝑠⁄  0.000 − 

𝐹 0.200 𝑚 

∇ 3.107 ∙ 10−2 𝑚3 

𝐿𝑊𝐿 𝐵⁄  2.86 − 

𝐿𝑊𝐿 ∇1/3⁄  6.36 − 

𝑥𝐶𝐵 𝐿𝑊𝐿⁄  0.539 − 

Table 4 - Main characteristics of the MT4 hull variant. The parameters marked with (*) reflect values before the radiused 

chine is generated during geometry creation. 
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The resistance of the experimental MT4 hull at 𝐹𝑟 = 0.6 in Figure 19 is 16.9% lower than for 

SYSSER25. In Figure 20, we can also see that the MT4 hull exhibits a smaller running trim and 

maintains a near-full waterline length, while the Delft hull is squatting by the stern much more 

significantly (Figure 21) and would be problematic to operate in these conditions. Another Delft 

hull employed in this work is SYSSER62 and its forebody comes out of the water completely at this 

Froude number. Figure 22 illustrates the wave patterns surrounding the hulls. The transonic hull 

form has lower wave elevations and the entry remains sharp, owing to the vertical hull sides. Hull 

SYSSER25 effectively becomes blunter forward due to its higher bow wave and flare in the topsides, 

but the flow clears the stern of both craft at the same absolute elevation in spite of the dramatic 

differences in geometry. The shape of the dynamic waterline on SYSSER25 suggests that the high 

pressure zone at the bow is quickly followed by a lower pressure as the flow must follow the 

curvature of the side; the bow wave is indeed shorter and a deeper first trough develops earlier. 

These issues are avoided in the MT4 geometry. 

From a conceptual point of view, the modified transonic shape evolved here does indeed show 

interesting properties for operation in pure displacement mode throughout the transition speed 

range. In the following section, its hydrodynamic properties are further analysed. 

 

Figure 20 - Trim and wave elevations of modified transonic hull MT4 at 𝐹𝑟 =  0.6. 

 

Figure 21 - Trim and wave elevations of Delft hull SYSSER25 at 𝐹𝑟 =  0.6. 



CHAPTER 3 

HULL DESIGN 

36 

 

Figure 22 - Wave pattern and free surface elevations for Delft hull SYSSER25 (top) and modified transonic hull MT4 

(bottom) at 𝐹𝑟 =  0.6. 

3.4.4 Flow Features around the Transonic Geometries 

In Figure 23, streamlines are plotted around the MT4 hull and clearly illustrate that the flow curves 

around the radiused bilge to get underneath the flat triangular bottom surface present in the 

transonic hulls. As the surface normals over this region have a forward-facing component, any 

pressure drop can be expected to result in propulsive effects. Figure 24 confirms this and also shows 

that the contribution to resistance of the flat bottom is very modest. The plot of the hydrodynamic 

pressure coefficient in Figure 25 shows a considerable separation distance between the high and 

low pressure regions, which explains the long length of the bow wave and small running trim. 

SYSSER25 

MT4 
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Figure 23 - Streamlines approaching and flowing around a MT4 modified transonic demi-hull at 𝐹𝑟 = 0.6. 

 

 

Figure 24 - Hydrodynamic resistance pressure effects on transonic geometry MT4 at 𝐹𝑟 = 0.6. 
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Figure 25 - Hydrodynamic pressure coefficient at the hull surface and free-surface elevations 𝑧/𝐿𝑊𝐿 on modified 

transonic geometry MT4 at 𝐹𝑟 = 0.6. 

3.4.5 The Effects of Transom Immersion in a Modified Transonic Hull 

The transonic geometries considered so far all featured a flat transom level with the design 

waterline, i.e. without immersion or clearance. Orych and Larsson [39] proposed that an optimum 

transom immersion value should exist for a given hull at a given Froude number when the aft run 

of the hull is altered, where the loss in hydrostatic pressure resulting from running a dry transom is 

more than offset by the reduction in hydrodynamic resistance originating from the reduced 

curvature in the buttock lines. 

In order to investigate whether such a conclusion would still apply to geometries where there is no 

curvature of the buttocks owing to a perfectly flat aft run, the immersion depth of the transom 𝑇𝑡 in 

relation to the depth of the stem 𝑇𝑠 (see Figure 14) was defined as the ratio 𝑇𝑡 𝑇𝑠⁄ , where positive 

values reflect transom immersion and negative ones a transom clearance with a stern overhang. 

A first experiment was conceived, where the relative depth of immersion of the transom 𝑇𝑡 𝑇𝑠⁄  is 

varied from −0.15 to +0.20 at the Froude number 𝐹𝑟 =  0.6, high enough to ensure a dry transom 

in all cases and matching the value used in the above-mentioned study. The relative change in 

resistance ∆𝑅𝑇/𝑅𝑇0 from the reference condition with the transom at the waterline is plotted in 

Figure 26. No gains could be achieved by departing from having the transom at the static waterline 

and transom immersion in fact rapidly became detrimental to performance. In Figure 27, the 

running trim of the hull is examined and we can observe that immersing the transom increases 

dynamic sinkage at the stern. This is also clearly evidenced when comparing the free surface 

elevations in Figure 28: immersing the transom by 10% results in a steeper pressure recovery and 

a higher stern wave; the bow wave appears almost unaffected. We can also see that the first wave 

peak astern of the hull (where a “rooster tail” sometimes forms), essentially remains at the same 
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place and the stern hollow does not appear substantially longer as a result of the transom being 

immersed more deeply. The length of the transverse wave system also appears unchanged, 

suggesting that the effective Froude number is the same. However, the change in transom 

immersion may be insufficient, the value too small to become meaningful or hydrodynamic benefits 

arising from a longer effective hull length may not be available simply by further depressing the 

surface astern of such a craft: here, it only appears to lead to a steeper pressure recovery. 

 

Figure 26 – Relative change in the total resistance coefficient as a function of transom immersion depth for hull MT4 at 

𝐹𝑟 = 0.6. 

 

Figure 27 – Running trim angle as a function of transom immersion depth for hull MT4 at 𝐹𝑟 = 0.6. 
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Figure 28 - Free-surface elevations 𝑧/𝐿𝑊𝐿 with 0% (top) and 10% (bottom) transom immersion for modified transonic 

hull MT4 at 𝐹𝑟 = 0.6. 

In order to understand the penalty found in immersing the transom, we need to consider the fact 

that lowering the transom while maintaining the same fixed static waterline also increases the 

volume of the stern sections. This has two side-effects: the displacement increases, which impacts 

the length/displacement ratio of the hull unfavourably, and the centre of buoyancy also moves 

further aft. These relations are plotted in Figure 29. The MT4 hull with zero transom immersion has 

its centre of buoyancy positioned at 53.9% 𝐿𝑊𝐿, which is a value most authors deem suitable from 

experimental knowledge: Bailey [15] suggests 56% 𝐿𝑊𝐿 as close to the optimum and 54 −

56% 𝐿𝑊𝐿 as adequate, but without relating it to the Froude number; Ping-Zhong, et al. [27] propose 

53 − 53.7% 𝐿𝑊𝐿 and Fung [29] indicates 53 − 55% 𝐿𝑊𝐿 as correct for the speed range 0.5 ≤

𝐹𝑟 ≤ 0.8. Lowering the transom comes with the added penalty of reducing the length/displacement 

ratio of the hull. On the other hand, raising the transom clear of the water leads to higher length-

displacement ratios and resulted in slightly lower trim angles, but the net effect is unable to deliver 

any resistance improvements. This suggests that the position of the centre of buoyancy may be as 

important for this geometry at 𝐹𝑟 = 0.6 as it proved to be in the Delft regression analysis [31]. 
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Figure 29 – Variations in the position of the centre of buoyancy 𝑥𝐶𝐵/𝐿𝑊𝐿 and length/displacement ratio 𝐿𝑊𝐿/∇
1/3 with 

transom immersion in hull variant MT4. 

In order to attempt to dissociate the effects of the shift in the centre of buoyancy from the variation 

in transom immersion, a second series of modified transonic hulls was produced with a centre of 

buoyancy further forward. This was achieved by reducing the forward bilge radius from 𝑟𝐶𝐵 = 1.0 

to 𝑟𝐶𝐵 = 0.75 (see Figure 17), therefore adding volume to the forebody. This modified hull, denoted 

MT4-2, has its centre of buoyancy located at 51.9% 𝐿𝑊𝐿 with the transom at the waterline, so 

somewhat too far forward according to experimental wisdom. The effect of varying transom 

immersion is plotted in Figure 30 for resistance and in Figure 31 for running trim. The normalised 

resistance still exhibits a minimum for 𝑇𝑡 𝑇𝑠⁄ = 0 , but with a value only marginally higher at 

𝑇𝑡 𝑇𝑠⁄ = 0.05; the optimum could exist anywhere between these two values. According to Figure 

32, at this point the centre of buoyancy would be located close to 53% 𝐿𝑊𝐿 and the resistance 

𝑅𝑇/𝑊 is only marginally higher than at the optimum for hull MT4. This is to be expected, as the 

new MT4-2 hull achieves a slightly lower length/displacement ratio. Altering the transom 

immersion of the modified transonic hull may primarily help with achieving the correct fore-and-

aft volume distribution in the hull and transom hydrodynamic considerations appear to be masked 

by this aspect. 
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Figure 30 - The effect of transom immersion on the resistance coefficients of transonic hulls MT4 and MT4-2 with 

different locations of the centre of buoyancy. 

 

Figure 31 - The effect of transom immersion on the running trim of transonic hulls MT4 and MT4-2 with different 

locations of the centre of buoyancy. 
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Figure 32 - Variations in the position of the centre of buoyancy 𝑥𝐶𝐵/𝐿𝑊𝐿 and length/displacement ratio 𝐿𝑊𝐿/∇
1/3 with 

transom immersion in hull variant MT4-2. 

3.4.6 Conclusions 

The so-called transonic hull shape is interesting from a hydrodynamic point of view as it explores 

the concept of a hull shape without curvature. However, a lack of curvature in the hull surfaces 

does not mean straight streamlines and a radiused surface had to be introduced at the turn of the 

bilge to prevent flow separation at the junction between the hull side and the hull bottom. It was 

shown that the streamlines follow this radius and, to some extent, pull the hull forward through 

hydrodynamic pressure effects. It was also shown that Calderon’s claim about the “ideal shape of 

the translating hole” (Figure 13) is questionable independently of the flow issue related to the hard 

chine: the displaced volume in the forebody is excessive and/or the position of the centre of 

buoyancy at 50% 𝐿𝑊𝐿 is too far forward. This needs to be compensated for by reducing the volume 

in the forebody and/or increasing the displaced volume in the stern by immersing the transom. 

The flow simulations showed that the vertical and rectilinear hull sides in the geometries modelled 

always appeared to result in non-overturning bow waves. This effect may contribute both to a 

detrimental increase in the wetted surface and to a beneficial reduction of the stern trough as the 

water may not be displaced away from the hull as much when compared to hulls producing 

overturning or breaking bow waves. The net effect is unclear. 

At the speeds of interest in this work (𝐹𝑟 ≅ 0.6), the bow wave subsides at some distance before 

the transom; whether continuing the hull sides in a straight line past this point still brings any 

benefits seems questionable. It doesn’t appear detrimental from a pressure point of view, but it may 

unnecessarily add to the wetted surface when the viscous resistance component is taken into 
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account. In stern quartering seas, such a hull configuration could be expected to be heeled more 

readily by approaching waves, an aspect a hull designer may also object to. 

The transonic geometry arguably results in the sharpest angle of entrance for a given length/beam 

ratio, at least for basic geometries, and this is valuable for reducing pressure resistance on the 

forebody. However, the volume distribution in the hull must also be correct, as shown by the 

resistance improvements obtained when the depth and volume of the forward sections were reduced 

and the centre of buoyancy moved further aft. 

3.5 Small Craft Design Considerations 

Considerable research effort has been expended to create high-speed round-bilge displacement hull 

forms for strategic applications and most of this attention has been directed towards vessels of the 

dimensions of small to medium size ships. The resulting hulls are not stable enough to be used in 

smaller craft due their high length/beam ratios. 

Creating low-resistance, easily-driven small craft by sacrificing displacement and/or stability is a 

well-known approach that results in light and narrow hulls of limited practical usefulness: they lack 

volume, carry weight poorly and their low form stability has detrimental effects on rolling motion. 

Whale-chasers were such an example of fast and low-powered small displacement vessels. 

Another aspect of small craft design concerns the dynamics of the vessels at sea in the sense that 

the sea state is largely the same for all vessels, so small vessels potentially need to deal with 

proportionally much larger waves and this impacts some of the decisions made by the designer. 

In the following sections, the author discusses some of these aspects that pertain to the design of 

small vessels. 

3.5.1 Hull Scale and Stability 

As stability will be a key consideration in obtaining practical useful designs as well as for 

comparing designs later in this work, the author introduces the principles behind the hydrostatic 

stability of hulls and their dependency on scale factors. 

Figure 33 illustrates the stability mechanism of a heeled monohull of a mass 𝑚, where the weight 

�⃗⃗⃗� = 𝑚 ∙ 𝑔  is opposed by an equal and opposite buoyancy force �⃗� . A geometric separation distance 

𝐺𝑍 develops as a result of the centre of buoyancy shifting with heel, which gives rise to the 

hydrostatic righting force moment 𝑅𝑀. The phenomenon is most prominent in flat and shallow 
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hulls and is referred to as form stability. A high centre of gravity 𝐺 reduces 𝐺𝑍 and a low centre of 

gravity can further increase it. 

Scaling a vessel’s dimensions uniformly by a factor 𝑘𝐿 would affect its stability according to the 

power-law relations (15), (16) and (17) that exist between length, displacement and the righting 

moment 𝑅𝑀. The net result of such a rapid increase in righting moment with vessel size is that real-

world vessels become more slender as their absolute length increases; they derive their stability 

more from their weight and less from their beam. 

 ∇ ~ 𝑘𝐿
3
 (15) 

 𝐺𝑍 ~ 𝑘𝐿 (16) 

 𝑅𝑀 = 𝑊 ∙ 𝐺𝑍 = ∇ ∙ 𝜌water ∙ 𝑔 ∙ 𝐺𝑍 ~ 𝑘𝐿
4
 (17) 

 

 

 

 

 

 

 

 

 

 

Based on the work carried out by Barkla [41] on the dimensions of the hulls of sailing yachts, for a 

length scale change of a factor 𝑘𝐿, beam and draft only vary as 𝑘𝐿
0.7

 when the outcome is a vessel 

performing similarly4. Barkla observed that this result seems to apply equally well to the 

proportions of motor pleasure craft. Stability considerations typically constrain small monohull 

vessels to length/beam ratios of 3 to 4 typically, while small ships and superyachts can attain 5 or 

                                                      

4 A key consequence of this observation is that a scaled model of given proportions used in an experiment or 

simulation is only relevant to a full-scale vessel close to the originally intended length. In the case of 

simulations or experimental models using fixed hull lengths, a variation in length of the full-size craft by a 

factor 𝑘𝐿 would require the model cross-sections to be scaled by 𝑘𝐿
−0.3

. 

Figure 33 - Hydrostatic stability components. 
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more and full-size ships can easily exceed 6, potentially achieving much finer entrance angles. Fast 

Navy ships commonly exceed 7 and sometimes even 9, as the limit is set by stability. 

3.5.2 Dynamic Aspects 

The dynamics of small craft at sea can be substantially different than those of ships due to the 

difference in relative size between the hull and the waves. A small vessel in a steep sea may find 

itself surging down the face of a single wave at high speeds, while a ship in the same conditions 

may span several waves along its length and generally suffer less from wave slopes in terms of its 

motion. Such aspects are difficult to quantify or simulate and designers rely on experience or 

accepted practices to make a number of design decisions affecting sea-keeping and ultimately the 

safety of the vessel in adverse conditions. 

Running in steep following seas is generally the situation creating the most concern to small craft 

operators due to the risks of either engaging the bow in the sea at high speed, or broaching with the 

risk of getting subsequently rolled. Controlling the speed of a small craft in a steep following sea 

is not always possible and the vessel may at times travel at the speed of the waves. Preventing the 

stem from ever becoming submersed generally calls for sufficient reserve buoyancy in the 

forebody; this typically involves a combination of freeboard and flare in the forward sections. 

Reducing the risk of broaching is more complex as it deals with tracking and course stability [42]; 

the designer of a small craft typically tries to ensure that the forebody won’t get enough grip in the 

water in relation to the rudder to bow-steer the vessel, but a vessel may also become directionally 

unstable if too much pressure resistance can build up forward while it is being overtaken by a wave 

crest. A well-known example of a design which raised concerns in terms of its seakeeping 

performance in following seas is the Axe Bow concept [43], a hull modified for improved 

performance in head seas (Figure 34). Keuning, et al. [44] attempted a comparative evaluation of 

seakeeping performance against a conventional hull of the same dimensions (41 𝑚𝑒𝑡𝑟𝑒𝑠) and 

reported that “the yaw moment due to drift, de-stabilising the straight ahead motion of the ship, is 

thought to be of major importance in the determination of the risk of broaching. If only a slight 

drift motion is present, the build-up of the lateral forces in the foreship of the Axe bow is 

considerable, inducing a yaw motion.” The yaw moments were found to be three times as high as 

for the reference hull. In another study, Keuning, et al. [45] write that “the  AXE  bow  needs 

considerably  more  rudder  motion  to  keep its  track  and  this  increases  with  the  wave 

steepness.” 
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Figure 34 - Lines drawing of the Axe Bow concept hull, from Keuning, et al. [44]. 

3.5.3 Design Principles 

One of the objectives of this work is obtaining practically useful hull shapes, not the hull shape 

offering the lowest possible resistance outside any other considerations, and many aspects of 

seakeeping elude calm water resistance simulations. The following describes the design decisions 

made by the author regarding some of the general characteristics of the hull shape. These are based 

on the hydrodynamic considerations exposed in Sections 3.3 and 3.4, the experience with the design 

of a number of small craft over 15 years and several hundred days offshore on passage in small 

craft. 

1. In order to minimise surfaces with normals orientated forward and downward over the 

forebody, i.e. contributing to hydrodynamic lift, the keel line will be constrained to remain 

horizontal forward; consequently, this part of the hull will be at the maximum draft. 

2. In order to minimise low pressures underneath the stern and squat, the aft run of the keel 

line will be straight as well, leading into a perfectly flat transom with little or no immersion. 

3. In order to reduce the risk of separation and minimise yaw forces on the forebody if the 

flow contains a drift component and crosses the keel line forward, as alluded to in Section 

3.5.2 when discussing course stability, the hull sections will be forced to have zero 

deadrise; in other words, the sections will be U-shaped and always differentiable at the keel 

line. This also leads to carrying the displacement in the forebody deeper when compared 

with V-shaped sections and helps with reducing wave-making [46, p. 323]. 

4. In order to allow a relatively fine entrance while also maintaining reserve buoyancy in the 

forebody to minimise the risk of burying the bow at speed, the hull sections will be flared 

and reverse curvature used forward, leading into a hard chine well above the waterline. The 

hard chine will then blend into a bilge radius towards the stern to allow the streamlines to 

flow from the hull sides to the bottom without separation, as observed on the modified 

transonic geometry in Section 3.4.4. 

The author modified the hull of the motor launch Wild South (Figure 97 as well as Figure 4 and 

following) according to these principles. As the boat has good motion and stability characteristics, 
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the shape in the vicinity of the maximum cross-section was preserved and the hull bottom was cut 

away from the chine line. New surfaces were then created for the forebody and afterbody, as shown 

in Figure 35. Three stern shape variants were tested: 

1. The one depicted in Figure 35, where the horizontal keel line forward runs straight into the 

transom using a transition radius; 

2. A flat triangular surface similar to a transonic afterbody was blended in the bottom shape, 

ending against the transom; and 

3. A shape similar to Figure 35, but with the keel line turning back to horizontal before the 

transom, effectively creating hooked buttocks. 

The first and simplest design was found to be best, with the second option close, but unconvincing. 

The hull with hooked buttocks produced a noticeable stern quarter wave, which was near-absent in 

the other designs; the hull also operated at a reduced trim, but resistance was increased. The use of 

hooked buttocks and stern wedges is relatively common on ships featuring immersed transoms; in 

the case of small craft, which can surge considerably in following seas, dynamically pushing the 

bow down by deflecting the flow underneath the stern was also deemed to potentially create a 

hazard. A design decision was made not to consider such concave surfaces in the stern for this 

reason. 

 

Figure 35 – Initial design WS637-M4 for a small craft fast pure-displacement hull. 

Original cross-section shape 
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Figure 36 - Lines drawing for hull WS637-M4. 

This first hull, denominated WS637-M4 (Figure 36), showed promising qualitative results in CFD 

as it ran with a 2° trim at the Froude number 𝐹𝑟 = 0.6, while showing very modest wave elevations 

(Figure 37). The flare and hard chine in the forebody produced an overturning bow wave. The 

model-scale resistance coefficient 𝑅𝑇/𝑊 = 0.089 appeared acceptable when compared against 

some of the previous results at the same Froude number. 

 

Figure 37 – Relative wave elevations 𝑧/𝐿𝑊𝐿 around the concept fast pure displacement hull model WS637-M4 at 𝐹𝑟 =
0.6. 

A summary examination of the hydrodynamic resistance pressure over the hull reveals that most of 

the resistance is incurred over the forebody and no propulsive contributions can be identified over 

the afterbody in Figure 38. The prominent wave trough behind the bow wave is caused by the low 

hydrodynamic pressure coefficient at the upwards turn of the keel line and causes the dynamic 

waterline to pull in towards the stern, as illustrated in Figure 39. While the bow wave is higher than 

that produced by the modified transonic hull MT4, the depression forward of the stern is similar to 

what was presented in Figure 25 and this explains the relative lack of squat. 
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Figure 38 - Hydrodynamic resistance pressure over the concept fast pure displacement hull model WS637-M4 at 𝐹𝑟 =
0.6. 

 

 

Figure 39 – Non-dimensional wave elevations 𝑧/𝐿𝑊𝐿 and hydrodynamic pressure coefficient over the concept fast pure 

displacement hull model WS637-M4 at 𝐹𝑟 = 0.6. 

The main characteristics of the design are presented in Table 5, but the reader is invited to note that 

its dimensions will be altered to conform to the various design constraints adopted for the 

optimisation process in Chapter 4. According to common experimental knowledge, the position 

𝑥𝐶𝐵 of the centre of buoyancy, at 50.6% 𝐿𝑊𝐿 from the stem, stands out as clearly too far forward 

for efficient operation at the speeds considered. Based on the observations made earlier with the 

MT4 hull, an immediately obvious improvement attempt could be lowering the transom in order to 

relocate the centre of buoyancy further aft. However, the objective of this work is deriving hull 

shapes through a formal optimisation process, not following empirical guidance. The WS637-M4 

design was therefore accepted with its flaws, because the principles adhered to in the design of the 

hull shape appear valid and this makes it a good candidate for improvement through CFD-based 

shape optimisation. 
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Parameter Value Unit 

𝐿𝑊𝐿 2.223 𝑚 

𝐵𝑊𝐿 0.535 𝑚 

𝑇 0.083 𝑚 

∇ 3.416 ∙ 10−2 𝑚3 

𝑆𝑊 0.943 𝑚2 

𝐿𝑊𝐿 𝐵⁄
𝑊𝐿

 4.16 − 

𝐿𝑊𝐿 ∇1/3⁄  6.85 − 

𝑥𝐶𝐵 𝐿𝑊𝐿⁄  0.506 − 

Table 5 - Main characteristics of the WS637-M4 hull. 

3.6 Parametric Definition and Modelling of a Complex Hull 

Shape for Optimisation 

Now that the key characteristics of the hulls to be investigated have been defined and the WS637-

M4 hull geometry was produced as a candidate hull for optimisation, a process is required to evolve 

its shape. This requires the hull representation to be parametric. Two broad classes of methods for 

producing parametric hull shapes can be distinguished: 

1. Direct parametric modelling: the three-dimensional shape is fully defined by parameters 

that relate to the shape of the surfaces. Defining the coordinates of the control points 

associated with NURBS surfaces is such a method. 

2. Transformative methods that rely on deforming a parent hull geometry or blending 

different geometries to produce new shapes. Those include the Lackenby shift [47], Fourier 

mode changes of the section shapes or interpolation between a number of parent hull forms 

[48]. 

A detailed overview and comparative discussion of these methods can be found in Mason [49, pp. 

65-80], who also needed the new designs to satisfy the non-trivial America’s Cup ACC 

measurement rule. This latter requirement steered the choice towards transformative methods that 

were deemed able to more easily preserve features and design aspects. In the present context, where 

shape exploration is as interesting as shape optimisation, transformative methods depend too 

closely on the parent shape(s) to lead to interestingly novel hull forms. Direct parametric modelling 

appears to be a more promising pathway if a suitable definition can be formulated. 
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The process must accept a vector of design parameters 𝑝 ∈ ℝ𝑛 as input and produce a 3D hull 

geometry in a format suitable to be imported into the flow solver, as well as essential hydrostatic 

data about the design: the volumetric displacement and the position of the centre of gravity required 

to achieve the intended waterline. The workflow is depicted in Figure 40. 

 

 

 

 

 

3.6.1 Modelling Capability Requirements 

The capabilities of the parametric model were defined based on the type of hull that was considered 

as being of interest for this research, as described in Section 3.5.3: 

1. Hulls are always symmetrical in regard to the vertical centre plane 𝑦 = 0 and only one half 

of the geometry needs to be modelled, the other half being available by geometric 

transformation. 

2. The model must be able to represent hard chines, radiused chines and fully curved hull 

sections with smooth transitions. 

3. The hull sections must be able to range from convex to concave, or include a combination 

of convex and concave curves. 

4. The model must promote the creation of shapes ideally leading to no curvature of the 

streamlines on the forebody and afterbody. Evaluating hull shapes producing strong 

pressure gradients in these regions would only waste time and resources. 

5. The model must be constructed so as to minimise the possibility of generating unfair hull 

lines and undesirable local deformations from a hydrodynamic point of view. 

6. The model parameters must be largely normalised, other than for the characteristic length 

of the hull, so the size of the geometry produced can be altered by changing this reference 

length. 

Design 

parameters 

𝑝  

Geometry 

modeller 

Hydrostatic solver 

 
Figure 40 – Parametric geometry modelling workflow. 
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3.6.2 Modelling Approach 

The author selected the three-dimensional surface-based parametric modeller CAESES [50] for this 

work for its flexibility and capability. The hull surfaces were defined by first formulating a fully 

parametric cross-section, and then tying its control parameters to longitudinal shape control curves 

to achieve continuity and smoothness. The model relies on the existence of a keel line, a chine line 

and a gunnel line parametrically defined over the normalised interval [0,1]. The parametrisation is 

such that the position of a point along the length of a curve varies linearly with the parameter ℓ 

from ℓ = 0 at the stem to ℓ = 1 at the transom. The three lines therefore provide three 

corresponding anchor points 𝑃𝐾(𝑃𝐾,𝑥, 𝑃𝐾,𝑦 , 𝑃𝐾,𝑧), 𝑃𝐶(𝑃𝐶,𝑥, 𝑃𝐶,𝑦, 𝑃𝐶,𝑧) and 𝑃𝐺(𝑃𝐺,𝑥 , 𝑃𝐺,𝑦, 𝑃𝐺,𝑧) at the 

keel, chine and gunnel respectively for any value of ℓ ∈ [0,1]. A hull cross-section model is defined 

for any position ℓ and sweeping the interval 0 ≤ ℓ ≤ 1 produces the hull surface (Figure 41). 

 

Figure 41 - Hull surface generation principle. 

The origin of the coordinate system is the same as that was used in flow simulations and located at 

the forward waterline. 

The reader will find the details of the geometric definition of the hull cross-section and its 

parametrisation along the length of the hull in Appendix J. 

3.6.3 Modelling the First Hull 

With the parametric model now defined, an initial design vector representing a reasonable hull must 

be obtained before considering any parametric variations. The model was configured by loading 

the sections of the CAD hull WS637-M4 sketched in Section 3.5.3 (Figure 35) into the modeller as 

a separate object and manually adjusting the design parameters to bring the parametrically-

controlled surface close to the fixed reference shape. In Appendix J, Section J.2, the reader can find 

the control curves resulting from this exercise in Figure 247 to Figure 252 and the corresponding 

parametric surface model is presented in Figure 42. 
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Figure 42 – Fully parametric version of hull design WS637-M4 with cross-sections added. 

3.7 Conclusions 

The author reviewed the hydrodynamic principles underpinning the performance of displacement 

craft and investigated the behaviour of the flow around the unusual transonic hull form. The best 

transonic-like hull form created MT4 achieved a resistance coefficient 𝑅𝑇/𝑊 = 0.085 for a 

length/displacement ratio 𝐿𝑊𝐿 ∇1 3⁄⁄ = 6.36, which represents a better score than any of the Delft 

yacht hulls considered. The transonic geometry also maintained a modest trim angle and full 

waterline length at speed. The effect of immersing its typical waterline-level transom was 

investigated and it was shown that, for well-performing hulls, any benefits this could provide 

appeared dwarfed by the detrimental shift in the longitudinal centre of buoyancy it caused at the 

Froude number 𝐹𝑟 = 0.6. 

Next, the author attempted to modify the hull of an existing conventional displacement launch, 

designed using the Delft regression polynomials [31], by relying on first hydrodynamic principles 

and observations made on the MT4 hull geometry for the purpose of allowing it to reach operating 

speeds in the transition range. This modified model hull WS637-M4 achieved a length displacement 

ratio 𝐿𝑊𝐿 ∇1 3⁄⁄ = 6.85 and showed  𝑅𝑇/𝑊 ≅ 0.089 at 𝐹𝑟 = 0.6, with clear opportunities 

available in terms of reducing the pressure resistance over the forebody. With this design, the author 

started exploring the concept of avoiding the production of hydrodynamic lift by not deflecting the 

flow downwards, as much as possible, as the hull advances through the water and this approach 

succeeded in largely mitigating stern squat. Unlike the somewhat radical transonic shape, which 

could run into a number of practical objections from designers and operators, the WS637-M4 shape 

also deliberately resembles a conventional small vessel. 
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Finally, a fully parametric hull model was constructed in the 3D modeller CAESES to allow 

evolving hull shapes built on the principles supporting the WS637-M4 geometry by altering a vector 

describing the hull shape. 
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Chapter 4 

Hull Shape Optimisation 

4.1 Introduction 

In Chapter 3, a parametric hull shape defined by a control vector was developed, as well as a 

preliminary design to be used as a seed to try and discover better hull shapes. A numerical 

simulation process to predict the performance of a hull in calm water based on its shape and 

operating speed was presented in Chapter 2 and the most effective approach to obtain results for 

full-scale vessels was investigated in Appendix F. In this chapter, the problems of defining, 

formulating and solving the hull shape optimisation problem are considered. 

The parametric geometry modeller produces hull shapes suitable to be imported into the flow solver 

for obtaining an assessment of the total resistance at any speed of interest; the remaining task is 

“closing the loop” by dynamically deciding what hull shape(s) to model and evaluate next as a 

function of the results obtained so far, with the goal of finding hull forms offering a lower total 

resistance. This process belongs to the field of optimisation and requires a suitable algorithm. 

Figure 43 provides an overview of the optimisation loop where, from the point of view of the 

optimiser, the steps of modelling the hull, computing the flow solution and extracting the hull 

resistance can be seen as an expensive black box process, where a set of inputs produces a set of 

outputs at the cost of considerable computational time and resources. 

 

 

 

 

 

4.2 Design Objective 

In order to achieve both a relevant and a useful design result, the author decided to produce a hull 

that matched the service capabilities of the existing 20-metre hard chine, semi-displacement 

Optimiser Parametric 

modeller 

Figure 43 – Optimisation loop overview. 
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commercial fishing vessel M/V Awesome5 currently in service in southern New Zealand (Figure 

44). The author surveyed its hull in 2010 and an inclining experiment was carried out, which 

resulted in having not only the hull lines (Figure 45), but also stability data for the design. The main 

particulars of the craft are presented in Table 6. 

The displacement and overall length of the M/V Awesome hull are such that it should be possible to 

design an equivalent pure displacement craft with a length/displacement ratio 𝐿𝑊𝐿 ∇1/3⁄ ≥ 6 

approximately, achieving moderate resistance characteristics in the transition speed range, as 

discussed earlier in Section 3.2. 

 

Figure 44 - The 20-metre commercial fishing vessel M/V Awesome used as reference design for service capability. 

 

Figure 45 - Lines plan for the 20-metre hard-chine fishing boat M/V Awesome (𝑚 = 22400𝑘𝑔, lightship condition). 

The fishing boat M/V Awesome is a beamy vessel with a shallow hull of low deadrise, which offers 

considerable initial stability and static weight carrying ability. Matching these characteristics while 

achieving low resistance represents a demanding target for a fast round-bilge pure displacement 

hull. Apart from having excessive propulsion costs, this design represents a good fit for the needs 

of modern commercial coastal fishing. While the speed capability of this craft is in excess of 24 

                                                      

5 Original design by Global Marine Design Pty Ltd, Western Australia, but significantly modified by two 

consecutive owners afterwards. The transom deadrise of the hull as-built was also found to be flatter than 

drawn by GMD, with a diminishing effect all the way up to the stem. 
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knots with the considerable installed power, economic considerations prompt operating at 10 knots 

for most of the time when covering long distances. Unsurprisingly, this equates to a Froude number 

𝐹𝑟 = 0.4; above this value, performance degrades rapidly with an initial increase in hull trim. 

Operation at 𝐹𝑟 = 0.75 and above is possible as long as the vessel is not excessively laden, but it 

is generally prohibitive in terms of cost and also beyond practical service requirements. 

In order to achieve similar service capabilities with the new design, the author decided to maintain 

the following characteristics: 

1. The overall hull length 𝐿𝑂𝐴. The requirement is for a vessel of a comparable size from an 

operational point of view. Observation of the lines of the reference vessel shows that 

opportunities exist to design a vessel with a longer waterline length; comparisons of 

performance can then be made based on the length Froude number (hydrodynamic 

performance) or the absolute speed of the craft (service performance). 

2. The lightship displacement. This is a conservative choice, as a low-resistance hull should 

be able to make use of a lighter propulsion package, but it will allow hull performance 

comparisons at equal displacement. The lightship displacement of the original vessel may 

eventually equate to a partially laden condition for the new design, but this is acceptable. 

3. The initial stability of the hull in terms of its metacentric height 𝐺𝑀. The nomenclature and 

basic theory underpinning the hydrostatic stability of monohull vessels are presented in 

Section 4.3.3. Shallow beamy hulls such as the one considered here are representative of 

modern small to mid-size commercial fishing boats. Both their limited rolling motion at 

sea and ability to carry deck loads originate from a high metacentric height at rest; targeting 

the same metacentric height for the new design is a simple way of ensuring that a 

comparable craft is obtained from an operational point of view. 
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Parameter Value 

Mass displacement 𝑚 = 22400 𝑘𝑔 

Overall length 𝐿𝑂𝐴 = 20.0 𝑚 

Overall beam 𝐵𝑂𝐴 = 5.74 𝑚 

Waterline length (lightship) 𝐿𝑊𝐿 = 16.39 𝑚 

Waterline beam 𝐵𝑊𝐿 = 5.15 𝑚 

Metacentric height 𝐺𝑀 = 2.5 𝑚 

 𝐵𝑀 = 3.5 𝑚 

Length/beam ratio 𝐿𝑊𝐿 𝐵𝑊𝐿⁄ = 3.18 

Propulsive power 𝑃 = 969 𝑘𝑊 

Typical maximum payload6 8000 𝑘𝑔 

Fuel capacity 8000 𝑙𝑖𝑡𝑟𝑒𝑠 

Table 6 - Main particulars of the 20-metre hard-chine fishing boat M/V Awesome. 

4.3 The Optimisation Problem 

The goal of the optimisation process is reducing the total resistance of the hull, and therefore the 

operating cost of the vessel, at a predetermined target operating speed while also meeting the 

displacement and stability objectives outlined in Section 4.2. 

4.3.1 Target Design Speed 

The target speed for commercial sea transportation applications is normally linked to some form of 

economic criteria. In the case of coastal fishing, boat speed is desirable, but the cost of propulsion 

must remain acceptable relative to the value of the catch7. As the aim of this work is developing 

small craft hulls capable of routinely operating in the transition speed range, 𝐹𝑟 = 0.6 was adopted 

as the design speed target after consultation with commercial fishing operators. This is 50% faster 

than the economically justifiable speed of the reference design and generally also represents speeds 

that would be attractive for pleasure craft. The maximum speed achievable by the design will be 

higher as a result of dimensioning the propulsion system to operate at a conservative continuous 

rating at 𝐹𝑟 = 0.6.  

                                                      

6 Not inclusive of fuel, figure supplied by the vessel owner and operator. 

7 Nowadays, many fisheries are regulated using quota systems and shorter round-trip times no longer translate 

into an ability to catch more fish; they only increase operating costs. Some vessels, however, have alternate 

functions outside the fishing season and can use additionally available time productively. 
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4.3.2 Displacement Target 

The volumetric displacement ∇ of a geometric hull shape is given by Equation (18). 

 ∇ = ∫ 𝑑𝑉 = ∭ 𝑑𝑥 𝑑𝑦 𝑑𝑧
𝑉𝐻𝑢𝑙𝑙,𝑧<0𝑉𝐻𝑢𝑙𝑙,𝑧<0

 (18) 

In terms of naval architecture, the intended vessel size, service and type of construction generally 

suggest a figure for the displacement of the hull. A hull resistance optimisation process without a 

constraint on displacement would drift towards designs of unfeasible (or even zero) displacement, 

so a minimum bound is necessary. Since pressure resistance invariably increases with displacement, 

minimising resistance under the constraint of not reducing the displacement below a target value 

should lead to achieving this displacement target. 

4.3.3 Stability Target 

Figure 46 is built upon the stability diagram offered earlier in Section 3.5.1. When a hull is heeled, 

a righting moment 𝑅𝑀 = 𝑊 ∙ 𝐺𝑍 develops and when the hull is relatively shallow and beamy, the 

primary contributor to the separation distance 𝐺𝑍 is the lateral displacement of the centre of 

buoyancy 𝐵 with heel. A basic observation of the diagram further illustrates that a high centre of 

gravity 𝐺 reduces 𝐺𝑍 and a low centre of gravity increases it. The point 𝑀, at the intersection 

between the support of the buoyancy force and the symmetry plane of the hull, is known as the 

metacentre and it represents the maximum elevation of the centre of gravity before the righting 

moment becomes negative and the hull capsizes. 

 

 

 

 

 

 

 

 

 

 

Figure 46 - The components of hydrostatic stability. 

GZ 

 

B 

G 

M 

�⃗⃗⃗�  �⃗�  

GM 

BG 



CHAPTER 4 

HULL SHAPE OPTIMISATION 

62 

The IMO International Code on Intact Stability [51] defines two sets of requirements: 

1. The initial stability (at small angles of heel) of the vessel must be adequate. This translates 

into a constraint on its initial metacentric height 𝐺𝑀0 as well as the area present under its 

righting arm curve 𝐺𝑍 = 𝑓(𝜑) up to prescribed heel angles 𝜑. 

2. The design must achieve sufficient stability at high angles of heel to resist capsizing under 

the action of external forces, an aspect that is mostly influenced by the elevation of its 

centre of gravity. 

The position of the centre of gravity 𝐺 originates from the mass distribution on board the vessel 

and the initial metacentric height 𝐺𝑀0 can be split into two contributions [52]: 

 𝐺𝑀0 = 𝐵𝑀0 − 𝐵𝐺 (19) 

𝐵𝐺 is the vertical separation distance between the centre of buoyancy 𝐵 and the centre of gravity 

𝐺. On the other hand, 𝐵𝑀0 is purely a function of the hull geometry and its volumetric displacement 

∇ and can be expressed as per Equations (20) and (21), where 𝐼𝑊𝑃 is the second moment of inertia 

of the waterplane area 𝑆𝑊𝑃 with regard to the hull centreline in the upright attitude. 

 
𝐵𝑀0 =

𝐼𝑊𝑃

∇
 

(20) 

 𝐼𝑊𝑃 = ∫ 𝑦2𝑑𝑆 = 2

𝑆𝑊𝑃

∫ ∫ 𝑦2

𝑌(𝑥)

𝑦=0

𝐿𝑊𝐿

𝑥=0

𝑑𝑦 𝑑𝑥 =
2

3
∫ 𝑌(𝑥)3

𝐿𝑊𝐿

𝑥=0

 𝑑𝑥 , (21) 

where Y(x) is the waterline half-beam at position x. For a given displacement and waterline length, 

𝐵𝑀0 therefore entirely depends on the shape of the waterplane. In the case of hulls that are 

constrained to be both relatively light and stable, the design exploration space will have to consist 

of hulls that are moderately wide and relatively shallow, or they would become either too heavy or 

not stable enough to be acceptable. As a result, variations in hull shape are unlikely to result in any 

meaningful changes to the vertical position of the centre of buoyancy or to the contribution of the 

hull mass to the vertical centre of gravity of the craft. As long as the design intent remains the same 

for all variants, the superstructure and other aspects influencing the height of the centre of gravity 

should also remain largely unchanged and we can conclude that 𝐵𝐺 should not vary meaningfully 

between designs. In the case of light and stable hulls, 𝐺𝑀0 therefore primarily depends on 𝐵𝑀0, 

which is fully independent from constructional considerations and becomes available as soon as 

the shape of the underwater body has been established. If the hull sections are flared rather than 
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wall-sided, the stability of the hull may increase more rapidly with heel than what the value of 𝐺𝑀0 

suggests. For all intents and purposes in this work, a decision was made to constrain 𝐺𝑀0 rather 

than assess the stability curve more completely, as it represents a conservative limiting condition. 

Placing a more elaborate constraint on the stability curve could, in the case of hulls featuring flared 

sections as the ones derived in this work, allow narrower beam values with potentially lower 

resistance. 

In the case of the reference design M/V Awesome of Section 4.2, the value 𝐺𝑀0 = 2.5 𝑚 was 

determined experimentally. The position of the centre of gravity 𝐺 was available from a weight 

calculation for the entire craft and the hull hydrostatics contributed the position of the centre of 

buoyancy 𝐵, giving 𝐵𝐺 ≅ 1.0 𝑚 and therefore 𝐵𝑀0 ≅ 3.5 𝑚. A decision was made to adopt this 

value to constrain the initial stability of the design, as it is the main determining factor of the 

metacentric height 𝐺𝑀0. 

4.3.4 Problem Definition 

The objective is finding a hull shape of a fixed length defined by a design vector 𝑝  that offers 

minimum total resistance 𝑅𝑇 at a given speed 𝑣, while also achieving a displacement target ∇Target 

and an initial stability target defined by 𝐵𝑀Target. As an increase in displacement or stability (i.e. 

waterline beam, fullness of the waterplane) naturally leads to higher hull resistance, one can try 

exploiting this characteristic by formulating the problem using non-linear inequality constraints, as 

per (22). Bound constraints on the design vector 𝑝  must also be included in order not to exceed the 

validity limits of the geometric model. These bounds can also be exploited to enforce specific 

design features and they can be expected to have an important bearing on the outcome by excluding 

some hull forms. The bound values adopted in conjunction with the parametric geometry model are 

documented in Appendix J. 

 min
𝑝 

𝑅𝑇 = 𝑓(𝑣, 𝑝 ), (22) 

 subject to: ∇(𝑝 ) ≥ ∇Target 

𝐵𝑀0(𝑝 ) ≥ 𝐵𝑀Target 

𝑝 min ≤ 𝑝 ≤ 𝑝 max 

 

Solving the hull resistance minimisation problem posed in (22) should result in a solution 𝑝 opt 

where ∇(𝑝 opt) = ∇Target and 𝐵𝑀0(𝑝 opt) = 𝐵𝑀Target as the optimisation seeks to obtain the lightest 

and narrowest hull permitted to minimise resistance. However, due to the significant computational 
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cost and time involved in obtaining the resistance of hull geometries, the problem posed in (22) 

could be solved much more efficiently if the designs considered always satisfied the relations 

∇(𝑝 ) = ∇Target and 𝐵𝑀0(𝑝 ) = 𝐵𝑀Target in the first place. In the following section, a pathway to 

achieve this goal is explored prior to considering the optimisation problem again. 

4.3.5 Mapping Unconstrained Designs into a Compliant Solution Space 

In naval architecture, scaling the geometry of a hull in length, beam, depth or any combination of 

the three is a time-honoured way of adjusting the characteristics of an existing hull shape, because 

such design transformations leave many “key” design coefficients unchanged8. In the present case, 

these form coefficients are of no direct concern and the length of the hull is predetermined, but 

scaling the sections in beam and/or depth alters the displacement and stability of a design without 

fundamentally changing the shape of its sections. 

For any given hull shape defined by a parameter vector 𝑝 , both 𝐼𝑊𝑃 = 𝐼𝑊𝑃(𝑝 ) (21) and ∇= ∇(𝑝 ) 

(18) can be altered to suit by uniformly scaling either the hull beam by a factor 𝛼𝑦, or the hull lines 

vertically with regard to the waterplane by a factor 𝛼𝑧. This allows writing equations (23) and (24) 

to express the new displacement ∇′ and waterplane moment of inertia 𝐼′𝑊𝑃 following the 

transformations. 

 𝐼′𝑊𝑃 = 𝛼𝑦
3𝐼𝑊𝑃 (23) 

 ∇′ = 𝛼𝑦𝛼𝑧∇ (24) 

The initial metacentric height component 𝐵𝑀0′ of the scaled design 𝐷′ can therefore be expressed 

as: 

 
𝐵𝑀0′ =

𝛼𝑦
2

𝛼𝑧
 
𝐼𝑊𝑃

∇
=

𝛼𝑦
2

𝛼𝑧
𝐵𝑀0 

(25) 

If the target values 𝐵𝑀0′ = 𝐵𝑀Target and ∇′= ∇Target are assigned, equations (24) and (25) form a 

trivial non-linear system that can be solved analytically for 𝛼𝑦 and 𝛼𝑧 in order to obtain a scaled 

                                                      

8 Values such as the prismatic, block or waterplane area coefficients, as well as the relative position of the 

centre of buoyancy, are all “ratiometric” and are unaffected by linear scale transformations. These values are 

commonly required to fall within favourable ranges to reduce residuary resistance according to regression 

formulations. See also Section 5.4. 
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design based on parameters 𝑝  satisfying equality constraints on displacement and metacentric 

height: 

 

𝛼𝑦 = √
∇Target ∙ BMTarget

𝐼𝑊𝑃

3

 

(26) 

 
𝛼𝑧 =

1

𝛼𝑦

∇Target

∇
 

(27) 

This transformation was programmatically automated within the parametric geometry modeller by 

performing a preliminary hydrostatic calculation on the model, followed by a subsequent scale 

transformation in order to only ever produce designs within an iso-displacement, iso-stable space.  

It must now be noted that hull beam and depth as such no longer have any relevance within the set 

of design parameters, as they are uniquely determined by the final transformation. As a result, they 

must be excluded from the design vector and all control ordinates pertaining to the 𝑂𝑦 and 𝑂𝑧 axes 

are simply normalised against the nominal hull beam and draft. 

The formulation of the resistance minimisation problem (22) can now be reduced to problem (28), 

where only constant bound constraints are present on the new design parameter vector 𝑝′⃗⃗  ⃗, which 

excludes hull beam and hull depth: 

 min
𝑝′⃗⃗⃗⃗ 

𝑅𝑇 = 𝑓′(𝑣, 𝑝′⃗⃗  ⃗), (28) 

 subject to: 𝑝′⃗⃗  ⃗
min ≤ 𝑝′⃗⃗  ⃗ ≤ 𝑝′⃗⃗  ⃗

max  

The constrained optimisation problem was therefore successfully transformed into an 

unconstrained problem with only bounded variables by defining a mapping method which makes 

all designs compliant with the displacement and stability requirements. This new problem can be 

solved much more efficiently. 

4.3.6 Dimensionality and Resource Constraints 

The optimisation work performed in this thesis was constrained by “fair share” considerations in 

accessing HPC resources as well as the number of CFD core-hours the software provider was able 
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to negotiate for the author9. In order to satisfy these limitations, the dimensionality of the 

optimisation problem was reduced to make it less resource-intensive. 

The author selected the hull WS637-M4 presented in Section 3.6.3, offering a total resistance 𝑅𝑇0
 

at the Froude number 𝐹𝑟 = 0.6, as initial design 𝐷0 and represented it with a corresponding design 

vector 𝑝 0 = (𝑝1,0, 𝑝2,0, … , 𝑝40,0) ∈ ℝ𝑚,  𝑚 = 40, built upon 40 variables identified in the 

geometric model. Additional model parameters that didn’t affect the immersed parts of the hull 

were treated as constants. The bounds 𝑝 min = (𝑝1,min, 𝑝2,min, … ) and 𝑝 max = (𝑝1,max, 𝑝2,max, … ) 

were also established so as to keep the geometric model valid for 𝑝 min ≤ 𝑝 ≤ 𝑝 max, and then the 

impact of varying each parameter 𝑝𝑖 individually while leaving the other parameter values 

unchanged was explored. Specifically, for each dimension 𝑖, the author considered the solution for 

𝑝 0 and four additional points as defined by Equation (29): 

 𝑝𝑖 ∈ {𝑝𝑖,min,  𝑝𝑖,0 −
𝑝𝑖,0 − 𝑝𝑖,min

2
,  𝑝𝑖,0,  𝑝𝑖,0 +

𝑝𝑖,max − 𝑝𝑖,0

2
,  𝑝𝑖,max} 

𝑝𝑗 = 𝑝𝑗,0 , ∀𝑗 where 1 ≤ 𝑗 ≤ 𝑚 and 𝑗 ≠ 𝑖 

(29) 

This therefore established a cross-section through each dimension 𝑖 containing 5 designs denoted 

{𝑝 𝑖,−2, 𝑝 𝑖,−1, 𝑝 𝑖,0, 𝑝 𝑖,1, 𝑝 𝑖,2} and for which hull resistance solutions 𝑅𝑇𝑖,𝑘
= 𝑓′(𝑝 𝑖,𝑘), 𝑘 = {−2,… ,2} 

can be computed and the minimum and maximum values 𝑅𝑇𝑖,min
= min

𝑘
(𝑅𝑇𝑖,𝑘

) and 𝑅𝑇𝑖,max
=

max
𝑘

(𝑅𝑇𝑖,𝑘
) can be determined. For each design variable 𝑝𝑖, the range of variation of the relative 

resistance is ∆𝑅𝑇𝑖
/𝑅𝑇0

= (𝑅𝑇𝑖,max
− 𝑅𝑇𝑖,min

)/𝑅𝑇0
, and the range of improvement is (𝑅𝑇0

−

𝑅𝑇𝑖,min
)/𝑅𝑇0

. 

These ranges were plotted for each variable in Pareto form in Figure 48 for the purpose of 

identifying the most influential design variables in the design 𝐷0, as well as the variables offering 

the greatest potential for resistance reduction. The study identified 22 variables associated with a 

total range of resistance variation of 1% or more out of the 40 initially included. The results also 

suggested raising the upper bound on six variables (such as KeelDepth_Zrel in Figure 47, for which 

the upper bound was increased from 0.05 to 0.1) and reducing the lower bound on five others. Four 

variables showed inconsistent results within small ranges and were excluded. This process allowed 

to define a reduced design vector 𝑝 ′ ∈ ℝ𝑚, 𝑚 = 18. From this point on, the work involved a 

                                                      

9 The University of Auckland licenses ANSYS CFD products, which were not suited to building a fully 

scripted, automated workflow for this problem. The Star-CCM+ license was obtained from Siemens PLM 

with the support of Matrix Computing Ltd in Auckland. 
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problem in 18 dimensions, still large enough to exhibit all of the difficulties associated with a large 

solution space. The excluded variables may of course feature meaningful gradients in other parts 

of the solution domain. The process followed for reducing the dimensionality was arbitrary and 

would be unnecessary with better access to HPC resources, as the optimisation methodology 

exposed in the next section scales as 𝑂(𝑚) and is well suited to problems with a relatively large 

number of dimensions. 

 

Figure 47 - Sensitivity of normalised total resistance 𝑅𝑇/𝑊 to the design parameter KeelDepth_Zrel. 
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Figure 48 - Range of total hull resistance variation and range of resistance reduction for each model parameter in a 

cross-sectional study centred on design WS637-M4. 
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4.4 Optimisation Algorithms 

The hull resistance optimisation problem is non-linear, but can be expected to be smooth. 

Evaluating the objective function is both time-consuming and resource intensive, requiring the use 

of a high-performance computing (HPC) cluster to obtain the flow solutions. In Appendix B, 

Section B.15.1, it is shown that speeding-up the CFD evaluation of the hull resistance by increasing 

parallelism quickly becomes ineffective. Solution times amounted from 60 to 150 minutes when 

using 32 CPU cores in parallel for meshes with a base size of 1.6 − 2.0% 𝐿𝑊𝐿 and this constraint 

cannot be practically reduced. 

In this section, a brief review of non-linear optimisation algorithms is offered in the context of the 

problem (28) formulated in Section 4.3. 

4.4.1 Gradient-Based Optimisation Methods 

Many optimisation methods rely on obtaining gradients to perform some form of iterative gradient 

descent towards a minimum. Such methods are typically capable of converging to a local minimum 

from a given starting point. 

Each solution to the black box problem provides a hull resistance value for the objective function, 

but contains no partial derivatives with regard to the design variables. Partial derivatives must be 

obtained by numerically differentiating the solution at each point of interest, which requires a 

minimum of 𝑚 additional evaluations for a design vector 𝑝 ∈ ℝ𝑚 using first-order forward or 

backward differencing, and 2𝑚 additional evaluations for a second-order or a centred differencing 

scheme. Such evaluations can be carried out concurrently as long as sufficient computational 

resources are available, but they still very significantly increase the computational cost of the 

process. An experiment was carried out with Schittkowski’s Sequential Quadratic Programming 

(SQP) algorithm [53] using numerically-obtained gradients, but these gradients were not found to 

be robust due to the numerical errors present in the CFD solutions (Appendix A, Section A.5). 

Furthermore, the CFD process sometimes failed, due to geometry problems or (more rarely) 

divergence of the flow solution. In these cases, no meaningful result can be returned and so a full 

set of gradients cannot be obtained, a situation that is normally unacceptable to most gradient-

descent algorithms. The use of these methods was not pursued further as a result. 

4.4.2 Surrogate Models 

The optimisation of expensive black box problems is a topic of interest in many simulation-driven 

design applications. Jones, et al. [54] proposed using global response-surfaces built using a 
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stochastic model in order to reduce the number of function evaluations required. An experiment 

was conducted using a simplified 5-variable hull optimisation problem and this approach proved to 

be unsustainable when dealing with problems of high dimensionality, due to the exponential 

increase in the size of the dataset required for building a trustworthy surrogate model. Cassioli and 

Schoen [55] suggested building the surrogate model incrementally using Radial Basis Functions 

while the optimiser requests function evaluations; the author sees no value or pathway in this 

direction with high-dimensionality problems as it is still just as impractical to obtain enough 

information to build any meaningful response surface. It can be noted that the optimisation problem 

solved later with 𝑝 ∈ ℝ18 would require 218 = 262144 function evaluations to merely support a 

linear approximation over the whole domain in each of the dimensions. In conclusion, the 

construction of a meaningful surrogate model for a complex real-world problem in a high-

dimensional space would be more costly than optimising without such a surrogate model when only 

a small number of function evaluations can be completed. 

4.4.3 Gradient-Free Methods 

The practical difficulties with obtaining reliable solution gradients with engineering simulation 

problems are a known issue [56]. Gradient-free methods, while theoretically less effective, can be 

more suited to such cases as they require only the value of the objective function at each point of 

interest to operate. The Nelder-Mead Simplex Method [57] as well as evolutionary (or genetic) 

algorithms were considered. Gradient-free methods were found to be usable for hull form 

optimisation on the condition that they could cope with failed evaluations. The Nelder-Mead 

algorithm is a sequential method, where a new design vector is formulated only once the previous 

function evaluation has completed; this is too slow when function evaluation times are of the order 

of 1 to 2 hours and a strategy would need to be devised to handle failed evaluations. When trialled, 

the Nelder-Mead algorithm also spent too much time trying to refine the solution for small gains 

and little to none trying to find different designs; while its parameters can be altered, it was deemed 

poorly suited to the problem. 

Genetic algorithms, such as NSGA-II [58], are quite commonly used for hull shape optimisation in 

connection with potential flow methods, which have much shorter solution times than RANS CFD. 

They are also able to handle multi-objective problems by building Pareto fronts. Unfortunately, 

their computational efficiency is low in the sense that they commonly require thousands or tens of 

thousands of evaluations in order to converge. This makes them poorly suited to expensive black 

box problems. The resource requirements for this problem would have either exceeded the practical 

limits of using the available shared HPC infrastructure, or the time to a solution would have been 
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prohibitive. It should be noted however that the performance of genetic algorithms can be improved 

significantly through the use of suitable metaheuristics [59, 60], but this approach would represent 

a subject of research in itself. 

4.5 Optimisation by Parallel Pattern Search 

The investigation into the parallel scalability of the flow solution in Appendix B, Section B.15.1 

indicated that an effective use of large computational resources must take the pathway of computing 

many solutions concurrently, rather than trying to obtain individual solutions in a shorter time. This 

paradigm is also aligned with the concept of exploring the solution domain and possibly discovering 

new, different hull shapes. Asynchronous Parallel Pattern Search (APPS) [61], as well as its 

particular case Parallel Pattern Search (PPS), is an optimisation algorithm which was specifically 

intended for computationally-expensive, bound-constrained problems of high dimensionality, 

where gradients cannot be reliably determined. 

In an m-dimensional solution space, PPS produces 2𝑚 design candidates per iteration by 

constructing a coordinate-aligned pattern around an initial point. The principle of operation of the 

algorithm is illustrated in Figure 49 with 𝑚 = 2 dimensions, where the current best solution is 

depicted in green and the new points to be evaluated in red. In this example, the PPS algorithm 

proceeds as follows: 

(a) The initial point is provided to the algorithm and 2𝑚 = 4 search directions are established 

by following the positive and negative directions along each of the 𝑚 coordinate axes. 

(b) The first pattern is created using the outer bounds of the variables and the objective function 

can be evaluated concurrently over these 2𝑚 = 4 points. 

(c) The assumption is that no better solution was found: the pattern is contracted by a (default) 

factor of 0.5 and 2𝑚 = 4 new evaluations are initiated in parallel again. 

(d) This time the assumption is that a better solution was found, so the search origin is updated 

accordingly. 

(e) A new pattern centred on the new best point is produced using the most recent pattern size. 

One point happens to correspond to an earlier evaluation and doesn’t need to be 

recalculated. 

The fact that the algorithm starts from the outer bounds of the variables before searching inwards 

confers the method modest, but valuable, domain exploration capabilities. If two consecutive 
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improved solutions are found along the same search direction, the pattern is allowed to expand 

again in this direction. The search terminates when the step lengths ∆𝑘 for all 𝑘 directions fall below 

a threshold, at which point the algorithm is deemed to have converged. 

 

 

 

 

 

 

The algorithm was described in its synchronous mode of operation, where the evaluation of each 

pattern must fully complete before a new pattern is generated around the current best solution. 

When operating asynchronously, a new pattern is generated as soon as any better solution is 

discovered and while previous patterns may still be evaluating. In this case, the number of points 

being evaluated concurrently is no longer bound by 2𝑚 and resource usage is allowed to increase 

up to an allowed upper limit. When adequately configured, and provided sufficient computational 

resources are available, Asynchronous Parallel Pattern Search (APPS) can offer substantially 

better exploration capabilities than PPS by considering more than a single “branch”, but its 

execution also becomes non-deterministic when solution times are influenced by external factors, 

as it is often the case on shared high-performance computing infrastructure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The APPS algorithm is available within the Dakota [62] optimisation framework, which was 

selected for its ability to provide access to a broad range of optimisation methods and domain 

exploration studies with only limited reconfiguration required. 
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Figure 50 - Flow diagram of the full parametric search and optimisation process. 

(a) (b) (c) (d) (e) 

Figure 49 - Illustration of the operation of the Parallel Pattern Search optimisation algorithm. 
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The full search and optimisation process is described in Figure 50, with the items in bold outline 

representing the black box solution evaluation process 𝑅𝑇 = 𝑓′(𝑣, 𝑝 ′). 

4.5.1 Configuration of the Algorithm 

APPS was configured to perform a synchronous parallel pattern search for the specific purpose of 

limiting the number of problems solved concurrently to no more than 2𝑚 = 36. Each CFD problem 

was solved on 32 cores in parallel and a search pattern was able to be solved in about 60 minutes 

using up to 1152 CPU cores, as long as job scheduling on the HPC cluster did not add latency. 

A synchronous parallel pattern search exhibits reduced exploration capabilities when compared to 

its asynchronous counterpart with a high parallel resource limit, as it will only ever progress from 

the best solution coming out of each pattern. On the other hand, its execution is deterministic and 

optimisation runs can be interrupted and resumed without difficulties. The author would 

recommend using an asynchronous parallel pattern search if computing resources were available 

that could simultaneously accommodate 3-4 full patterns while solving the CFD problem using 4-

8 cores only. This configuration would result in a better exploration of the solution domain and 

leverage off the evaluation queue built into APPS. 

The contraction ratio for the relative step lengths 𝛥𝑘 used in creating the patterns was left at its 

default value of 0.5 and the search termination criterion was set to 𝛥𝑘 < 0.05 in all 2𝑚 = 36 

directions 𝑘. The Dakota input file used is included in Appendix K. 

4.5.2 Hull Shape Optimisation by Synchronous Parallel Pattern Search 

The results of optimising the resistance of design WS637-M4 at the Froude number 𝐹𝑟 = 0.6 by 

performing a synchronous parallel pattern search are presented in Figure 51. The nature of the APPS 

algorithm, which searches outwards first, often leads to meaningful early gains as different and 

better solutions can be found away from the starting point. 

In Figure 51, the optimiser terminates after generating 278 new designs and 9 consecutively 

improved results. The numerical errors in the solution were found to be able to interfere with the 

ability of the algorithm to expand an otherwise shrinking search pattern, as two subsequent 

increases of the objective function in the same direction are required to cause pattern expansion. 

The simplest countermeasure is restarting the algorithm from the best solution found so far, which 

maximises the search pattern again. In this case, if better solutions are found, the pattern relocates 

there and the search can resume. If not, the restart results in a coordinate search from the outside 

in, with step sizes reducing in a geometric progression, until the termination criterion is reached 

again without further improvement. 
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In the case above, restarting led to a period of unsuccessful exploration around the outer limits of 

the solution with volatile results, and then a new best solution was identified with design 𝐷377. It 

was then rapidly followed by 13 further improved designs with 𝐷566 being the last one found. The 

search terminated again after having produced a total of 652 design vectors and a further restart 

(not plotted) failed to produce any better solutions. A resistance reduction of 15.6% was achieved 

over the original hull WS637-M4 with a hull shape of the correct displacement and stability 

component 𝐵𝑀0 = 0.3 𝑚. 36 designs (5.5% of the total) were unable to be solved due to failures 

within the black box process: the design parameters produced a corrupt geometry, the mesh 

generation failed or – exceptionally – the flow solver diverged10. 

 

Figure 51 - Resistance optimisation run using Synchronous Parallel Pattern Search for design WS637-M4 at 𝐹𝑟 = 0.6. 

The best design, denoted hull APPS8.280, was found after 566 evaluations. Figure 52 shows 

comparative plots for 16 out of the 18 design variables before and after optimisation. The additional 

two parameters were unchanged and their larger scale made them impractical to include. 

                                                      

10 The most common issue stemmed from occasional defects in the STL triangulation of the NURBS surfaces 

produced by the CAESES modeller. Automatic surface repair measures were implemented in Star-CCM+ 

before meshing and these corrected most, but not all such problems. The root cause stemmed from the 

inability to directly export coloured NURBS surfaces out of CAESES to preserve feature edges with the 

research licence used. 
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Figure 52 - Plot of the design variables before and after hull shape optimisation, for hulls WS637-M4 and APPS8.280 

respectively. 

4.5.3 Optimised Hull APPS8.280 

The hull geometry resulting from the optimisation process is shown in Figure 53 and the lines 

drawing is presented in Figure 54. The main particulars are reported in Table 7. 

 

Figure 53 – Resistance-optimised hull design APPS8.280. 
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Figure 54 - Lines plan for optimised hull APPS8.280. 

 

Parameter Value Unit 

𝐿𝑂𝐴 1.717 𝑚  

𝐵𝑂𝐴 0.581 𝑚  

𝐿𝑊𝐿 1.667 𝑚  

𝐵𝑊𝐿 0.408 𝑚  

𝑇 0.066 𝑚  

∇ 1.4158 ∙ 10−2 𝑚3  

𝑆𝑊 0.5128 𝑚2  

𝐿𝑊𝐿/𝐵𝑊𝐿 4.09 - 

𝐵𝑀 0.3 𝑚  

𝑥𝐶𝐺/𝐿𝑊𝐿 0.545 - 

𝑥𝐶𝐹/𝐿𝑊𝐿 0.621 - 

𝐿𝑊𝐿/∇
1/3 6.89 - 

𝐶𝑝 0.648 - 

𝐶𝑏 0.329 - 

𝐴𝑇/𝐴𝑋 0.279 - 

Table 7 - Main particulars of hull model APPS8.280. 

The shape produced by the optimiser features waterlines that are substantially triangular and 

reminiscent of the transonic geometry investigated in Section 3.4, in spite of the hull sides being 

nowhere near vertical. The algorithm exploited the flexibility available in the section shape to 

produce an underwater body that is rounded with a lot of its displacement distributed deeper and 



 

4.5  OPTIMISATION BY PARALLEL PATTERN SEARCH 

77 

closer to the centreline than would normally be achieved with simpler hull shapes of the same 

waterline beam. The approach provides some of the benefits of a narrow hull body without the 

stability reduction normally associated with it. The algorithm didn’t opt for immersing the transom 

deeply in order to straighten the keel line; neither did it move the start of the run in the keel line 

very far forward, as seen on many semi-displacement hulls. 

The performance results and further analysis for this optimised hull geometry are presented in the 

following chapter. 

4.5.4 Conclusions 

It has been shown that a full hull shape was able to be successfully transformed and optimised using 

an automated process relying on high-fidelity RANS CFD calculations by using a parallel gradient-

free algorithm and a method to avoid computing solutions for designs that would violate the design 

constraints of the problem. 

The transformation used to satisfy the design constraints before evaluating any hull variant was key 

in reducing the computational burden of the optimisation, because flow solutions for any hulls that 

were unsuitable were never computed. This concept could be expanded to not only make the designs 

comply with some constraints, but also to include a heuristic to filter them based on other criteria. 

This is possible because the optimisation algorithm can cope with failed evaluations. 

Lewis, et al. [63] discuss the reasons underlying the performance of pattern search algorithms and 

comment that “despite their seeming simplicity and heuristic nature and the fact that they do not 

have explicit recourse to the derivatives of f(x), pattern search algorithms possess global 

convergence properties that are almost as strong as those of comparable line-search and trust-

region algorithms”. In the present case, PPS converged and produced results with hundreds, rather 

than thousands, of evaluations and this made it remarkably effective when used with an expensive 

black box function. It would also undoubtedly cope with many more design variables than were 

used. 
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Chapter 5 

Results Evaluation 

In this chapter, the resulting optimised pure-displacement hull APPS8.280 is compared against two 

hard-chine semi-displacement hulls used for fishing as well as the hull of a 45-metre fast motor 

yacht proposed by Van Oossanen & Associates in 2009 [14]. 

The population of designs produced by the optimiser is also considered and some of the traditional 

non-dimensional design coefficients the optimisation process reached are compared with those 

found in the literature. Information useful for the design of fast displacement hulls is sought from 

the dataset. 

5.1 Comparison with Hard Chine Semi-Displacement Hulls 

Since the goal of this work was reducing the hull resistance and operating costs of modern fast 

semi-displacement workboats, it is appropriate to perform a comparison against such craft. In 

addition to the reference craft already presented in Section 4.2, another hull design belonging to a 

fast modern fishing boat is introduced before comparing hydrodynamic performance as well as 

aspects of performance in service. 

5.1.1 Designs for Comparison 

The first and most obvious choice for a comparison is the 20-metre reference vessel M/V Awesome 

introduced in Section 4.2 and shown in Figure 44 and Figure 45, as it provided the displacement 

and metacentric height targets. 

The second choice is a Southerly 52 11 from Southerly Designs, a firm priding itself on 40 years of 

experience and the performance of its semi-displacement fishing boats. It represented the best 

performing modern fishing vessel in a small heterogeneous fleet in southern New Zealand in terms 

of efficiency and fuel economy and the author once had the opportunity of surveying its hull. This 

boat, shown in Figure 55, had been extended at the stern some time earlier with an inconclusive 

outcome, so only consider the original hull shape will be considered. The original hull was 52’ long 

(15.85 𝑚𝑒𝑡𝑟𝑒𝑠) and featured a hard chine and a modestly immersed transom, as shown in  

                                                      

11 The unmodified hull seems to match their Walcheren design, http://southerly.com.au/design/walcheren/ 
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Figure 56. Its propulsion was assured by an 800HP diesel engine. The craft is of semi-displacement 

type as, while the hull does trim and produces some hydrodynamic lift, the bow sections never rise 

up to the surface and its waterline doesn’t become significantly shorter at speed. 

 

Figure 55 - Southerly 52 lobster fishing vessel (photo shows hull lengthened at the stern to about 18 metres). 

 

Figure 56 - Body plan of hull S52 from a survey of a full-scale craft, without subsequent alterations. 

The reconstructed geometry obtained from the hull measurements was scaled down to a model with 

a 2-metre long waterline for the purpose of carrying out flow simulations. The displacement and 

position of the centre of buoyancy were obtained from the recorded waterline. The model geometry 

was labelled S52 and its characteristics are listed in Table 8. 

The Southerly 52 design benefits from being relatively narrower than the reference craft, with  

𝐿𝑊𝐿 𝐵𝑊𝐿⁄ = 3.82 instead of 3.1, its hull is finer forward and it is an adequate design that should 

represent a more difficult example to outperform. 
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Parameter Value Unit 

𝐿𝑊𝐿 2.000 𝑚 

𝐵𝑊𝐿 0.524 𝑚 

𝑇 0.105 𝑚 

𝑆𝑊 0.968 𝑚2 

𝑆𝑊𝑃 0.858 𝑚2 

𝑥𝐶𝐵/𝐿𝑊𝐿 0.531 − 

𝑥𝐶𝐹/𝐿𝑊𝐿 0.579 − 

∇ 3.539 ∙ 10−2 𝑚3 

𝐿𝑊𝐿 ∇1/3⁄  6.09 − 

𝐿𝑊𝐿 𝐵𝑊𝐿⁄  3.82 − 

𝐵𝑀 0.485 𝑚 

Scale 𝜆𝐿 7.447 − 

Table 8 - Main characteristics of hull S52. 

5.1.2 Hydrodynamic Performance 

The semi-displacement hulls were simulated for operating speeds of economic interest and beyond, 

but not their maximum speed potential based on engine power. The normalised resistance figures 

for all three hulls are presented in Figure 57, all calculated using the same numerical model. Both 

hard chine designs perform similarly poorly at displacement speeds, but the S52 hull always 

outperforms the reference design M/V Awesome with a margin that initially increases with the 

Froude number. At high speeds, the hull of M/V Awesome begins to transition into a planing regime, 

while the S52 hull doesn’t and would eventually become less attractive to operate. The optimised 

hull APPS8.280 achieves considerably lower resistance in the displacement speed range and then 

increases its advantage further up to the optimised operating speed 𝐹𝑟 = 0.6. The round-bilge pure 

displacement hull APPS8.280 also maintains its advantage at Froude numbers well beyond what 

the author considers useful. 

The relative reductions in normalised total resistance %Δ(𝑅𝑇/𝑊) 12 offered by the APPS8.280 hull 

are quantified in Figure 58. The largest gains are achieved at displacement speeds with a reduction 

of about 45% being observed at 𝐹𝑟 = 0.35 against both hard chine hulls. The optimised 

displacement hull respectively maintains advantages of about 34% and 27% over each of the hard-

                                                      

12 Definitions: Δ(𝑅𝑇/𝑊 ) = (
𝑅𝑇

𝑊
)
Hard-Chine

− (
𝑅𝑇

𝑊
)
APPS8.280

 and %Δ(𝑅𝑇/𝑊) =
Δ(𝑅𝑇/𝑊)

(
𝑅𝑇
𝑊

)
Hard-Chine

. 
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chine hulls for speeds in the range 0.5 ≤ 𝐹𝑟 ≤ 0.6. This difference reduces down from 28% at 

𝐹𝑟 = 0.55 to 13% at 𝐹𝑟 = 0.75 for the narrower S52 hull. 

 

Figure 57 – Normalised total resistance 𝑅𝑇/𝑊 for optimised hull APPS8.280 and two semi-displacement fishing boat 

hulls (Froude number used for optimisation shaded). 

 

Figure 58 - Reduction in normalised resistance offered by hull APPS8.280 for two semi-displacement hard-chine hulls 

as a function of the Froude number (Froude number used for optimisation shaded). 

Since fluid forces in a turbulent flow increase with the square of the flow velocity, the hull 

resistance can be further normalised against the square of the non-dimensional velocity, i.e. the 

Froude number, as per Equation (30): this quantity is known as the Telfer [64] coefficient 𝑐𝑇𝐿 and 
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therefore includes the viscous resistance component, the Telfer coefficient is not scale-independent 

and reduces for higher Reynolds numbers, so comparisons have merit only as long as the designs 

can be at least deemed of equivalent interest. 

 
𝑐𝑇𝐿 =

𝑅𝑇

 ∙ 𝜌water ∙ 𝑔
∙
𝐿𝑊𝐿

𝑣2
=

𝑅𝑇

𝑊
∙

1

𝑔 ∙ 𝐹𝑟2
 (30) 

In Figure 59, the Telfer coefficient is plotted for the APPS8.280 hull as well as for the semi-

displacement hard chine hulls. The hard chine hulls exhibit a similar behaviour, with very 

comparable values at low speeds and we shall keep in mind that the S52 is penalised by its slightly 

shorter waterline. 

 

Figure 59 - Telfer coefficients for hull APPS8.280 and hard chine fishing boat hulls. 

Both designs are handicapped by a large wetted surface and an immersed transom. All hulls reach 

a maximum Telfer coefficient in the region 0.45 ≤ 𝐹𝑟 ≤ 0.5. The semi-displacement hulls then 

improve steadily with speed as they appear to benefit from some hydrodynamic lift. The pure 

displacement hull is considerably more efficient both at displacement and transition speeds; for 

𝐹𝑟 > 0.6, its Telfer coefficient remains near-constant, which means that the total resistance only 

increases with the square of the velocity. The author observed that, when the operation of a hull 

evolves towards planing and its effective displacement reduces due to hydrodynamic lift, the Telfer 

coefficient can keep declining. In this regard, we can see that the S52 design doesn’t behave like a 

planing craft as its Telfer coefficient appears to stabilise beyond 𝐹𝑟 = 0.75, but 𝑐𝑇𝐿 is still declining 
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for the M/V Awesome hull. In reality, when driven sufficiently hard, the bow of M/V Awesome 

eventually runs dry, something that never happens for the S52 design. 

5.1.3 In-Service Performance Considerations 

The effective power13 𝑃eff required to propel a craft at a speed 𝑣 is the product of this velocity and 

the total resistance 𝑅𝑇, as per Equation (31), and any relative reduction in resistance results in the 

same relative reduction in effective power. If the craft covers a distance 𝐷 in a time 𝑇 at constant 

speed, then its efficiency in terms of energy used (and therefore indirectly fuel) per unit of distance 

travelled is also proportional to the total resistance, as shown by Equations (32) and (33). Fuel 

consumption for a given operational profile is therefore directly related to resistance and propulsive 

efficiency. Consequently, the author will discuss reductions in resistance as a function of boat speed 

and the conclusions can be extended to the effective power required and approximate fuel 

consumption. 

 𝑃eff = 𝑅𝑇 ∙ 𝑣 (31) 

 𝐸eff = 𝑃eff ∙ 𝑇 = 𝑅𝑇 ∙ 𝐷 (32) 

 𝐸eff

𝐷
= 𝑅𝑇 (33) 

In this section, the practical results obtained with the design of the optimised hull geometry 

APPS8.280 are examined. It is only compared against the reference hard-chine design 

M/V Awesome in order to involve boats of comparable size. At the onset of the design process, the 

arbitrary choice of matching the displacement and overall length of the reference craft was made 

while defining the design objectives. These choices have two practical implications: 

1. In the previous section, a non-dimensional performance comparison of the designs was 

performed, but the new hull was allowed to use a longer waterline length than the reference 

craft. This means that, for any given boat speed on the water, the APPS8.280 design in fact 

operates at a lower Froude number. 

2. Since the new hull achieved significantly lower resistance, its propulsion package can be 

smaller. This leads to reductions in weight as well as fuel tankage required for the same 

                                                      

13 The effective power is associated with the delivered thrust, itself equal to the total resistance for a constant 

speed, and excludes all the inefficiencies incurred in producing this thrust. In small craft, the engine brake 

power required can represent twice the effective power, mainly due to low propeller efficiency. This overall 

propulsive efficiency varies with speed and load. 
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range. Consequently, the target displacement initially adopted now reflects a partly laden 

vessel and so the performance comparisons are favourable to the M/V Awesome in lightship 

condition. The impact of loading on resistance is investigated in the next section. 

In order to account for the difference in Froude number, the relative resistance reduction 

%Δ(𝑅𝑇/𝑊) 12 as a function of boat speed is plotted in Figure 60. Gains of up to 56% are now 

shown at the top of the displacement speed range, gradually decreasing to about 40% at 16 𝑘𝑛𝑜𝑡𝑠, 

which corresponds to the design optimisation point of 𝐹𝑟 = 0.6. 

These benefits can also be taken as an increase in operating speed for the same effective propulsive 

power, leading to shorter trip times and, in some cases, increased operational capacity. In Figure 

61, the relation between boat speed and effective propulsive power is first plotted. The horizontal 

distance separating the curves reflects the speed increase available for the same investment in 

effective propulsive power and this difference is expressed directly in Figure 62, which shows gains 

exceeding 2 𝑘𝑛𝑜𝑡𝑠 throughout the speed range. The largest values of about 3.7 𝑘𝑛𝑜𝑡𝑠 are achieved 

for an effective propulsive power between about 125 𝑘𝑊 and 155 𝑘𝑊, past the optimisation point, 

which shows that the optimised hull keeps performing comparatively well at higher speeds. More 

importantly, it can operate in the middle of the transition speed range at very attractive power levels. 

 

Figure 60 – Relative reduction in normalised resistance (and effective power) offered by hull APPS8.280 over the 

reference hard-chine design M/V Awesome as a function of boat speed (target speed used for optimisation shaded). 
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Figure 61 - Effective propulsive power required as a function of absolute hull speed for the reference hard-chine design 

M/V Awesome and the optimised hull APPS8.280. 

 

Figure 62 - Absolute speed increase achieved with hull APPS8.280 over the reference hard-chine design M/V Awesome 

as a function of effective propulsive power. 
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comparing the load-carrying ability of the designs. Both hulls were loaded as to preserve a neutral 

hull trim, which requires loading at the centre of the waterplane area14. 

The relative total resistance of the hulls 𝑅𝑇,rel = 𝑅𝑇,loaded/𝑅𝑇,light is first plotted for each payload 

throughout the speed range in Figure 63. When carrying the heaviest load, the resistance of the 

hard-chine design increases by a factor of 2.3 in the region 0.5 ≤ 𝐹𝑟 ≤ 0.6, in other words precisely 

at the speeds of practical interest in this work. On the other hand, the fast round-bilge displacement 

hull incurs a maximum penalty in the range 0.35 ≤ 𝐹𝑟 ≤ 0.40, where it only reaches 1.7 times the 

lightship values and the absolute resistance is still modest. In the speed range 0.5 ≤ 𝐹𝑟 ≤ 0.65, the 

penalty is only about 1.55 times the lightship resistance. Carrying the smaller load at the same 

speeds is easier, but still comparatively very costly with the hard-chine hull. 

In Figure 64, the author plots 𝑅𝑇,rel/𝛥rel, where 𝛥rel = 𝛥loaded/𝛥light is the relative mass 

displacement. We can see that, in the speed range 0.5 ≤ 𝐹𝑟 ≤ 0.6, the resistance of the optimised 

hull increases by only 6-7% more than the displacement when carrying the nominal 3-𝑡𝑜𝑛𝑛𝑒 load 

and 13% for the 8-𝑡𝑜𝑛𝑛𝑒 load, but these figures respectively reach 60% and 70% for the semi-

displacement hard-chine hull in the same conditions. This makes the pure-displacement round-bilge 

design far better suited to carrying even heavy loads at attractive operating speeds. 

The way this penalty develops with displacement is specifically investigated by plotting 𝑅𝑇,rel 

against 𝛥rel in Figure 65 for each hull at 𝐹𝑟 = {0.4, 0.5, 0.6}. While the pure displacement hull 

exhibits a near-linear characteristic, the phenomenon initially develops much more rapidly for the 

hard-chine design. In other words, its performance is quickly limited by loading when the installed 

engine power becomes insufficient, or the fuel consumption becomes prohibitive. This is what 

practically restricts the M/V Awesome design to mostly operate at approximately 10 𝑘𝑛𝑜𝑡𝑠 in actual 

service, even though higher speeds are achievable with the installed power. 

This comparison concludes with plotting the effective power required as a function of boat speed 

to carry the two loads considered in Figure 66. The APPS8.280 hull is able to carry the heaviest 

load of 8 𝑡𝑜𝑛𝑛𝑒𝑠 more economically than running the reference fishing boat M/V Awesome in 

lightship condition at all speeds up to 18.8 𝑘𝑛𝑜𝑡𝑠, using less than 250𝑘𝑊 of effective power. At 

the power required to drive the hard-chine design at 10 𝑘𝑛𝑜𝑡𝑠 in lightship condition, the optimised 

design exceeds 12 𝑘𝑛𝑜𝑡𝑠 while already carrying the equivalent of the weight that can be saved in 

                                                      

14 The longitudinal position of the centre of the waterplane commonly varies by a small amount with loading, 

as the shape of the waterplane can vary with hull sinkage. The required centre of gravity was recalculated to 

achieve a perfectly level laden free-float condition each time. 



CHAPTER 5 

RESULTS EVALUATION 

88 

the power plant; doubling this input power results in a speed of only 12.2 𝑘𝑛𝑜𝑡𝑠 for M/V Awesome 

and 15.5 𝑘𝑛𝑜𝑡𝑠 for the pure-displacement hull. 

 

Figure 63 - Relative resistance increase as a function of the Froude number for two payloads. 

 

Figure 64 – Relation between relative resistance and relative displacement as a function of the Froude number for two 

payloads. 
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Figure 65 - Relation between loading and total resistance at three different Froude numbers. 

 

Figure 66 - Effective propulsive power as a function of vessel speed for three loading conditions. 
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is able to offer superior performance at all speeds with approximately half of the resistance at 

operating speeds of interest. A comparison of the ability of the designs to carry two typical loads 

of 3 and 8 tonnes respectively was made and it illustrated that the powering requirements of the 

optimised design for carrying even the heaviest load are below that of the hard-chine hull in light 

condition. 

From the above, the author concludes that an opportunity for a very significant reduction in engine 

size is available for two key reasons: 

1. It is not necessary to aim for the same top speed; and 

2. Significantly less additional power is required to carry loads. 

The estimated weight saving in the propulsion plant alone is 1.5 𝑡𝑜𝑛𝑛𝑒𝑠 15 with additional weight 

savings in fuel tanks and fuel carried that depend on the way the operator takes advantage of the 

higher hull efficiency: higher speed, better economy or a combination of both. In all cases, the pure-

displacement hull would effectively be carrying at least 1.5 𝑡𝑜𝑛𝑛𝑒𝑠 more than effectively stated in 

each of the loading cases. The performance difference in service would exceed the calculations 

presented as the added weight of the fuel to be carried to cover a given distance in each case is 

proportional to the hull resistance itself. 

5.2 Comparison with the FDHF Hull 

In 2009, Van Oossanen, et al. [14] proposed their Fast Displacement Hull Form (FDHF) for motor 

yachts with an overall length 𝐿𝑂𝐴 ≅ 45 𝑚, a length/beam ratio 𝐿𝑊𝐿/𝐵𝑊𝐿 = 5.2 and a 

length/displacement ratio 𝐿𝑊𝐿/∇
1/3= 6.25, shown in Figure 67. The FDHF, just like the hulls 

developed in this work, falls into the fast round-bilge displacement hull category and the authors 

presented resistance computations to support their performance claims. 

 

Figure 67 – Van Oossanen's FDHF hull, including an optional bulbous bow, from Van Oossanen, et al. [14]. 

                                                      

15 M/V Awesome: Caterpillar 3412E marine, weight 2533kg. Possible engine for design APPS8.280: Volvo 

Penta D11-510, weight 1145kg. Additional unquantified savings are available in gearbox, shaft and propeller. 
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While the FDHF is intended for much larger vessels than has been considered so far, it is an 

interesting design because the goal of its designer was also accessing speeds above the traditional 

displacement range, albeit not sustained operation in this range, and the Froude number 𝐹𝑟 = 0.6 

was considered as an upper target. Using the information published, the main particulars of the 

FDHF design presented in Table 9 can be derived16. 

Parameter Value Unit 

𝐿𝑊𝐿 40.7 𝑚  

𝐵𝑊𝐿 7.8 𝑚  

∇ 275.8 𝑚3  

𝑚 282700 𝑘𝑔  

Table 9 – Estimated main particulars of Van Oossanen's FDHF hull. 

An equivalent design using the APPS8.280 hull now needs to be formulated for the purpose of 

comparing performance. A number of possibilities exist in terms of defining the term “equivalent”: 

1. Same waterline length. The FDHF features a long bow overhang and scaling the 

APPS8.280 geometry this way produces a vessel 25% smaller in terms of displacement 

and shorter in overall length, which cannot be accepted as equivalent. 

2. Same length/displacement ratio 𝐿𝑊𝐿/∇
1/3= 6.25. As this quantity has long been identified 

as a significant factor in the resistance of hulls in the transition speed range, this approach 

must be considered. The APPS8.280 design achieves 𝐿𝑊𝐿/∇
1/3= 6.89 and would need to 

be loaded to 134% of its design displacement to match the FDHF, which is feasible. 

However, the designer of the FDHF fully intends to use a bulbous bow, the length of which 

is substantial and not taken into account when calculating both the Froude number and the 

length/displacement ratio. As the intent of the bulb is gaining a hydrodynamic advantage, 

comparing hulls of similar wetted length and displacement would seem to be a more 

sensible choice than heavily loading the APPS8.280 design. 

3. Same length/beam ratio 𝐿𝑊𝐿/𝐵𝑊𝐿 = 5.2 as used by the FDHF, in addition to also matching 

some other design values. This would reduce the displacement of the APPS8.280 hull to 

such an extent that no viable pathway appears to exist in this direction. It would also change 

                                                      

16 Van Oossanen’s paper indicates that 𝐹𝑟 = 0.6 equates to a speed 𝑣 = 23.3 𝑘𝑛𝑜𝑡𝑠. The waterline length is 

derived from this and the volumetric displacement from the relation 𝐿𝑊𝐿/∇
1/3= 6.25. The vessel mass is 

therefore equal to the displaced mass of sea water with 𝜌 = 1025 𝑘𝑔/𝑚3. 
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the proportions of the hull and the design would significantly differ from that produced by 

the optimiser. 

4. Same volumetric displacement, and therefore vessel mass. In this case, the waterline length 

of the optimised hull compares well with the wetted length of the FDHF with a bulb at the 

bow, as discussed above. This also happens to produce a hull of a substantially similar 

overall length, only beamier and more stable than the FDHF. Such a vessel would quite 

likely be more stable and incur higher resistance than necessary, a consequence of the fact 

that the APPS8.280 geometry was produced for a 20-metre overall length. 

Matching the volumetric displacement appears to be the most sensible choice as it also naturally 

results in a vessel of near identical overall and wetted lengths. The APPS8.280 geometry was 

therefore scaled uniformly to achieve the results presented in Table 10 for both designs. 

Parameter FDHF APPS8.280 Unit 

∇ 275.8 275.8 𝑚3  

𝑚 282700 282700 𝑘𝑔  

𝐿𝑂𝐴 (17) 46.6 46.2 𝑚 

𝐿𝑊 (18) 44.4 44.2 𝑚 

𝐿𝑊𝐿 40.7 44.2 𝑚 

𝐵𝑊𝐿 7.8 10.8 𝑚 

Table 10 - Main particulars of hull APPS8.280 at the design displacement of the FDHF hull in seawater. 

5.2.1 Hull Hydrodynamic Efficiency 

Since the FDHF hull performance data published by the authors uses the Telfer coefficient of 

Equation (30) and is therefore based on the Froude number, the FDHF should not suffer unfairly 

from hull APPS8.280 having a 8.6% longer waterline. In Figure 68, the Telfer coefficients19 for the 

APPS8.280 hull are overlaid on top of Van Oossanen’s plot for various configurations of the FDHF, 

with and without a bulbous bow and interceptor. The authors only performed RANS CFD 

calculations for the Froude numbers 𝐹𝑟 ≅ 0.34 and 𝐹𝑟 ≅ 0.6, and otherwise resorted to the panel 

code FS-Flow to obtain performance curves. Their plot shows that FS-Flow produced quantitatively 

                                                      

17 In absence of accurate guidance, the overall hull length of the FDHF was obtained graphically from Figure 

67 using the known length of the waterline. 

18 𝐿𝑊 is the hull wetted length, which includes the length of the bulb at the bow of the FDHF, also obtained 

graphically from Figure 67 using the known length of the waterline. 

19 A calculated allowance for surface roughness was added to the full-scale CFD total resistance, in keeping 

with the methodology and frictional coefficient 𝐶𝑅 = 0.0002 used in the FDHF calculations. 
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differing results and so only RANS CFD results will be compared. The low-speed Telfer coefficient 

of the APPS8.280 hull is close to the average RANS CFD results presented for the FDHF. At the 

higher Froude number 𝐹𝑟 = 0.6, the APPS8.280 design outperform the efficiency of the FDHF in 

its best configuration, with bulbous bow and interceptor. 

 

Figure 68 - Telfer coefficients for hull APPS8.280 overlaid on top of Van Oossanen’s FDHF comparison data for hulls 

with 𝐿/𝐵 = 5.2, background plot from Van Oossanen, et al. [14]. 

Van Oossanen’s plot also contains experimental data from their own database of displacement and 

semi-displacement hull tests, as well as data for Bailey’s NPL hull [15] with 𝐿𝑊𝐿/𝐵𝑊𝐿 = 5.2 (and 

𝐿𝑊𝐿/∇
1/3= 6.25 presumably). In spite of its higher aspect ratio, the APPS8.280 design still 

outperforms the NPL hull geometry for all Froude numbers 𝐹𝑟 ≤ 0.72, and 𝐹𝑟 ≤ 0.67 when it is 

retrofitted with a stern wedge. Its Telfer coefficients are also lower than achieved in all tests of 

semi-displacement hulls reported by Van Oossanen up to 𝐹𝑟 = 0.7. The optimised hull shape 

therefore appears to offer good efficiency in the transition speed range of interest in this work. 

5.2.2 Comparison of Resistance and Power Requirements 

Comparing the Telfer coefficients against the Froude number is not representative of the real-world 

outcome because the difference in waterline length allows the FDHF hull to travel at a lower speed 
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for the same Froude number as the length of its bulbous bow is never accounted for. Since both 

vessels share exactly the same displacement and have almost identical overall hull lengths, 

quantifying normalised total resistance 𝑅𝑇/𝑊 and propulsive power against boat speed represents 

a more realistic comparison of performance. In Table 11, the author presents numerical values for 

the FDHF hull obtained by digitising Van Oossanen’s RANS CFD data points in Figure 68. This 

allows to determine the absolute speed 𝑣 and normalised resistance 𝑅𝑇/𝑊, the resistance 𝑅𝑇 and 

the effective propulsive power 𝑃eff = 𝑅𝑇 ∙ 𝑣 for the FDHF hull in its various configurations and 

compare this against the APPS8.280 hull. 

 APPS8.280 FDHF (FDHF-APPS8.280) 20 

𝑣 [𝑘𝑛𝑜𝑡𝑠] 𝑅𝑇/𝑊 𝐹𝑟 𝑐𝑇𝐿 𝑅𝑇/𝑊  
Δ(

𝑅𝑇

𝑊
) Δ (

𝑅𝑇

𝑊
)

rel

 

13.0 0.0141 0.336 0.1344 0.0152 No bulb, 

interceptor 

0.1% 7.6% 

23.4 0.0552 0.603 0.1790 0.0651 1.0% 17.8% 

23.4 0.0552 0.603 0.1790 0.0651 Bulb, no 

interceptor 

1.0% 17.8% 

13.0 0.0141 0.336 0.1185 0.0134 Bulb, 

interceptor 

-0.1% -5.2% 

23.4 0.0552 0.603 0.1675 0.0609 0.6% 10.3% 

Table 11 - Comparative resistance of the FDHF and APPS8.280 hulls. 

At the lower speed, the total resistance of the FDHF without a bulb is 7.6% above that of the 

APPS8.280 design; when a bulbous bow is added, it performs 5.2% better; in both cases, the FDHF 

uses an interceptor. At the higher speed, the resistance of the FDHF is 17.8% above that of the 

optimised hull with either an interceptor or a bulb; if both are used together, this penalty reduces 

down to 10.3%. Van Oossanen’s design is targeting the lower cruising speed of 13 𝑘𝑛𝑜𝑡𝑠 and uses 

a bulbous bow to reduce the pressure resistance on the forebody rather than a longer waterline. It 

can be noted that the effective absolute resistance reduction achieved over the APPS8.280 hull at 

that speed only represents 1/1000th of the weight of the craft and equates to 20𝑘𝑊 of effective 

propulsive power, because the low-speed resistance is a small figure. This choice of a shorter 

waterline and reduced wetted surface area no longer holds at the higher speed, where either the 

bulbous bow or the interceptor produce the same inferior results and the combined use of both is 

still not enough to match the APPS8.280 hull geometry optimised for that speed. In this case, the 

                                                      

20 Definitions: Δ (
𝑅𝑇

𝑊
) = (

𝑅𝑇

𝑊
)
FDHF

− (
𝑅𝑇

𝑊
)
APPS8.280

 and Δ (
𝑅𝑇

𝑊
)
rel

=
Δ(𝑅𝑇/𝑊)

(
𝑅𝑇
𝑊

)
APPS8.280
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additional total resistance incurred by the FDHF is 1% of the vessel weight and would require an 

extra 329𝑘𝑊 in effective propulsive power, based on the best data that can be gathered. 

5.2.3 Stability and Scale Considerations 

The relatively high length/beam ratio of the FDHF practically confines the design to vessels having 

the dimensions of small ships for stability reasons. Van Oossanen observes that round bilge hulls 

tend to be less stable than their hard-chine counterparts and suggests increasing the beam of the 

FDHF by 8% to improve its stability. This would bring its length/beam ratio down to 𝐿𝑊𝐿/𝐵𝑊𝐿 ≅

4.8 and should be expected to increase its wetted surface and viscous resistance by a somewhat 

comparable amount due to its substantially flat bottom (Figure 69). It can be seen from the 

calculations for the APPS8.280 hull that viscous resistance represents about 53% of the total 

resistance at 𝐹𝑟 = 0.35 and 39% at 𝐹𝑟 = 0.6 and the effect of increasing the beam of the FDHF 

could easily exceed the author’s expectation of “a marginal increase in resistance (by about 

1.5%)”, but their use of the term “resistance” is not specifically defined in this context. Only 

widening the hull would also increase its displacement, but the operating costs of a motor yacht are 

incurred as a function of 𝑅𝑇, not 𝑅𝑇/𝑊 or the Telfer coefficient 𝑐𝑇𝐿. 

 

Figure 69 – Van Oossanen's FDHF geometry, from Van Oossanen, et al. [14]. 

Conversely, the APPS8.280 hull is likely to be unnecessarily beamy at this scale, because it was 

intended for a vessel of less than half of the length of the FDHF and the stability limit criterion 

employed is overly conservative when it comes to hulls with flared sides. As introduced earlier in 

Section 3.5.1, a change in hull length by a scale factor 𝜆𝐿 typically requires the hull beam to vary 

by 𝜆𝐿
0.7

 to obtain a comparable vessel. In the case of the APPS8.280 hull, scaling its length by 

approximately a factor of 2 would lead to increasing its length/beam ratio from 𝐿𝑊𝐿/𝐵𝑊𝐿 ≅ 4.1 to 

𝐿𝑊𝐿/𝐵𝑊𝐿 ≅ 5.0 and allow designing a narrower and deeper hull of the same displacement. In this 
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case, the difference in hydrodynamic performance with the FDHF should be expected to increase 

further at all speeds due to a reduced wetted surface and possibly lesser pressure effects. A new 

optimisation procedure should be undertaken using a lower stability target and the correct full-scale 

hull length and the process could lead to a different hull shape. 

5.2.4 Conclusions 

Comparing Van Oossanen’s FDHF and the fast pure-displacement hull APPS8.280 is complicated 

by the fact that the two designs were intended for vessels of very different lengths and larger vessels 

can generally use relatively narrower hulls and remain sufficiently stable. The FDHF also makes 

use of a bulbous bow and stern wedge, features that were never considered in the current process. 

The author also wants to point out that the FDHF data used originated from a different numerical 

model and the degree of agreement for a given hull form between the RANS calculations in this 

thesis and those performed for the FDHF is unknown. The author only observed that the low-speed 

results (𝐹𝑟 ≅ 0.35) from each numerical model for hull forms of identical displacement and sharing 

a common design intent were similar and this provides some confidence. The numerical model 

developed in this work also produced a pressure resistance coefficient extremely consistent with 

earlier results at smaller scale when the Reynolds number was increased by a factor of about 3 to 

simulate the APPS8.280 hull at the scale of the FDHF and so there are no reasons to question its 

behaviour. 

The comparison with the FDHF is greatly facilitated by the fact that, in spite of being intended for 

a 20-metre long vessel, the APPS8.280 hull practically matched the FDHF at low speed and 

outperformed it at 𝐹𝑟 = 0.6 in every way considered and the use of a bulbous bow and interceptor 

could not change this by a significant margin. It would have been desirable to have a data point in 

the region 0.45 ≤ 𝐹𝑟 ≤ 0.5 for the FDHF, where controlling the rate of the resistance increase is 

challenging. More importantly, new avenues for reducing resistance would open here if specifically 

designing for the length and stability requirements of the FDHF. On the other hand, as the stability 

of the FDHF as it was simulated is marginal, its hull should be made beamier and this would reduce 

its performance. 

The author concludes that the APPS8.280 geometry outperforms the FDHF and the difference with 

the FDHF design would increase further if the process used in this thesis was applied specifically 

to the design of such large motor yachts. 
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5.3 Comparison with the NPL Hull 

The NPL hull geometry was used by Bailey [15], who published experimental residuary resistance 

curves (Figure 70) for selected length/beam ratios as a function of the length/displacement ratio 

𝐿𝑊𝐿/∇
1/3. The residuary resistance was obtained by subtracting the calculated viscous component 

obtained using the ITTC-1957 frictional resistance coefficient formula (88). The curves are 

presented for constant volumetric Froude numbers21 𝐹𝑟∇ = 𝐿𝑊𝐿/(𝑔 ∙ ∇1/3). The author extracted 

the residuary resistance coefficients 𝑅𝑅/𝑊 of the NPL hull at the length/displacement ratio 

𝐿𝑊𝐿/∇
1/3= 6.89 of the APPS8.280 hull from Bailey’s graphs [15, fig. 7 & 8] for the length beam 

ratios 𝐿𝑊𝐿/𝐵𝑊𝐿 = 4.55 and 𝐿𝑊𝐿/𝐵𝑊𝐿 = 5.41 respectively. Bailey’s data was then replotted as a 

function of the length Froude number in Figure 71 for the purpose of comparing it with the residuary 

resistance values, also obtained by subtracting the ITTC-1957 viscous resistance estimate from the 

APPS8.280 total resistance from CFD for consistency22. 

                                                      

21 The volumetric Froude number is more commonly used in the context of planing craft. At the 

length/displacement figure of 𝐿𝑊𝐿/∇
1/3= 6.89 of the APPS8.280 hull, we have 𝐹𝑟 = 0.381 ∙ 𝐹𝑟∇. For the 

sake of consistency, the author converted the units used by Bailey [15] to SI and non-dimensionalised them 

when required. 

22 The author started with 20-metre full-scale resistance data in this case, while Bailey’s data comes from 

model tests. Using this full-scale data is the best available option, short of carrying out a set of model-scale 

CFD calculations for the optimised hull at the size of the NPL models. Reliance was therefore placed on the 

ITTC-1957 viscous resistance estimate at the full-scale Reynolds number of the APPS8.280 hull to obtain 

residuary resistance figures. 
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Figure 70 - Side elevation and body plan for the parent NPL hull geometry, from Bailey [15]. 

 

Figure 71 - Residuary resistance coefficients 𝑅𝑅/𝑊 from Bailey [15] for the NPL hull and data for hull APPS8.280. 

We can see that the value of the residuary resistance for the APPS8.280 design starts lower and 

stays below both NPL hulls up to 𝐹𝑟 = 0.67 approximately. In the higher speed range, the plot 

suggests that the behaviour of the optimised hull changes significantly as the residuary resistance 

of the NPL hulls increases much more slowly. Using piecewise linear interpolation on the NPL 

data, values were extracted for the NPL hulls at the Froude numbers used in the simulations of hull 
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APPS8.280 and the differences relative to the optimised hull were plotted in Figure 72. The NPL 

hull of relevance in this comparison is the beamier one, as its initial stability would be most 

comparable23. The most interesting feature is the presence of a local minimum of −16% in the 

relative residuary resistance at the Froude number 𝐹𝑟 = 0.6 the hull was optimised for. This 

suggests that the optimisation process may have exploited a wave cancellation mechanism and 

tuned it for that speed. This clearly no longer works at higher Froude numbers. 

 

Figure 72 - Relative difference in residuary resistance 𝑅𝑅/𝑊 between hull APPS 8.280 and two NPL hulls of identical 

length/displacement ratio. 

The length of the bow wave, in the absence of other pressure effects altering it, should be expected 

to increase with the square of the velocity, as discussed in Appendix A, Section A.3.2. In Section 

3.3.2, the relation between streamline curvature and pressure was discussed, as well as its effect on 

the elevation of the free-surface. When the author designed the parametric hull model of Section 

3.6, it was envisioned that the optimiser might try to depress the free-surface in the region where 

the bow wave might otherwise reach a peak elevation and it was made sure that the parameters 

controlling the curvature of the buttocks had sufficient range. This effect is illustrated in Figure 73, 

where the flared sections of the optimised hull greatly magnify the effects of the speed-related 

variations in free-surface elevation on the shape of the waterplane. The same waterplane shown for 

𝐹𝑟 = 0.6 could be achieved with narrower hull sections above the waterline and the distortion 

                                                      

23 The data in Bailey [15] also contains data for hulls with 𝐿𝑊𝐿/𝐵𝑊𝐿 = 3.33, but this is too low and for all 

intents and purposes, it is not needed. 
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observed at 𝐹𝑟 = 0.8 would not be so prominent; it is important however to remember that little 

volume is generally displaced in the outward parts of the optimised hull. 

Side elevations of the hull and free surface for the same speeds are shown in Figure 74 using a 

parallel projection. We can see that the length of the bow wave formation indeed increases 

considerably with speed. At the same time, the surface elevations in Figure 73 clearly show that 

only a thin sheet of water climbs up the hull forward and only a very small volume of water is 

involved. When the Froude number exceeds 𝐹𝑟 = 0.6, a point can be reached where the flow 

phenomena at the rear of the bow wave interfere with the flare in the hull above the static waterline 

and the chine; the hull shape should clearly be different in this area for higher speeds. 

 

 

 

Figure 73 - Underwater plan view of the dynamic free-surface around hull APPS8.280 at three different Froude 

numbers. 

𝐹𝑟 = 0.6 

𝐹𝑟 = 0.7 

𝐹𝑟 = 0.8 
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Figure 74 – Side elevation of the dynamic free-surface around hull APPS8.280 at three different Froude numbers. 

When the similar hull AMC 16-12 was tested in the towing tank and head waves were introduced 

at the Froude number 𝐹𝑟 = 0.6, the waves lifted the entire hull without changing the way it was 

operating. The bow wave structure, on the other hand, doesn’t produce such buoyancy effects and 

an examination of the heave curve for the APPS8.280 hull reveals sinkage persisting up to 𝐹𝑟 =

0.85; in other words, it only begins to produce dynamic lift for 𝐹𝑟 ≥ 0.9. The most comparable 

NPL hull, on the other hand, begins to produce dynamic lift approximately from 𝐹𝑟 = 0.7 already 

[15, fig. 22] and this coincides with it starting to develop an advantage over the design developed 

in this thesis. 

5.4 Non-Dimensional Design Coefficients 

In the historical work covered in Section 3.2, researchers attempted to correlate experimental hull 

resistance with traditional non-dimensional design ratios, and often performed systematic 

variations for some of these parameters. On the other hand, this work was started by focusing on 

streamline curvature and pressures and ignored these design coefficients, with the exception of 

adopting constraints that resulted in a constant length/displacement ratio 𝐿𝑊𝐿 ∇1/3⁄ . Data for 

systematic variations of these design ratios is not available, but a computational dataset containing 

769 different hulls is and this is a very large figure when compared to the number of geometries 

found in experimental series. The author will now consider some of the hull form coefficients most 

commonly investigated in the literature pertaining to fast round-bilge displacement hull forms, 

which are summarised in Table 12, with any new quantities being defined in the following sections. 

𝐹𝑟 = 0.8 

𝐹𝑟 = 0.7 

𝐹𝑟 = 0.6 
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As all the simulation data pertains to the Froude number 𝐹𝑟 = 0.6, the discussion is specific to that 

speed. 

Design Coefficient Definition Lower 

Value 

Value at 

Optimum 

Upper 

Value 

Volumetric Distribution & 

Centres 

    

Longitudinal centre of 

buoyancy 
𝑥𝐶𝐵/𝐿𝑊𝐿 0.482 0.545 0.607 

Longitudinal centre of 

flotation 
𝑥𝐶𝐹/𝐿𝑊𝐿 0.562 0.621 0.630 

Prismatic coefficient 𝐶𝑃 = 𝐿𝑊𝐿 ∙ 𝐴𝑋/∇ 0.522 0.648 0.687 

Block coefficient 𝐶𝐵 = ∇/(𝐿𝑊𝐿 ∙ 𝐵𝑊𝐿 ∙ 𝑇) 0.259 0.333 0.472 

Area Ratios     

Maximum cross-sectional 

area coefficient 
𝐶𝑋 = 𝐴𝑋/(𝐵𝑊𝐿 ∙ 𝑇) 0.390 0.513 0.773 

Waterplane coefficient 𝐶𝑊𝑃 = 𝐴𝑊/(𝐿𝑊𝐿 ∙ 𝐵𝑊𝐿) 0.569 0.669 0.770 

Transom immersion area 

ratio 
𝐴𝑇/𝐴𝑋 0.0 0.279 0.633 

Aspect Ratios     

Length/beam ratio 𝐿𝑊𝐿/𝐵𝑊𝐿 3.55 4.09 4.57 

Beam/draft ratio 𝐵𝑊𝐿/𝑇 5.01 6.18 7.84 

Transom draft/hull draft ratio 𝑇𝑇/𝑇 0.0 0.1875 0.5 

Immersed transom aspect 

ratio 24 
𝐴𝑇/𝑇𝑇

2  11.1 26 147 

Table 12 - Hull design coefficients in hull optimisation dataset. 

The design ratios produced during the optimisation are plotted against the normalised total 

resistance from Figure 75 to Figure 85. The plots reveal two clusters of results, which follows from 

the restart of the optimiser discussed in Section 4.5.2. The data from a third restart – unsuccessful 

at improving the best solution – was also included and represents a cross-sectional exploration of 

the solution space centred on the best design. Since it is also interesting to compare the values 

reached during the optimisation process with the ranges used in past experimental work, 

comparative plots were added when such data was available. Ping-Zhong, et al. [27] offer a 

summary for some of these hull shape coefficients, which was complemented with data from Van 

                                                      

24 The immersed transom aspect ratio is not a commonly found quantity. The author created it to gain an 

insight into the shape of the immersed transom areas in the optimiser’s dataset. 
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Oossanen and Pieffers [8] for the more recent MARIN series, as well as Bojovic [10] for the related 

AMECRC series. The data from this body of work is reported as the APPS series. 

Plotting the dataset produced by the optimiser shows that no direct correlation ever exists between 

the value of any given design coefficient and resistance, as illustrated by the considerable vertical 

scatter present in the resistance results, when enough samples are available for a given value. 

However, the data appears to form into Pareto fronts, where the resistance of the designs stays 

above a minimum related to the value of the coefficient. Solutions located on a Pareto front are 

deemed non-dominated, as any changes in other parameters only makes them worse. Here, the 

claim of having accurately identified Pareto fronts for each design ratio cannot be made, because 

comprehensively exploring a design space of such high dimensionality is practically impossible 

and the aim was producing designs for the lowest resistance, not for values of these coefficients. 

However, we can observe that, in many cases, a very dense clustering of solutions failed to reach 

below a minimum resistance value, which suggests that the value of the design coefficient may 

indeed be limiting. Several of these Pareto fronts even appear to have formed into a convex 

envelope, which suggests the existence of an optimal value of the coefficient. 

The results obtained for each coefficient will now be specifically discussed. 

5.4.1 Volumetric Distribution Coefficients 

The volume distribution in the hulls produced in this work was able to be significantly manipulated 

through changes in section shape, the degree of transom immersion and the position of the turn in 

the keel line, only to name some of the main contributing factors. As a result, the position of the 

centre of buoyancy (Figure 75), centre of flotation (Figure 76) and the prismatic coefficient (Figure 

77) also covered broad ranges of values. 

Some of the computational experiments carried out in this thesis suggested that the resistance of 

fast pure displacement hulls is quite sensitive to the position of the centre of buoyancy. Figure 75 

shows considerable exploration leading to an optimal position for 𝑥𝐶𝐵/𝐿𝑊𝐿 = 0.545. This 

generally agrees with the references mentioned in Section 3.4.5 and we can indeed observe 

significant hull resistance gradients on either side of the minimum. The optimiser produced a large 

number of designs with the centre of buoyancy located further aft, but without success. 

The prismatic coefficient is a measure of the fullness of the ends of the hull and Figure 77 suggests 

that its value should be 𝐶𝑃 ≅ 0.65. The optimiser quickly stopped producing designs falling above 

this value, in spite of the fact that it would have also been easy to do so by increasing the immersion 

of the transom for example. However, transom immersion has its own influence on pressure 

resistance, as discussed in Section 3.3.4, and the algorithm had access to enough shape control 
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variables to be able to influence both aspects independently. At 𝐶𝑃 = 0.648, the optimal prismatic 

coefficient is also within the ranges used in past experiments, but slightly above 𝐶𝑃 = 0.636 

suggested by Fung [29] for the Froude number 𝐹𝑟 = 0.6 and also above the constant values 𝐶𝑃 ≅

0.63 adopted for the modern MARIN [9] and AMECRC [10] systematic series. 

The block coefficients of the hulls produced in this work stand out as noticeably lower than any 

others used in experimental series in Figure 78. The ability to produce convex-concave section 

curves allowed reducing the hull volume within the bounding box in ways that are not possible with 

the simpler geometries generally used in experimental hull series. The optimiser appears to have 

exploited this feature extensively. The plot shows that considerable exploration took place above 

the optimum value 𝐶𝐵 = 0.329, only to reveal a relatively steep resistance increase. 

In Figure 76, we can see that moving the position of the centre of flotation 𝑥𝐶𝐹/𝐿𝑊𝐿 further aft 

steadily reduces resistance, but the distribution doesn’t convincingly suggest an optimum. If the 

waterplane was a perfect triangle, as in the transonic hull shape of Section 3.4.2, the centre of 

flotation would be located at 𝑥𝐶𝐹/𝐿𝑊𝐿 = 2/3. We can see that the designs produced by the 

optimiser didn’t reach such values. The best design was found at 𝑥𝐶𝐹/𝐿𝑊𝐿 = 0.621 and its 

waterplane is indeed significantly triangular with remarkably straight waterlines (see Section 4.5.3, 

Figure 54). While the distribution of the data appears to suggest that higher values could lead to 

less resistance, the algorithm didn’t find a pathway in this direction, for example by evolving 

concave waterlines forward or increasing the waterline beam at the transom. The position of the 

centre of flotation is a parameter that has received comparatively less attention in experimental 

research and its value was not always reported. Kapsenberg [9] indicates values in the range 

𝑥𝐶𝐹/𝐿𝑊𝐿 = [0.57, 0.592] for the MARIN systematic series when the block coefficient was varied. 

Most of the data produced here lies above  𝑥𝐶𝐹/𝐿𝑊𝐿 = 0.6, which requires the maximum waterline 

beam to be located well aft, and it appears to exceed what experimental hulls achieved. In practical 

terms, the centre of flotation reflects the longitudinal position where the hull can be loaded without 

altering its trim and the ability to load further astern without compromising trim is generally 

valuable as deck area is commonly available aft. 
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Figure 75 – Longitudinal position of the centre of buoyancy 𝑥𝐶𝐵/𝐿𝑊𝐿 versus normalised total resistance 𝑅𝑇/𝑊 and 

comparison with experimental hull series. 

 

 

Figure 76 – Longitudinal position of the centre of flotation 𝑥𝐶𝐹/𝐿𝑊𝐿 versus normalised total resistance 𝑅𝑇/𝑊. 
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Figure 77 – Prismatic coefficient 𝐶𝑃 versus normalised total resistance 𝑅𝑇/𝑊 and comparison with experimental hull 

series. 

 

  

Figure 78 – Block coefficient 𝐶𝐵 versus normalised total resistance 𝑅𝑇/𝑊 and comparison with experimental hull 

series. 

5.4.2 Sectional Area Coefficients 

The waterplane area coefficient 𝐶𝑊𝑃, which reflects the fullness of the waterplane when compared 

to its bounding rectangle, is plotted in Figure 79. A perfectly triangular waterplane would achieve 

a value of 𝐶𝑊𝑃 = 0.5. Ship hull forms typically have high values due to parallel sides in the mid-
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body and considerations towards load-carrying ability for a given hull length; the AMECRC hulls 

used a constant 𝐶𝑊𝑃 = 0.796 [10] and reported values in the MARIN series [9] are 𝐶𝑊𝑃 =

[0.77, 0.82]. In contrast, the hulls produced in this work mostly grouped between 0.66 and 0.69 

approximately. This, together with the relatively high value of 𝑥𝐶𝐹/𝐿𝑊𝐿, suggests that hulls with 

somewhat triangular waterplanes were consistently found to be superior. 

Similarly, the cross-sectional area coefficients plotted in Figure 80 reflect how close to rectangular 

(𝐶𝑋 = 1.0) the maximum immersed hull cross-sectional areas were. A triangular cross-section 

would achieve a value of 0.5. The geometric cross-sectional model employed here imposed zero 

deadrise, which excluded triangular sections, but the distribution of the results shows the optimiser 

striving to reduce the hull cross-section for its beam and depth and it identified the best designs 

near 𝐶𝑋 = 0.5. In the presence of a zero-deadrise condition, this is only achievable with maximum 

cross-sections featuring reverse curvature and the hulls produced by the optimiser clearly evolved 

towards such shapes. 

The value of the ratio of the immersed transom area 𝐴𝑇 to the maximum immersed cross-sectional 

area 𝐴𝑋, as well as the immersed transom aspect ratio, are elements that have been the object of 

recent research [39], but the strong coupling that exists between the transom design and the 

prismatic coefficient and location of the longitudinal centre of buoyancy complicates these 

investigations. The immersion depth of the transom in the hull parametric model was directly set 

through the model parameter 𝑇𝑟𝑎𝑛𝑠𝑜𝑚_𝑍𝑟𝑒𝑙 = 𝑧Transom/𝑧Keel and its aspect ratio indirectly 

through 𝐶ℎ𝑖𝑛𝑒𝑇𝑟𝑎𝑛𝑠𝑜𝑚_𝑌𝑟𝑒𝑙. This caused the step changes performed by the algorithm to be very 

apparent in the distribution of the results in Figure 81. The algorithm explored hulls with no transom 

immersion and then converged towards 𝐴𝑇/𝐴𝑋 ≅ 0.18. When the optimiser was restarted from the 

best design found so far, it explored the design space again and found better hulls that required 

𝐴𝑇/𝐴𝑋 ≅ 0.28 for minimum resistance. The plot shows that the range of values explored exceeded 

what the experimental series of fast round-bilge displacement hulls used, but the optimum was 

found close to the value 𝐴𝑇/𝐴𝑋 = 0.296 adopted for the AMECRC series [10]. 

In section 3.3.4, the aspect ratio of immersed transoms was discussed in the context of the 

computational experiments carried out by Orych and Larsson [39]. The transom aspect ratio can be 

quantified by dividing the transom immersed area 𝐴𝑇 by the square of the transom draft 𝑇𝑇, in 

which case a “square” transom would achieve a value of 1.0 and wide, shallow, transoms higher 

values. As this is not a quantity commonly reported, plotting the distribution achieved by the subset 

of the hulls that had immersed transoms in Figure 82 is all that can be done. As observed earlier 

with 𝐴𝑇/𝐴𝑋, the data has formed into two clusters again, which suggests that the best transom 
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aspect ratio is tied to other aspects of the hull shape, but the values are high and indicate broad 

sterns and shallow transoms. 

 

Figure 79 – Waterplane area coefficient 𝐶𝑊𝑃 versus normalised total resistance 𝑅𝑇/𝑊. 

 

Figure 80 – Maximum cross-sectional area coefficient 𝐶𝑋 versus normalised total resistance 𝑅𝑇/𝑊. 

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.56 0.58 0.6 0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76 0.78

R
T/

W

CWP

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

R
T/

W

CX



 

5.4  NON-DIMENSIONAL DESIGN COEFFICIENTS 

109 

  

Figure 81 - Transom immersion area ratio 𝐴𝑇/𝐴𝑋 versus normalised total resistance 𝑅𝑇/𝑊. 

 

Figure 82 – Immersed transom aspect ratio 𝐴𝑇/𝑇𝑇
2  versus normalised total resistance 𝑅𝑇/𝑊. 
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stability constraint. None of those were very successful. When compared to experimental series, 

the hulls considered here are also flatter with a significantly higher beam/draft ratio and a lower 

length to beam ratio than commonly found, except for Bailey’s NPL series [15], which included 

both extremely flat and beamy designs. 

The same comments made regarding the transom immersion area ratio 𝐴𝑇/𝐴𝑋 apply to the ratio of 

the transom draft to the hull draft 𝑇𝑇/𝑇. 

  

Figure 83 – Length/beam ratio 𝐿𝑊𝐿/𝐵𝑊𝐿 versus normalised total resistance 𝑅𝑇/𝑊. 

  

Figure 84 – Beam/draft ratio 𝐵𝑊𝐿/𝑇 versus normalised total resistance 𝑅𝑇/𝑊. 
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Figure 85 – Transom draft/hull draft ratio 𝑇𝑇/𝑇 versus normalised total resistance 𝑅𝑇/𝑊. 

5.4.4 Relevance of the Design Coefficients 

The distributions of the design coefficients shown above frequently suggests that all the best 

designs were found in the vicinity of specific values. However, the significant variability in the 

performance of the hulls for any of these optimal values shows that designing for any these values 

is not enough to obtain a low resistance hull. This naturally prompts the question of whether such 

fast round-bilge displacement hulls could successfully be designed by designing for all these values 

as a combination, as well as following the shape principles stated in Section 3.5.3. 

In order to test this hypothesis, one can try to assess whether all low resistance designs were found 

close to the optimum when the solution space is built upon the design coefficients, rather than the 

geometric parameter vector used to construct the hulls. The designs 𝐷𝑗 are first remapped into a 

new normalised solution space centred on the best design 𝐷𝑜𝑝𝑡, with ℎ⃗ 𝑗 = (ℎ1,𝑗, ℎ2,𝑗, … , ℎ𝑞,𝑗) ∈ ℝ𝑞 

built upon the 𝑞 design coefficients 𝐶𝑖,𝑗,  1 ≤ 𝑖 ≤ 𝑞. Each design coefficient 𝐶𝑖,𝑗 within the dataset 

is normalised using Equation (34) to obtain ℎ𝑖,𝑗, where 𝐶𝑖,𝑜𝑝𝑡 represents the value of the design 

coefficient for the best design and 𝐶𝑖,𝑚𝑖𝑛 and 𝐶𝑖,𝑚𝑎𝑥 are its minimum and maximum values reached 

in the dataset: 

 
ℎ𝑖,𝑗 =

𝐶𝑖,𝑗 − 𝐶𝑖,𝑜𝑝𝑡

𝐶𝑖,𝑚𝑎𝑥 − 𝐶𝑖,𝑚𝑖𝑛
 (34) 

The best design 𝐷𝑜𝑝𝑡 is by definition at the origin and the separation distance 𝑑𝑗 between 𝐷𝑜𝑝𝑡 and 

each design 𝐷𝑗 is defined in terms of its Euclidean distance (35): 
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𝑑𝑗 = √∑ℎ𝑖,𝑗
2

𝑞

𝑖=1

 (35) 

The following 𝑞 = 10 design coefficients 𝐶𝑃, 𝐶𝐵, 𝐶𝑋, 𝐶𝑊𝑃, 𝑥𝐶𝐵/𝐿𝑊𝐿, 𝑥𝐶𝐹/𝐿𝑊𝐿, 𝐿𝑊𝐿/𝐵𝑊𝐿, 𝐵𝑊𝐿/𝑇, 

𝑇𝑇/𝑇 and 𝐴𝑇/𝐴𝑋 were selected before plotting the normalised resistance of all 769 designs as a 

function of their distances 𝑑𝑗 from the best hull in Figure 86. The distribution shows that all the low 

resistance hulls were indeed found in the same region of the hull coefficients space, in the vicinity 

of the best design. However, the scatter in the resistance results for small values of 𝑑𝑗 indicates that 

the coefficients considered do not guarantee low resistance. A number of designs almost as good 

as the best one were found within 𝑑𝑗 ≤ 0.1 and, conversely, a design with 4.5% more resistance, 

namely APP8.368, exists within 𝑑𝑗 ≤ 0.01. Both the hull of APPS8.368 and the best hull 

APPS8.280 are shown superimposed in Figure 87 to highlight the shape differences in spite of near-

identical design coefficients: in essence, APPS8.280 is slightly fuller deeper forward and finer 

closer to the waterline. APPS8.368 is very slightly deeper and narrower throughout. The difference 

in resistance mostly arises from the pressure over the forebody and provides a striking confirmation 

for the comments made by Molland, et al. [46, p. 323] about the disadvantage of carrying 

displacement closer to the waterline in the forebody. 

Built-in constraints in the hull design adopted in this work, such as the geometric shape of the keel 

line, were intended to focus the design effort on hulls with particular characteristics for 

hydrodynamic reasons. If these constraints were relaxed, the scatter in the results would be likely 

to increase further. 
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Figure 86 – Normalised total hull resistance 𝑅𝑇/𝑊 as a function of a normalised distance from the best non-

dimensional hull design coefficients. 

 

Figure 87 - Hulls APPS8.280 (red) and APPS8.368 (grey) superimposed. Both hulls share almost the exact same non-

dimensional design coefficients, but differ by 4.5% in total resistance. 
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changes in the forebody can have very meaningful effects for the same set of non-dimensional 

design coefficients. 

In the context of an attempt at global optimisation of hull shapes, some of these design coefficients 

could arguably be considered to formulate heuristics to filter out designs without potential and 

speed up the optimisation process by not computing flow solutions for them. The longitudinal 

position of the centre of buoyancy 𝑥𝐶𝐵/𝐿𝑊𝐿 and the prismatic coefficient 𝐶𝑝 not only appeared to 

be particularly meaningful in this regard, but also agreed very well with results derived by others 

who worked with very different hull forms and they would represent good candidates for guiding a 

search process. 

In conclusion, it appears that achieving correct values for at least some of these design ratios is a 

necessary condition, but it is insufficient and a general regression-based estimation of the resistance 

of fast displacement hulls looks bound to fail. 
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Chapter 6 

Discussion 

In this chapter, the results and methodology presented throughout Chapter 2 to Chapter 4 are 

discussed. The objective of the research was identifying round-bilge pure-displacement hull shapes 

suitable for small craft operating in the transition speed range and assessing whether the current 

production of hard-chine semi-displacement hulls used in modern fishing boats could be 

outperformed significantly without sacrificing stability and load-carrying ability. The answer to 

this question is positive: not only are considerable reductions in resistance possible, but a pure-

displacement version of such craft can carry heavy loads at much higher speeds and at a lower cost. 

Many contemporary semi-displacement fishing boat designs inspired from the Western Australian 

lobster boats have much in common with planing craft hulls and perform poorly in the transition 

speed range. When compared with displacement hulls, they also perform very poorly at the lower 

speeds in terms of economy and they require a large power increase to carry loads at speed. None 

of these characteristics are desirable in a fast workboat. Furthermore, the hull developed in this 

work has its centre of flotation located substantially further aft and is more suited to be loaded over 

the afterdeck without trimming by the stern, a condition that was observed to be detrimental at all 

but very high speeds. 

6.1 Implementation 

The use of high-fidelity RANS CFD for hull shape optimisation is a developing field due to the 

issue of the computational cost associated with obtaining results. Potential flow codes have long 

been used to optimise the forebody of ships, but their drawbacks are incorrect solutions in the stern 

region and results being limited to pressure resistance. By optimising using viscous flow 

calculations, the interactions between the boundary layer and the free-stream can be taken into 

account at the actual scale of the vessel and trade-offs between viscous and pressure resistance can 

be resolved, as well as performing a meaningful stern shape optimisation. 

In Appendix B and Appendix F, techniques were developed which allowed to obtain high-fidelity 

RANS CFD solutions for the flow around full-scale hulls. When these methods were combined 

with a parallel search and optimisation algorithm in Chapter 4, so that many different hull shapes 

could be evaluated simultaneously, the solution times became acceptable. In order to eliminate the 

overhead of computing flow solutions for hulls that would not meet the defined displacement and 

stability objectives, a methodology was also devised to ensure that only design candidates that met 
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the assigned constraints were ever produced in Chapter 3. These measures significantly increased 

the efficiency of the optimisation process and typically allowed to converge on an optimum within 

hundreds of design evaluations. 

These techniques were applied to carry out a search and optimisation process to develop a new fast 

pure-displacement hull for an existing 20-metre hard-chine semi-displacement commercial fishing 

boat. A hull was obtained with approximately half of the resistance of the one in service and a 

significantly better load-carrying ability. Such a craft would require a much smaller power plant 

and carry significantly less fuel; both its initial capital cost and its operating cost would be notably 

lower.  

Furthermore, in Chapter 5 it was shown that performance for this geometry exceeded Bailey’s NPL 

hull, Van Oossanen’s Fast Displacement Hull Form (FDHF) and another hard-chine semi-

displacement hull design in service in the New Zealand fishing industry over a broad range of 

speeds. 

6.2 CFD Modelling of Fast Pure Displacement Hulls 

Modelling displacement marine surface craft is a well-established application of RANS CFD and 

its implementation is outlined in Chapter 2 and described in detail in Appendix B. A Volume-of-

Fluid approach was employed to model both the water and the atmospheric region together. An 

overset mesh technique was also relied upon to dynamically solve the floating body problem and 

determine the attitude of the hull, as is commonly done when simulating planing craft. This 

introduced a performance penalty that would have been avoided, if the mesh had been able to be 

deformed instead, but the Star-CCM+ flow solver used proved numerically much more robust this 

way when modelling craft above displacement speeds. 

It was identified that, even in the case of hulls leaving a very low wake at speed, the progression of 

these fast displacement hulls through the water produces velocity disturbances that encroach very 

deeply in the body of water. These create a need to model the deep water in much more detail than 

is commonly done in hydrodynamic simulations of both slow displacement and fast planing craft 

and it was found that failing to model the deep water correctly resulted in oscillatory solutions and 

poor results. 

Modelling the flow around these vessels at full-scale proved more challenging than for model-scale 

hulls. The much higher Reynolds numbers involved forced to rely on the turbulence model being 

valid near the hull surface to a greater extent. More importantly, it was found that scaling up the 
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geometric size of the problem appeared to also significantly degrade the way it was numerically 

conditioned within the Star-CCM+ solver. Appendix F shows that this issue could be circumvented 

by altering the fluid properties rather than the geometry, so a model-scale simulation could be 

performed at the correct Reynolds number and become representative of the full-scale flow. In such 

a case, the resistance forces become proportional to the cube of the geometric scale factor and the 

extrapolation to the full-scale result becomes trivial. Such model-scale calculations at full-scale 

Reynolds numbers took significantly less time to complete than solving the corresponding full-

scale problem, were more robust and proved key in making the numerical hull optimisation problem 

tractable. 

The hull shapes investigated had very little curvature in the stern region for the hydrodynamic 

reasons discussed in Chapter 3. This made the prospect of flow separation in this area unlikely and 

helped support the use of wall functions. Wall functions play an important role in such Volume-of-

Fluid simulations due to the numerical ventilation issues that arise when trying to mesh very close 

to the hull, a problem that is further magnified when the velocities are high, as they were in this 

work. As a result, the numerical model developed was suitable for the type of hull considered, but 

it wasn’t validated for use with hulls that would produce flow separation, such as hulls with deeply 

immersed transoms travelling at low speeds. 

6.3 Hull Design by Optimisation 

In Chapter 3, the basic principles used in the design of the hull were developed, but unlike in a 

traditional hull design approach, no attempt was made to quantify the shape of the hull and this was 

left to the optimisation process. Constraints were imposed in order to obtain a craft of a set length, 

displacement and initial stability, because this appeared to be a practical way of achieving the 

requirements of a workboat in service, but such constraints are also the minimum necessary to 

prevent the hull from becoming impractically light and/or narrow. The author hypothesised that, at 

the transition speeds of interest, the production of hydrodynamic lift would be inefficient and would 

increase hull resistance. As a result, geometric constraints were also imposed on the shape to 

minimise the production of hydrodynamic lift as well as to exclude hulls with characteristics 

obviously harmful to performance. This increased the relevance of the design space. 

The main driver for then optimising the entire hull shape in a single step, rather than focusing on 

parts of it like its forebody or using an incremental approach, was allowing the flow calculations to 

shape the hull as much as possible and discover whether something could be learned from the result. 

The key points of distinctions between common fast round-bilge displacement hulls and the design 
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obtained from this work are the reversal in curvature in most of the cross sections and the near-

triangular waterplane. The additional degrees of freedom in the cross-section permitted unusual 

shapes for the hull volume, which became very apparent afterwards when the traditional non-

dimensional design coefficients of the optimised hull developed here were compared with those of 

other hulls in Section 5.4. Of all the design coefficients considered, only the longitudinal centre of 

buoyancy and the prismatic coefficients were found to be close to expected values; they were in 

fact strikingly comparable to that used in the modern MARIN experimental series [9]. This suggests 

that the other coefficients, such the block and cross-sectional area coefficients, are shape-

dependent, if they have optimums at all, and can’t be relied upon, unless the designer is also using 

a traditional hull form. The results obtained here suggest that the longitudinal position of the centre 

of buoyancy and the value of the prismatic coefficient may be more universally applicable and may 

remain meaningful and important across very different hull shapes. Molland, et al. [46, pp. 315-

317] explain that the boundary layer contributes to suppressing the waves produced by the 

afterbody. Up to a point, the pressure resistance over the forebody can be reduced by moving the 

centre of buoyancy aft of midships with benefits which exceed the increase in pressure resistance 

at the stern; this mechanism applies to displacement hulls in general and so it remains unaffected 

by the shape of the hull sections. 

6.3.1 Hull Shape Considerations 

An interesting outcome of this work is that the hull shape that was derived differs from the 

commonly investigated fully-convex geometries. The parametric model created had considerable 

latitude for modelling complex hull sections, but it was just as capable of producing common fully 

convex and box-shaped sections. The hull from Section 3.6.3 used as the seed for optimisation was 

in fact fully convex aft of midships. The optimiser did explore hulls with a reduced beam, a flat 

bottom and a sharp turn of the bilge, but it is interesting to observe that these common and simpler 

shapes eventually did not survive the optimisation. The algorithm extended the use of S-shaped 

half-sections much further aft, which allowed to approach the transverse volume distribution of a 

narrower hull while achieving the stability of a wider hull. In this process, it also naturally produced 

waterlines that are extraordinarily reminiscent of Calderon’s “transonic” hull form [36] discussed 

in Section 3.4, being perfectly wedge-shaped as far aft as this was actually beneficial. As observed 

by Calderon, this makes for the sharpest angle of entrance, short of resorting to concave waterlines. 

One of the significant differences between Calderon’s proposed “transonic” geometry and the hull 

obtained here is that its sides are flared outwards instead of being vertical. The “transonic” hull 

produced a pressure wave forward that rose against the hull without breaking and extended over a 

significant length at speed, while the hulls considered here only raised a thin sheet of water from 
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the bow, which quickly turned over and then left a largely flat water surface over most of the hull 

length, as shown in Section 5.3. This reduced both viscous and pressure resistance when compared 

to the “transonic” geometries. 

The waterplane area coefficient of the optimised design is quite low and the centre of flotation is 

further aft than commonly found due to the triangular shape of the waterplane. This gives the 

optimised hull favourable loading characteristics when used for small craft carrying deck loads, as 

these commonly have working decks extending to the stern. 

6.3.2 Algorithmic Considerations 

Obtaining the resistance of hulls by RANS flow simulation is an expensive black box problem, due 

to the time required to obtain a solution from the input data. The solution is also superimposed with 

numerical errors, which were quantified in the verification process presented in Appendix C. It is 

also shown in Appendix B that, for the same reasons, the problem is sensitive to the way it is 

decomposed for parallel computing and calculations must be carried out in the most consistent 

manner possible if the goal is comparing their results. The existence of these errors over the 

solutions was found to be a significant obstacle for computing partial derivatives by numerical 

differentiation. 

From an algorithmic point of view, this inability to obtain dependable resistance gradients for 

optimisation prompted using gradient-free optimisation methods. The length of time required to  

obtain the resistance of each design at a given speed further favoured methods capable of taking 

advantage of concurrent evaluations of solutions. At this point, the main contenders appeared to be 

evolutionary algorithms and pattern search methods and the author’s choice to use a pattern search 

algorithm was motivated by the very large number of function evaluations typically required with 

evolutionary algorithms. 

The parametric definition of a complex hull shape requires a substantial number of variables. The 

model developed in this work included 40 such parameters associated with the wetted part of the 

hull and the author focused on 18 of them for shape optimisation due to resource constraints. Having 

a design space of such large dimensionality implies that a comprehensive exploration is impossible 

and the global optimum can’t be positively identified. 

The Parallel Pattern Search algorithm used in this work progresses by exploring sets of 

𝑚-dimensional designs that always differed from their immediate parent by one parameter only. 

As a result, any improved solution always shares 𝑚 − 1 parameters with its predecessor and the 

algorithm must find a pathway of increasingly better designs in the solution space in order to 

progress. This heuristic limits the search as the algorithm may not be able to discover altogether 
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unrelated good designs, but pattern search algorithms are efficient over the subset of solutions they 

can reach [63]. 

Finding new good hulls unrelated to the initial design, or a population of these in the case of an 

evolutionary algorithm, would require sampling the solution space. In Chapter 5, a population of 

769 designs produced by the optimiser was mapped into a solution space constructed upon 

traditional design coefficients, such as the relative longitudinal position of the centre of buoyancy 

and the prismatic coefficient. It showed that good designs appeared to be found in very specific 

areas where some of these coefficients had favourable values. This suggests that most of the 

parametric design space may in fact be made up of unattractive hulls, with some areas only worth 

exploring. If this hypothesis is correct, then any search based on random sampling will be most 

ineffective and success depends on some form of heuristic to improve efficiency. 

If we accepted the earlier proposition that the longitudinal position of the centre of buoyancy and 

the value of the prismatic coefficient are meaningful and important independently of the hull shape, 

then these values could be included in the heuristic to discard geometries that clearly have 

“incorrect” volume distributions. Such an approach could prove particularly valuable to improve 

the quality of the populations if using an evolutionary algorithm for optimisation, because it would 

save modelling the flow around hulls that have no potential. 

The approach the author used to satisfy design constraints should generally be useful for the design 

of monohulls, as displacement and stability are always important considerations, but problems can 

be conceived where the designer may seek trade-offs between design aspects involving the flow 

solution, and flow computations may need to be carried out for hulls that may not eventually prove 

attractive. Confining the set of solutions to designs that always meet some of the constraints is still 

just as valuable and trade-offs can be evaluated in the data by constructing Pareto fronts. 

6.3.3 Hydrodynamic Considerations 

The hull shape was optimised for a speed equivalent to the Froude number 𝐹𝑟 = 0.6, where semi-

displacement and planing hulls experience much difficulty in operating efficiently. This speed 

represents 150% of the theoretical “hull speed” of a displacement craft. In absolute terms, 

propelling a marine surface vessel at high speeds is always very costly when compared to operation 

in the displacement speed range. In this work, the author used parametric design and optimisation 

to extend the advantages of operation below hull speed into the transition speed range by keeping 

the mode of operation of the hull unchanged. This approach can only be sustained until lifting the 

hull and reducing both the effective displacement and wetted surface becomes less costly than only 

displacing the water. 
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The author showed in Chapter 5 that a significant advantage could be obtained by maintaining 

operation in pure displacement mode at 𝐹𝑟 = 0.6 and that benefits also extended above this speed, 

in spite of some aspects of the hull shape designed in this work becoming visibly sub-optimal above 

𝐹𝑟 = 0.7 due to the bow wave becoming much longer. Since, as long as the hull operates in pure-

displacement mode, resistance reduction does not rely on hydrodynamic lift, loading the hull should 

be less detrimental and the author was also able to show that it was indeed the case by comparison 

against a semi-displacement hull. In fact, it was possible to carry the heaviest load considered at a 

lesser cost than that of propelling the semi-displacement hull in lightship condition up to speeds 

well in excess of the design intents. 

6.3.4 Appendages 

The flow was calculated around the hull geometries without appendages on the basis that 

appendages would primarily add to viscous resistance due to their low cross-section, and also 

because of the fact that the size and shape of the keel and rudder are partly governed by the shape 

of the hull. The designer would want to have sufficient lateral area in the stern appendages to ensure 

directional stability as well as sufficient manoeuvrability. This requires overcoming any drift forces 

over the forebody and this part of the design is conceptually different from reducing hull resistance, 

even though small appendages would lead to less total resistance. 

The constraints placed on the geometry of the keel line in Chapter 3 result in a triangular area astern, 

bounded by the draft of the hull at the bottom, the run of the hull at the top and the vertical 

continuation of the transom at the stern. If the height is sufficient to contain the sum of the propeller 

diameter and tip clearances, then an aft keel and rudder can be constructed without increasing the 

total draft. If not, or if the lateral area achieved is deemed insufficient, then the aft keel and rudder 

can be designed deeper. 

These concepts could have been included in the hull model and performance comparisons carried 

out between appended hulls, but it was not a primary consideration and it would have made 

comparisons with other results in the literature – typically for unappended hulls – impossible. 

6.4 Future Work 

The success encountered with pattern search and RANS-based optimisation opens the prospect of 

integrating more aspects into the flow solutions relied upon for hull shape optimisation, as well as 

optimising more than the hull body. 
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6.4.1 Refining the Hull Shape 

When a ℝ40 → ℝ18 reduction of the dimensionality of the parameter space was performed, the 

choices of variables were based on the sensitivity of the resistance at the initial design point. With 

a marginally better access to computing resources, it would have been possible to optimise on the 

original design vector and almost certainly improved the optimum. A synchronous pattern search 

was also used in Chapter 4, when an asynchronous execution with sufficient hardware resources 

would have had the potential to explore promising design pathways more thoroughly than what was 

done. There is still much opportunity to further explore the potential of the parallel pattern search 

method for developing hull shapes. 

In Chapter 3, some explicit choices were made in terms of hull shape: zero deadrise and a straight 

run for the keel line were imposed and these choices were prompted by the fact that the hull design 

was intended for a small craft. They could be reviewed in the context of designing for larger vessels, 

as surging in following seas is a lesser issue and some shape improvements could be discovered. In 

particular, the buttocks could be allowed to become hollow and slightly hooked to act like a stern 

wedge and further hydrodynamic improvements could be found this way in the upper speed range. 

6.4.2 Performance-Enhancing Devices 

Performance enhancing devices, such as bulbous bows, stern wedges or interceptors, are typically 

considered in connection with a given hull shape and frequently optimised by themselves. When 

optimising the shape of an entire hull, the design and optimisation of such features should be fully 

integrated in the hull shape optimisation process so the best hydrodynamic synergy can be found, 

if it exists. In this work, based on the best available data, the author showed that the new optimised 

design was able to outperform Van Oossanen’s FDHF hull [14] for the same displacement and 

wetted hull length at 𝐹𝑟 = 0.6 when it used a bulbous bow and there appears to be no certainty that 

trading some hull waterline length for a bulbous bow could deliver improvements at transition 

speeds. 

In Appendix D, it was shown experimentally that a change in hull trim for the model hull built by 

the author, which can be induced by altering its centre of gravity, wasn’t successful at producing a 

reduction in resistance, but this effectively equates to altering the position of the hull’s centre of 

buoyancy. In Chapter 5, the location of the centre of buoyancy was plotted for a family of 769 

parametric hulls and it showed that hull resistance is clearly sensitive to this parameter. 

Consequently, the author considers that if a stern wedge or interceptor was successful at lowering 

the resistance of the optimised hull further, it would be due to stern flow hydrodynamic 

considerations rather than a reduction in running trim, a conclusion in agreement with the views 
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expressed by Doctors [38] and Toby [37]. The author considers it likely that some additional gain 

could be achieved this way or by hooking the buttocks as alluded to earlier and this avenue would 

benefit from being explored. In this case, the device should also be integral to the geometric hull 

model and optimised in conjunction with the hull shape. 

When working with the NPL hulls, Bailey [15] observed the same type of “thin bow wave, or sheet 

of water that develops with speed” the hulls produced in this work commonly produced and noted 

that deflecting it using spray rails above the static waterline could in some cases offer a reduction 

in resistance. This sheet of water however appears a lot more energetic on the NPL hulls than for 

both the geometry AMC 16-12 tank-tested as part of this work and the optimised full-scale geometry 

APPS8.280. Deflecting the water horizontally as suggested by Bailey would reduce the effective 

wetted surface, but create dynamic lift over the forebody and increase trim. The author does not 

envision a pathway in this direction at this point, but the matter could nevertheless be investigated. 

6.4.3 Optimising the Self-Propelled Hull Shape 

The presence of a propeller underneath the stern sections causes a change in hydrodynamic pressure 

with the potential of altering the shape of the free-surface and the trim of the hull. It also increases 

frictional resistance by increasing the flow velocities over the aft body [19, p. 63]. Optimising the 

hull with the impact of the propeller taken into account is an attractive proposition. A key benefit 

of relying on viscous flow computations is better stern flow solutions and this also supports the idea 

of integrating propulsion into the optimisation process. 

Self-propulsion can be modelled as a rotating propeller, which is extremely costly computationally 

as the Courant-Friedrichs-Lewy condition at the blade tips severely limits the maximum time step 

usable in the calculations. A more tractable approach is using an actuator disc model to 

approximately reproduce the effect of the propeller on the fluid without modelling its geometry. 

Modelling the rotating propeller or using an actuator disc model would both result in a non-

symmetrical, swirling wake flow pattern incompatible with modelling the flow over half a hull 

using a symmetry plane as done here. The computational cost would more than double as a result, 

even in the case of an actuator disc model. Implementing a pressure jump condition in the fluid at 

the location of the propeller disc is crude in comparison, but it could be a practical and effective 

way of taking into account the change in the pressure distribution induced by the propeller into the 

hull design in an optimisation process. 

A number of challenges would need to be addressed, such as keeping the position and the thrust 

vector of the propeller feasible when the hull geometry is altered. 
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6.5 Conclusions 

In this work, the use of high-fidelity RANS CFD coupled to parametric geometry modelling for the 

optimisation of whole hull shapes was demonstrated by handling design constraints efficiently and 

using an effective pattern search algorithm for optimisation. The author illustrated the ability of the 

process to search and significantly redefine a hull shape in order to reduce the combination of 

viscous and pressure resistance while meeting constraints on hull displacement and initial stability. 

The author focused on the design of fast round-bilge pure-displacement hulls and identified 

important aspects for the numerical simulation of such vessels operating well above the traditional 

“hull speed” limit. The way scaling the fluid viscosity as an alternative methodology to scaling the 

hull geometry can be more efficient when seeking full-scale flow solutions was also highlighted. 

The feasibility of outperforming today’s common small hard-chine semi-displacement designs by 

using such fast round-bilge pure-displacement hulls was investigated without sacrificing stability 

or load carrying ability. It was shown that a load of approximately 40% of the lightship 

displacement could be carried over a broad speed range more economically than an equivalent hard 

chine vessel used as reference achieves in lightship condition. The performance of the optimised 

hull was also compared against other fast round-bilge displacement hulls and showed superior 

results. 

The author concludes that very significant upside exists for fast displacement monohulls in all types 

of service where speeds corresponding to Froude numbers 0.6 ≤ 𝐹𝑟 ≤ 0.7 are attractive and 

incurring significant cost to go faster makes no economic sense. This covers a lot of small 

commercial fishing and pleasure craft applications. 

The author also concludes that the optimisation of full parametric hull shapes using RANS CFD is 

accessible if both the optimisation and flow problems are posed in a computationally-efficient 

manner. 
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Appendix A 

Theoretical Background in the CFD Computation of the 

Calm Water Resistance of Surface Marine Craft 

A.1 Introduction 

The computation of the hydrodynamic resistance of marine surface craft is a problem where an 

advancing floating body interacts with the interface region between air and water. As the pressure 

at the free-surface remains constant, any pressure changes induced in the water in the vicinity of 

the interface alters its elevation and creates waves. Since waves produced by the hull at the surface 

influence its position and attitude, a correct solution for resistance must solve both the flow field 

and the position and attitude of the floating body [65, 66]. This is known as a fluid-body interaction 

problem with pressure relief at the free-surface. 

If the flow around the hull is steady, the calm-water hull resistance problem should also have a 

steady solution. In practice, some hull shapes can cause unsteady flow phenomena such as vortex 

shedding, but such solutions can be averaged over time to obtain an average value for resistance. 

This appendix covers the elements of theory behind the waves produced by marine surface craft 

and their propagation, the mathematical formulation of the turbulent flow problem for modelling 

hull resistance, and its formulation into a problem that can be solved using numerical methods on 

a computer. 

A.2 The Wake of Marine Surface Craft 

In the context of studying the resistance characteristics of ships, Froude [16] identified that, in order 

to obtain similitude in the wake pattern produced by the hull independently of the actual hull length, 

the speed/length ratio 𝑣 √𝐿𝑊𝐿⁄  needed to be preserved in scaled experiments. Achieving similitude 

in the Froude number resulted in the wave resistance contribution to be scalable. 

This quantity was later generalised and non-dimensionalised to become the Froude number defined 

by Equation (36) in marine hydrodynamics, where 𝑣 is the velocity of the hull and 𝐿𝑊𝐿 is its 

waterline length. 
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 𝐹𝑟 =
𝑣

√𝑔 𝐿𝑊𝐿

 
(36) 

Ship wakes were formally studied by Kelvin [17] in 1877, who investigated the characteristics of 

the wave pattern produced by a ship as a function of its speed using linearised wave theory and 

potential flow. In the case of the wake of a ship in deep water, Kelvin identified a geometric pattern 

of both transverse and divergent waves in the wake, contained within a triangular envelope with a 

constant half-angle of approximately 19.5°. This envelope is known as the Kelvin wedge (Figure 

88) and applies to sub-critical wakes, where the depth Froude number 𝐹𝑟ℎ < 1 [46, p. 98]. The 

depth Froude number is a function of the velocity of the craft v and the depth of the water h: 

 𝐹𝑟ℎ =
𝑣

√𝑔ℎ
 

(37) 

Rabaud and Moisy [67] observed in 2013 that the angle of the Kelvin wedge becomes narrower 

than predicted by the theory at high speeds. A discussion of this phenomenon can be found in 

Noblesse, et al. [68], who point out that a ship’s hull is not correctly represented by a single point 

disturbance as assumed in Kelvin’s theory. Both bow and stern contribute to producing waves, the 

interaction of which can reduce the wake angle. 

 

Figure 88 - Kelvin wake pattern, from Hennings, et al. [18] 

In the immediate vicinity of the hull, the shape of the free-surface is also influenced by the pressure 

changes induced by the shape of the hull [19] and this aspect is investigated in more detail in the 
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discussion of hull resistance in Chapter 3. This wave system is also referred to as the primary wave 

system and the Kelvin wake as the secondary wave system. These two wave systems interfere in 

the near vicinity of the hull and can either reinforce or oppose each other as speed changes. 

A.3 Elements of Linear Wave Theory 

Hulls travelling at the water surface produce waves, which propagate to form the wake. The 

characteristics of these waves in terms of their speed, length and their depth of impingement in the 

body of water are important when building hydrodynamic models. 

A.3.1 Fundamental Relations 

Linear wave theory offers a useful simplified model of two-dimensional wave propagation based 

on a periodic solution of sinusoidal shape [69]. It is of interest here in the context of the transverse 

waves produced by the hull, because the development of the transverse wave system influences the 

trim of the hull and has a bearing on its performance. 

The elevation of the free-surface 𝜉 at a position 𝑥 and time 𝑡 in the presence of a propagating gravity 

wave of amplitude 𝐴 can be expressed by Equation (38), where 𝑘 is the wave number and 𝜔 [𝑟𝑎𝑑/𝑠] 

is the wave frequency. These quantities are related to the wave length 𝜆𝑤 and the wave period 𝑇 by 

the relations (39) and (40). 

 𝜉 = 𝐴 ∙ sin(𝑘𝑥 − 𝜔𝑡) (38) 

 
𝑘 =

2𝜋

𝜆𝑤
 (39) 

 
𝜔 =

2𝜋

𝑇
 (40) 

The phase velocity 𝑐 of the wave is the ratio of the wave length divided by its time period: 

 
𝑐 =

𝜆𝑤

𝑇
=

𝜔

𝑘
 (41) 
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The boundary conditions at the surface and at the bottom of the depth of water impose a relation 

between the wave frequency 𝜔 and the wave number 𝑘 known as the dispersion relation: 

 𝜔2 = 𝑔 𝑘 tanh(𝑘ℎ) , (42) 

where ℎ is the water depth. Since 𝑘ℎ = 2𝜋ℎ 𝜆𝑤⁄ , if the depth of water ℎ is much larger than the 

wave length 𝜆𝑤, then tanh(𝑘ℎ) → 1 and the dispersion relation can be approximated as 𝜔2 ≅ 𝑔𝑘. 

Conversely, in shallow water we have ℎ ≪ 𝜆𝑤, 𝑘ℎ ≪ 1 and tanh(𝑘ℎ) → 𝑘ℎ, which leads to the 

approximation 𝜔2 ≅ 𝑔𝑘2ℎ. A notable consequence of this second equation is that, by substitution 

in Equation (41), the phase velocity of a wave in shallow water becomes 𝑐 = √𝑔ℎ and only depends 

on the water depth. 

A.3.2 Transverse Waves Generated by a Hull 

In this thesis, the author is primarily interested in the performance of marine vessels in deep water. 

If we rewrite the deep-water dispersion relation to include the definitions of Equations (39), (40) 

and (41), we find the relationship between the phase velocity 𝑐 of the wave and its length 𝜆𝑤: 

 
𝜆𝑤 =

2𝜋𝑐2

𝑔
 (43) 

A hull moving at constant speed through the water surrounds itself with a wave pattern that is 

stationary with respect to the hull; in other words, the phase velocity 𝑐 of the waves surrounding 

the hull must be equal to the velocity of the craft 𝑣, and 𝜆𝑤 represents the wavelength generated by 

the hull in deep water. The wave pattern produced by the hull begins with the bow wave at the 

forward end of the waterline (or forward perpendicular) and an interesting case arises when this 

induced wave length matches the hull’s own waterline length: 

 
𝐿𝑊𝐿 =

2𝜋𝑣2

𝑔
 (44) 

When this condition occurs, we should have a wave trough at midships and a wave crest behind the 

stern (this crest tends to also combine with and amplify any stern wave). We can obtain this critical 

speed 𝑣𝑐 for any hull length from Equation (44) and express it in terms of Froude number by 

substitution in Equation (36): 
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  𝑣𝑐 = √
𝑔 𝐿𝑊𝐿

2𝜋
 (45) 

 

  𝐹𝑟𝑐 =
𝑣𝑐

√𝑔 𝐿𝑊𝐿

= √
1

 2𝜋
≅ 0.40 (46) 

This is referred to as the “hull speed”. If the speed exceeds this value, the crest behind the hull 

moves further back while the first wave trough shifts towards the stern. The hull begins to operate 

increasingly within its own bow wave with the stern in the trough and the gradient of the 

speed/resistance curve becomes steeper. As a result, 𝐹𝑟 ≅ 0.4 represents the maximum practically 

achievable speed for many displacement hulls. This phenomenon is illustrated in Figure 89 by 

plotting test results for a relatively modern displacement yacht hull. The focus of this thesis is to 

design hull shapes able to operate above this limit. The following definitions, based on the Froude 

number, are therefore introduced: 

 Displacement speed range: 𝐹𝑟 ≤ 0.4. 

 Transition speed range: 0.4 < 𝐹𝑟 < 1.0. 

 Planing range: 𝐹𝑟 ≥ 1.0. 

The bound 𝐹𝑟 = 1.0 is generally considered by most authors as representing the beginning of the 

planing speed range. In practice, this varies a lot with shape and hulls gradually develop 

hydrodynamic lift while moving towards this value. The associated power requirements place such 

speeds outside the region of interest to us. A lot of the work in this thesis utilises the Froude number 

𝐹𝑟 = 0.6, which is 50% above the maximum economically achievable speed of traditional 

displacement craft. 
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Figure 89 - Experimental hull resistance curve for the model yacht hull SYSSER62 from Delft TU database of tank test 

results [13]. 

The velocity at which the wake and the energy travel is different than the phase velocity at which 

each wave crest travels, and is known as the group velocity 𝑣𝑔: 

 
𝑣𝑔 =

𝜕𝜔

𝜕𝑘
 . 

(47) 

Using the deep-water approximation of the dispersion relation 𝜔2 = 𝑔𝑘 and the definition of the 

phase velocity in Equation (41), we obtain: 

 
𝑣𝑔 =

𝜕𝜔

𝜕𝑘
=

𝑔

2𝜔
=

𝑐

2
 . 

(48) 

This is an important result as it indicates that the transverse wave system following a craft travelling 

at a speed 𝑣 in deep water develops at 𝑣/2 away from the stern in relation to the position of the 

hull. In other words, since the wave system produced by the hull travels at only half of the speed of 

the craft, new waves continuously appear astern. 

A.3.3 Depth of Impingement of Deep Water Gravity Waves 

A gravity wave propagating at the surface of a body of water causes disturbances within the body 

of water itself. Following Airy wave theory [70, 71], a sinusoidal wave of low amplitude 

propagating at the surface of a body of water imparts an elliptical motion to the water molecules, 
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as experimentally illustrated in Figure 90. In the deep water case, this motion is circular with a 

radius 𝑟 equal to: 

 
𝑟 =

𝐴

2
𝑒𝑘𝑧 , 

(49) 

where 𝐴 is the wave amplitude, 𝑘 is the wave number and 𝑧 ≤ 0 is the position below the calm 

free-surface. The orbital motion of the water due to surface waves therefore decays exponentially 

with depth. At a depth 𝑧 = −𝜆𝑤 2⁄ , the residual amplitude of the motion has decayed to 𝑒−𝜋 ≅

0.04. In oceanography, this depth is referred to as the wave base as, below this, the disturbance is 

deemed negligible. 

 

Figure 90 - Photograph of the orbital motion of the water particle under a progressive and periodic surface gravity wave 

in finite depth, from Wiegel and Johnson [71]. 
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Since the wave length generated by a hull increases with the square of its velocity, and therefore 

Froude number, as discussed in Section A.3.2, the depth of impingement of the waves also varies 

accordingly and a fast displacement craft can be expected to produce much deeper disturbances 

than its slow-moving counterpart. 

A.4 Computation of Turbulent Flows with a Free-Surface 

When a hull progresses through the water, viscosity gives rise to shear forces in the fluid near the 

hull surface. At the hull surface, the fluid is stationary with regard to the hull and its relative velocity 

gradually increases with distance away from the surface until it matches the speed of the hull. This 

region of velocity gradients forms the boundary layer, surrounded by the free-stream region. The 

shear forces in the fluid first cause a laminar flow pattern to develop at the bow, followed by a 

transition to turbulence outside a thin laminar flow layer [72, ch. 2]. This turbulent boundary layer 

grows in thickness with the length of the streamlines until the flow leaves the hull. 

The development of the boundary layer has two effects: it impacts the tangential forces experienced 

by the hull and it also displaces the free-stream outwards from the hull. Modelling the extremely 

small-scale flow structures forming the turbulence near the hull is theoretically possible by 

resolving the Navier-Stokes equations in a process known as Direct Numerical Simulation (DNS). 

In practice, the scales to be resolved are so small that such a computation is too costly to be 

considered. 

The Reynolds-Averaged Navier-Stokes (RANS) equations allow the calculation of the mean flow 

by modelling the effect of turbulence rather than resolving it, as DNS would. When very large time-

scale differences exist between transient flow phenomena, such as the development of the flow 

around a hull with speed or the breaking of a bow wave, and turbulence in the boundary layer, 

Unsteady RANS (URANS) calculations can be used for resolving the unsteadiness of the mean flow, 

as detailed in Ferziger and Perić [21, pp. 292-293, 307]. 

A.4.1 The Reynolds-Averaged Navier-Stokes Equations 

In the Reynolds-Averaged Navier-Stokes (RANS) equations, the turbulent quantities are 

decomposed into mean and fluctuating components: 

 Φ(𝑥𝑖, 𝑡) = Φ̅(𝑥𝑖) + Φ′(𝑥𝑖, 𝑡) (50) 
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The continuity (51) and momentum (Navier-Stokes) equations can be expressed in terms of these 

averaged and fluctuating quantities [21, p. 293], yielding the Reynolds-Averaged Navier-Stokes 

equations (52): 

 𝜕(𝜌�̅�𝑖)

𝜕𝑥𝑖
= 0 

(51) 

 𝜕(𝜌�̅�𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌�̅�𝑖�̅�𝑗 + 𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅) = −

𝜕�̅�

𝜕𝑥𝑖
+

𝜕𝜏̅𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑔 + 𝑓𝑖 

(52) 

where 𝑓𝑖 represents external forces applied to the fluid and �̅�𝑖𝑗 is the mean viscous stress tensor: 

 
�̅�𝑖𝑗 = 𝜇 (

𝜕�̅�𝑖

𝜕𝑥𝑗
+

𝜕�̅�𝑗

𝜕𝑥𝑖
) , 

(53) 

where 𝜇 is the dynamic viscosity of the fluid. However, the Reynolds stresses −𝜌𝑢′𝑖𝑢′𝑗̅̅ ̅̅ ̅̅ ̅ need to be 

modelled to obtain closure. Boussinesq proposed relating the Reynolds stresses to the mean rate of 

strain in the flow and introduced the concept of an eddy viscosity 𝜇𝑡. In this case, the Reynolds 

stresses are approximated by: 

 
−𝜌𝑢′

𝑖𝑢
′
𝑗

̅̅ ̅̅ ̅̅ ̅  = 𝜇𝑡 (
𝜕�̅�𝑖

𝜕𝑥𝑗
+

𝜕�̅�𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝑘𝛿𝑖𝑗  , 

(54) 

 
𝑘 =

1

2
𝑢′

𝑖𝑢
′
𝑖

̅̅ ̅̅ ̅̅ ̅ . 
(55) 

The eddy viscosity is a new parameter that must be determined to obtain closure, 𝛿𝑖𝑗 is the 

Kronecker delta and 𝑘 is the turbulent kinetic energy. Equation (54) is also known as the constitutive 

relation and, in the case of the Boussinesq approximation, it is built upon the assumption that 

turbulence is isotropic. This is a requirement commonly not satisfied and non-linear constitutive 

relations have been proposed to try and account for anisotropic turbulence, sometimes incorporating 

the vorticity tensor. An alternative to using an eddy viscosity model to close the RANS equations 

is to calculate the individual Reynolds stresses with a Reynolds Stress Transport (RST) model. This 

involves the extra computational effort of solving seven additional equations. In addition, the RST 

equations are numerically stiff and can slow down convergence, so the RST model is best used 

when necessary only. 
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In the case of the eddy viscosity models, once a constitutive relation has been selected, the 

remaining problem is determining a value for the turbulent viscosity 𝜇𝑡. Turbulence models are 

often differentiated by the number of additional transport equations they introduce: 

 Zero-equation models estimate 𝜇𝑡 algebraically from known geometric and physical flow 

quantities, like Prandtl’s original mixing length model, the Cebeci-Smith model [73] and 

the Baldwin-Lomax model [74]. 

 One-equation models such as Spalart-Allmaras [75], which transports a viscosity-like 

variable while adding production and dissipation terms to it. 

 Two-equation models are by far the most relied upon and transport turbulent kinetic energy 

together with a measure of turbulent energy dissipation. The most widely used two-

equation models in industrial applications are the 𝑘-𝜖 and Menter’s 𝑘-𝜔 𝑆𝑆𝑇 (Shear Stress 

Transport) models. 

A.4.2 Turbulence Modelling 

The author relied on both Menter’s 𝑘-𝜔 𝑆𝑆𝑇 model [76] and Shih’s 𝑘-𝜖 𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 model [77] in 

this work. The 𝑘-𝜖 𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 model is first introduced as it is a variant of the older 𝑘-𝜖 model. 

The transport equations for the 𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 𝑘-𝜖 model [12, pp. 3332-3335] for the turbulent kinetic 

energy 𝑘 (56) and the dissipation rate 𝜖 (57) are presented below. The full equations include a 

curvature correction, constants for an ambient turbulence level as well as a buoyancy production 

term only implemented for thermally stratified flows. These were omitted since they were not 

applicable or were found to make no appreciable difference to the final solutions. 

 𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌�̅�𝑖𝑘)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
+ 𝐺𝑘 − 𝜌𝜖 

(56) 

 𝜕(𝜌𝜖)

𝜕𝑡
+

𝜕(𝜌�̅�𝑖𝜖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(𝜇 +

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑖
+ 𝐶𝜖1𝑆𝜖 −

𝜖

𝑘 + √𝜈𝜖
𝐶𝜖2𝜌𝜖 . 

(57) 

𝜎𝑘 and 𝜎𝜖 are the turbulent Schmidt numbers and 𝐺𝑘 is the turbulent kinetic energy production 

term. 𝐶𝜖1 = 𝑓(𝑆, 𝑘, 𝜖) is a calculated model coefficient local to the flow and 𝐶𝜖2 = 1.9 is a model 

constant. The 𝑘-𝜖 model defines the turbulent viscosity using Equation (58); in the realisable 

model, 𝐶𝜇 is no longer constant, but is a function of the strain rate and vorticity tensors [77], [12, 

p. 3334]. 
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𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜖
 

(58) 

Menter’s 𝑘-𝜔 𝑆𝑆𝑇 model [76] is a modification of the Wilcox standard 𝑘-𝜔 model [22] intended to 

combine the advantages of the 𝑘-𝜔 model in the near-wall regions with the insensitivity of the 𝑘-휀 

model to free-stream conditions by the use of a blending function. The model transports the 

turbulent kinetic energy 𝑘 as well as the specific rate of dissipation 𝜔 and its formulation is valid 

throughout the boundary layer. The 𝑘-𝜔 𝑆𝑆𝑇 model has been found to offer improved accuracy 

over 𝑘-휀 in modelling boundary layers with adverse pressure gradients [78]. 

The transport equations for the 𝑘-𝜔 𝑆𝑆𝑇 model [12, pp. 3359-3366] for the turbulent kinetic energy 

𝑘 (59) and the specific dissipation rate 𝜔 (60) are presented below. The velocity component 𝑣 𝑔 

represents the mesh translation velocity when simulating dynamic motion, a topic discussed in 

Section A.9. 

 𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌�̅�𝑖𝑘)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
+ 𝐺𝑘 − 𝜌𝛽∗𝜔𝑘 , 

(59) 

 𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌�̅�𝑖𝜔)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(𝜇 +

𝜇𝑡

𝜎𝜔
)
𝜕𝜔

𝜕𝑥𝑖
+ 𝐺𝜔 − 𝜌𝛽𝜔2 + 𝐷𝜔 . 

(60) 

𝜎𝑘 and 𝜎𝜔 are the turbulent Schmidt numbers again, 𝐺𝑘 and 𝐺𝜔 are the production terms, 𝛽∗ =

0.09 and 𝛽 =0.0708 are model constants and 𝐷𝜔 is a cross-derivative term. The Star-CCM+ 

implementation of the 𝑘-𝜔 𝑆𝑆𝑇 model defines the turbulent viscosity 𝜇𝑡 as per Equation (61), where 

𝛼∗ = 1 and 𝑎1 = 0.31 are model constants, 𝑆 is the magnitude of the rate of strain tensor and 𝑦 is 

the distance to the nearest wall [12, p. 3361]. This deviates slightly from Menter’s definition of the 

turbulent viscosity, which uses the magnitude of the vorticity tensor instead of 𝑆. 

 
𝜇𝑡 = 𝜌𝑘 min (

𝛼∗

𝜔
,
𝑎1

𝑆𝐹2
) 

𝐹2 = tanh (𝑎𝑟𝑔2
2),   𝑎𝑟𝑔2 = max(

2√𝑘

𝐶𝜇𝜔𝑦
 ,
500𝜈

𝑦2𝜔
) 

(61) 

The standard 𝑘-𝜖 model transports the turbulent kinetic energy 𝑘 as well as the dissipation rate 𝜖. 

It is simpler and faster to compute than the models presented above. It has been commonly used for 

modelling marine hydrodynamic problems [79] as it can be more stable than 𝑘-𝜔 𝑆𝑆𝑇 at high 

Reynolds numbers. However, it is known for producing unphysically high turbulence at flow 

stagnation points [80] and many variants have been proposed. Shih’s 𝑘-𝜖 𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 model was 
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used in cases where solving the boundary layer close to the wall was not possible, and so there was 

no benefit from using the 𝑘-𝜔 𝑆𝑆𝑇 model. 

The introduction of new transported quantities for modelling turbulence requires defining their 

boundary conditions. The new variables transported by the model are commonly related to 

measurable quantities, such as the turbulent intensity 𝑇𝐼 and the turbulent length scale ℓ𝑡𝑢𝑟𝑏. 

Equation (62) for the turbulent kinetic energy 𝑘 is common to both the 𝑘-𝜔 𝑆𝑆𝑇 and 𝑘-𝜖 models 

and refers to a characteristic velocity 𝑣, also known as the velocity scale. 𝜔 and 𝜖 can be obtained 

from equations (63) and (64) respectively where 𝐶𝜇 = 𝛽∗ = 0.09 are constants defined in the 

turbulence models. The ratio 𝜇𝑡/𝜇 between the eddy viscosity and the laminar viscosity of the fluid 

is known as the turbulent viscosity ratio. 

 
𝑘 =

3

2
(𝑇𝐼 ∙ 𝑣)2 (62) 

 
𝜔 ≅

√𝑘

ℓ𝑡𝑢𝑟𝑏𝛽
∗
1
4

=
𝜌𝑘

(𝜇𝑡/𝜇) 𝜇
 (63) 

 

𝜖 ≅
𝐶𝜇

3
4𝑘

3
2

ℓ𝑡𝑢𝑟𝑏
=

𝜌𝐶𝜇𝑘2

(𝜇𝑡/𝜇) 𝜇
 (64) 

A.4.3 Wall Treatment 

The velocity of a fluid decreases to zero at the wall due to the no-slip boundary condition. If we 

assume that the boundary layer is under no pressure gradients, the velocity profile from the wall to 

the free-stream becomes invariant when expressed non-dimensionally by normalising the wall 

normal distance 𝑦 and the tangential velocity 𝑢: 

 
𝑦+ =

𝑢∗𝑦

𝜈
 (65) 

where 𝑢∗ is the friction velocity defined from the wall shear stress 𝜏𝑤: 

 

𝑢∗ ≡ √
𝜏𝑤

𝜌
 (66) 
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The normalised velocity 𝑢+ is the ratio of the local velocity and the friction velocity at the nearest 

wall: 

 𝑢+ =
𝑢

𝑢∗
 (67) 

The non-dimensional wall laws can then be expressed as follow: 

 In the laminar sublayer region where 𝑦+ ≤ 5 approximately, we have 𝑢+ = 𝑦+. 

 In the region where 𝑦+ ≥ 30, the empirical Log Law 𝑢+ = 1/𝜅 𝑙𝑛 (𝑦+) + 𝐵 holds, where 

𝜅 ≅ 0.40 is Von Karman’s constant and 𝐵 ≅ 5.1. 

 In the buffer region 5 < 𝑦+ < 30, neither relation is adequate and some form of blending 

is required. 

In the simulation models employed in this work, the viscous sublayer and buffer region are always 

contained within the first mesh cell. We therefore have 𝑦+ ≥ 30 for all computational cells and 

standard wall functions can be used to set the boundary conditions in the first cells off the wall. 

The wall shear stress 𝜏𝑤 is unknown and the friction velocity 𝑢∗ is obtained from the turbulent 

kinetic energy: 

 𝑢∗ = 𝐶𝜇
0.25√𝑘 (68) 

With a value for 𝑢∗, the shear stress at the wall is obtained by rearranging Equation (66), which is 

then used in the boundary condition for the velocity: 

 𝜏𝑤 = 𝜌(𝑢∗)2 (69) 

The transport equations of the turbulence model need to control turbulence production near the wall 

and include a kinetic energy production term 𝐺𝑘 at the first cell off the wall as per Equation (70) 

[12, pp. 3347, 3369]. At the wall, we have 𝜕𝑘/𝜕𝑦 = 0 and the dissipation rates in the near-wall 

cells are set to the values given by Equations (71) and (72): 

 
𝐺𝑘 =

1

𝜈
(𝑢∗

𝑢

𝑢+
)
2 𝜕𝑢+

𝜕𝑦+
 (70) 

 
𝜔 =

𝑢∗

𝜅𝑦√𝛽∗
 (71) 
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𝜖 =

(𝑢∗)3

𝜅𝑦
 (72) 

A.5 Numerical Discretisation 

Complex, real world flow problems typically have no analytical solutions to the flow equations and 

full, continuous solutions, cannot be expressed. A discretisation scheme breaks the problem into 

point values in a mesh coupled by discrete approximations to the continuum equations. The partial 

differential equations describing the flow problem can be discretised using finite difference 

approximations, or integrated over finite control volumes of fluid [21]. Finite differences schemes 

are most readily implemented on fully structured grids, and do not enforce conservation of mass 

and momentum. Most current CFD solvers use a finite volume discretisation, which supports 

arbitrary cell shapes and therefore provides for considerable flexibility in meshing. This 

discretisation also guarantees conservation of mass and momentum; its drawback is its sensitivity 

to errors which can lead to diffusivity. 

A.5.1 Finite Volume Discretisation 

A comprehensive presentation of the discretisation of the flow equations over finite volumes of 

arbitrary shape can be found in Blazek [81, ch. 5]. The volumetric discretisation of the flow 

equations makes use of the fluxes at the faces of each control volume to express the transport of the 

physical quantities. Star-CCM+ uses a co-located grid representation with all field values being 

defined at the centre of the cells; the cell face fluxes need to be interpolated from the cell-centred 

values using differencing schemes. The location of the cell centres in relation to the faces centres, 

as well as the angle of the faces, have an impact on the accuracy of the approximation of the fluxes 

at the faces [82]. Any error in the velocity vector at the cell faces leads to false diffusion in the 

solution, as do errors in the interpolation of the transported scalar or in the approximation of the 

diffusion term. These discretisation errors can be reduced when higher-order differencing schemes 

are used, as well as mesh elements with high orthogonality and low skewness. While more accurate, 

higher order schemes are also less stable and techniques including limiters and correctors are used 

to improve accuracy and stability. 

In the case of problems dominated by a free-stream flow, the fluxes are dominated by the free-

stream velocity and the best accuracy is achieved when the flow is either near-aligned or near-
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perpendicular to the cell faces. It is therefore best to use flow-aligned hexahedral cells whenever 

feasible. 

From a purely numerical point of view, the floating point computer representation of real numbers 

used by the solvers is most accurate when values of the same order of magnitude are processed 

together, as this reduces rounding errors in the computations. Reducing cell growth ratios in the 

mesh and using double-precision arithmetic helps with controlling these errors, so long as the higher 

memory requirement can be met. 

A.5.2 Time Discretisation 

If the problem to be solved was a steady-state problem, solving the spatial flow problem would be 

sufficient. Modelling unsteady flow problems require obtaining consecutive spatial flow solutions 

over time and a discretisation of time is therefore necessary [21, ch. 6]. Unsteady CFD problems 

where phenomena at very small time scales are not of interest are commonly solved using implicit 

methods as these offer better stability and allow longer time steps. 

As the problems of interest in this thesis are near-steady in nature and accurately tracking the 

evolution of the flow solution in time is not necessary, a first-order backward Euler time 

discretisation was used. 

A.5.3 Courant Number 

The time step, cell size and local flow velocity determine a quantity known as the Courant-

Friedrichs-Lewy (CFL) number. The Courant number is a local measure in the mesh reflecting the 

ratio between the distance travelled by the fluid during a time step ∆𝑡 and the cell length ∆ℓ 

measured in the streamwise direction: 

 
𝐶𝐹𝐿 =

𝑢 ∙ ∆𝑡

∆ℓ
 , 

(73) 

When an explicit time-marching method is used for solving an unsteady problem, the condition 

𝐶𝐹𝐿 ≤ 1 must generally be respected for convergence and accuracy. Implicit methods can cope 

with 𝐶𝐹𝐿 > 1 and such values can be used when the time-accuracy of the simulation is not a 

primary concern, but too large a Courant number can lead to numerical instability. 
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A.6 Modelling the Free-Surface 

Pressure changes in the water create waves at the free-surface through pressure relief, an effect that 

is not present when modelling flows around bodies fully immersed in a homogenous fluid. 

Resolving the shape of the free-surface is essential as it determines the position and attitude of the 

hull in the simulation, and impacts the wave resistance. 

A.6.1 Methodologies 

Two fundamentally different approaches have been explored for solving the free-surface problem: 

tracking the position of the air-water interface, or capturing it, and detailed discussions and 

comparisons of these methods can be found in [83] and [84]. A key limitation of interface tracking 

methods stems from the fundamental assumption that the free-surface is defined by a single point 

at any location over a horizontal plane, which prevents the modelling of over-turning waves or 

broken water effects such as spray. For this reason, interface tracking of a single-phase flow is a 

method that is less commonly used. In spite of their limitations, interface tracking methods tend to 

be very precise and there are specialised ship hydrodynamics codes, such as CFD-Iowa [85], which 

use them. Since here the topic of interest is the flow around fast hulls, complex effects such as the 

overturning of the bow wave are inescapable and we will focus on the interface capture approach. 

A.6.2 Interface Capture Methods 

Interface capturing relies on modelling the air-water multiphase flow problem as a whole and then 

reconstituting the interface separating the fluids. The multiphase flow formulation is therefore 

introduced before discussing the identification of the air-water interface. 

A.6.2.1 The Volume-of-Fluid Formulation 

The Volume-of-Fluid formulation [20] allows modelling both the air and water as a single 

multiphase flow by differentiating the fluids based on their physical properties in a single, common 

continuum. When limited to two phases, such as air and water, only one additional scalar variable 

𝛼𝑖 is required to determine the volume fraction occupied by one fluid 𝑖 at any location within the 

fluid domain, the second one being implicitly derived from Equation (74). Equation (74) simply 

constrains the sum of all phase fractions to always fill any given volume. More generic 

formulations, suitable to handle more complex mixtures, use more variables to represent the 

additional phases. 
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 ∑𝛼𝑖

𝑖

= 1 (74) 

The respective volume fractions present in each cell are used to compute a volume-weighted 

average of the physical properties of the fluid. In the case of a biphasic, viscous, turbulent marine 

hydrodynamic simulation, we can track the volume fraction of water 𝛼water and the fluid density 𝜌 

and fluid kinematic viscosity 𝜐 are the physical parameters impacted by the presence of air in water 

within the same discretised volume. The properties of the fluid in each cell for the purpose 

computing the flow solution can then be expressed as: 

 𝜌 = 𝛼water ∙ 𝜌water + (1 − 𝛼water) ∙ 𝜌air (75) 

 𝜐 = 𝛼water ∙ 𝜐water + (1 − 𝛼water) ∙ 𝜐air (76) 

The additional transport equation (77) for the volume fraction is required to fully define the problem 

by imposing that fluid particles cannot change phase: 

 
𝜕𝛼water

𝜕𝑡
+

𝜕𝛼water

𝜕𝑥𝑖
𝑢𝑖 = 0 (77) 

In spite of being computationally more intensive, the Volume-of-Fluid approach offers a number 

of advantages over single-phase computation methods, particularly in the case of high Froude 

number simulations: 

1. The modelling of overturning bow waves, broken water and complex sloshing phenomena, 

where a simple interface cannot be identified any more, presents no difficulties. 

2. Aerodynamic drag is naturally computed as well. In the case of high-speed marine 

simulations, aerodynamic forces can contribute to increasing the trim of the vessel, which 

has in turn an impact on hydrodynamic resistance. 

3. Aerodynamic aspects, such as the pathway followed by exhaust gases or wind-induced 

drift, can be studied within the same simulation. 

A.6.2.2 Interface Capture and Reconstruction 

In a Volume-of-Fluid flow solution, the air-water interface only exists as a transition in the 

underlying volume fraction field function. This function is inherently discontinuous at the interface, 

as the air and water do not mix. The reconstruction of the interface relies on identifying the position 

of the threshold differentiating the phases in the volume fraction function and, as such, the free-

surface is typically reconstructed as the iso-surface of the volume fraction function where 𝛼water =
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0.5. This interface easily suffers from smearing caused by the discretised advection scheme 

(Section A.5.1) and a reconstruction step is required to obtain a geometric surface. 

Preserving the sharpness of this transition in the discretised flow field has been the objective behind 

the development of many interface compression methods such as CICSAM [86], HRIC [83], 

MULES [87] and more recently M-CICSAM [88]. A number of research papers have been published 

comparing the performance and merits of various formulations [84, 89, 90]. An important aspect 

of these schemes is their performance or validity in relation to the local Courant number. Improving 

the accuracy of the solutions for such multiphase interfacial flows is an active area of research. The 

recently formulated isoAdvector method [91] attempts to combines the capabilities offered by the 

Volume-of-Fluid formulation with the precision of interface tracking methods by integrating the 

interface reconstruction step into the advection method and tracking the interface within the mesh 

through each time step. 

The High-Resolution Interface Capture (HRIC) scheme implemented in Star-CCM+ was employed 

for the work in this thesis. 

A.6.3 Wave Damping 

In deep water, the transverse wave system generated by the hull extends behind the vessel due to 

its propagation speed being half of the hull velocity (Section A.3.2). In a numerical simulation 

where the hull is fixed in relation to the boundaries, the wake system progresses towards the domain 

outlet at a velocity equal to up to half of the flow velocity. When the waves reach the outlet, 

reflection occurs due to the constant pressure, zero-gradient outlet boundary condition not being 

perfectly transmissive. This phenomenon can alter the shape of the free-surface in the domain, 

change the trim of the hull being simulated and cause errors in the resistance calculation. 

This issue can be mitigated by damping the waves upstream of the outlet. The simplest way of 

damping waves is reducing the ability of the mesh to resolve them in regions where they are 

unwanted. Mesh coarsening produces an averaging effect over the solution and results in numerical 

diffusion. Actively damping the waves using an opposing momentum source term on the vertical 

velocity components within a defined damping region [92] is another option, and both methods can 

be combined to achieve the best results. 
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A.7 Solution Methods 

The subject of solving finite volume flow problems accurately and efficiently has received a huge 

amount of attention in the past several decades and some methodologies have been almost 

universally adopted now, an overview of which is provided here. 

A.7.1 Iterative Convergence Using Segregated Solvers 

Solving for all the flow variables using one large system of equations at each time step would 

require significantly more memory than in a segregated approach, where the flow variables are 

solved for sequentially. Moreover, implicit discretisations of the Navier-Stokes / RANS equations 

are intrinsically non-linear and cannot be treated other than in a segregated manner. 

Our flow problem decomposes into several interdependent problems: the flow problem covering 

pressure-velocity, the fluid phase transport problem (volume fraction) and the turbulence problem 

(turbulent viscosity), which relies on transporting turbulence-related quantities. Each problem can 

only be solved using the best available solution for all other variables at any one time and the flow 

solution must be reached by successive approximation until the residual errors have reduced 

sufficiently. Once a converged flow solution is in place, the dynamic position of the floating body 

can be updated. 

A.7.2 Pressure-Velocity Decoupling 

The fact that both pressure and velocity feature together in the RANS equations (52) suggests that 

the system formed with the addition of the continuity equation (51) must be solved as a whole. It is 

possible, but generally undesirable because of the higher memory requirements arising from such 

an approach. Patankar and Spalding [93] proposed the SIMPLE (Semi-Implicit Method for Pressure 

Linked Equations) algorithm to separate the pressure and velocity calculations by performing 

iterative corrections. When other transported quantities influence the flow field (such as the volume 

fraction and turbulent viscosity for us), solving for these quantities is performed inside the SIMPLE 

loop, each time using the best available approximation of the velocity field. 

Several variants of the SIMPLE algorithm have been developed and these segregated solution 

methods are used by many CFD solvers, including Star-CCM+. 

A.7.3 Solution Acceleration 

The solution relies on solving multiple systems of linear equations in the form of 𝐴𝑥 = �⃗�  using 

iterative methods, such as such as Jacobi or Gauss-Seidel. The convergence rate of these algorithms 
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depends on the condition number of the matrix 𝐴 and the use of matrix pre-conditioning methods 

to speed up convergence is widespread. 

The speed of convergence and therefore the scalability of these solvers can also be greatly enhanced 

through the use of multigrid methods [21, ch. 11.3]. 

A.8 Mesh Structure and Element Shape 

Marine hydrodynamic simulations are external flow problems dominated by a largely uniform free-

stream and a mostly planar free-surface. This very specific nature of the flow problem influences 

the mesh choice in terms of structure and element shape.  

The considerations presented in Section A.5.1 suggest that the best mesh topology should be using 

hexahedral cells in a mesh aligned with the local flow velocity. Since the geometry of the hull 

typically contains many surfaces that are not aligned with the free-stream, a strategy is required to 

transition from a mesh that is optimal in the fluid regions dominated by the free-stream to the near-

hull region where the streamlines follow the wall. The problem of constructing a desirable mesh 

around an arbitrary geometry is first discussed and the matter of resolving the flow in the close 

proximity of the hull follows. 

A.8.1 Structured Meshes 

Deforming and “moulding” a hexahedral mesh at the approach of the hull is a strategy that has often 

been used with external flows around bodies for preserving the mesh topology. The domain is first 

visually decomposed into “blocks” which lend themselves to hexahedral mapping, as illustrated in 

Figure 91. This approach suited well the limitations of early solvers that were unable to handle cells 

with arbitrary shapes and number of faces. While these techniques have the ability to produce block-

structured grids, any refinement region in the vicinity of the hull must extend out to the boundaries. 

This results in large numbers of small cells in regions away from the flow features of interest. Such 

meshes are also problematic to generate automatically around deforming geometries due to the very 

interactive nature of the meshing process. 

Since there are no definitive algorithms available for generating fully-structured hexahedral meshes 

around arbitrary geometries and a mesh structure where all the nodes are coordinate-aligned is not 

a requirement when using modern solvers, hexahedral-dominant meshes are a logical balance 

between ease of mesh generation and numerical accuracy. 
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Figure 91 – Block-structured mesh around the stern of the KRISO container ship, from [94]. 

A.8.2 Cut-Cell Meshes 

An alternative approach for inserting an arbitrary geometry into a hexahedral mesh is allowing the 

cells intersecting the wall surface to be cut. The process typically creates some volumes with a 

lesser number of faces as well as slivers and tiny cells in places. A mesh optimisation and smoothing 

pass is normally required to improve the quality of the mesh afterwards and reduce numerical issues 

related to degenerate cells or excessive volume differences between adjacent cells. The solver must 

be also able to handle cells with varying numbers of faces. Cut-cell meshes are hybrid meshes in 

the sense that they combine structured and unstructured mesh regions and they are frequently 

combined with the use of inflation layers, as described in Section A.8.4. 

Cut-cell meshers are very efficient and can reliably produce hexahedral-dominant meshes without 

human supervision. This mesh generation method is frequently used for ship hydrodynamic 

problems today and was used to create the computational meshes used in this work in Star-CCM+. 

A.8.3 Unstructured Meshes 

The easiest way of generating volume meshes is using tetrahedral elements, in which case efficient 

algorithms based on Delaunay triangulation exist to fill arbitrary volumes with unstructured 

meshes. Tetrahedral elements can perform poorly in finite volume schemes, unless the nature of 

the problem dictates that fluxes cannot be aligned with the face normal vectors anyway. Tetrahedral 

cells can be aggregated into larger elements, or a mesh can be also constructed on the dual of a 

tetrahedral structure. 
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Some modern meshers are able to directly produce unstructured hexahedral meshes and others 

increasingly rely on more complex mesh elements than hexahedrons, as most modern finite volume 

solvers can handle fully unstructured meshes and cells with arbitrary numbers of faces. Such 

polyhedral meshers can offer the type of progressive spatial mesh refinement that is obtainable with 

tetrahedrons while using better cell shapes. These meshes are of limited interest to this work 

because of the requirement for structure and alignment in the free-surface region. 

A.8.4 Near-Wall Mesh 

The near-wall region faces different modelling constraints and, in a viscous flow, we want to model 

the velocity gradients in the boundary layer at the approach of the wall. Here again, seeking to 

reduce numerical errors and false diffusion requires the mesh to be aligned with the flow, and 

therefore the wall surface. Resolving gradients normal to the wall additionally requires using very 

thin cells close to the wall. Meshes intended to satisfy those conditions are referred to as inflation 

layers, which are obtained by offsetting the wall surface outwards (Figure 92). 

The thickness of each cell layer may be defined by adopting a geometric growth rate 𝜆, together 

with the number of layers 𝑛 and either the first cell height 𝑦0 or the combined thickness of all the 

layers. The last cell height 𝑦𝑛 should be compatible with the size of the free-stream mesh at the 

transition, while the first cell height 𝑦0 determines the value of 𝑦+ achieved at the wall, as discussed 

in Section A.4.3. 

 

Figure 92 - Near-wall mesh showing 11 inflation layers with a geometric growth rate 𝜆 = 1.175 and a transition into a 

non-conformal hexahedral cut-cell core mesh, produced by Star-CCM+. 

A.8.5 Mesh Refinement 

The use of local mesh refinement allows regions of complex flow or high gradients to be resolved 

at higher resolution without incurring the penalty of having to resolve the entire fluid domain with 
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the same resolution. However, the use of local refinement regions causes transitions in cell sizes 

within the mesh. 

Some solvers, such as Star-CCM+ or Fluent, are capable of handling non-conformal meshes, where 

an edge is allowed to terminate in the middle of another edge (Figure 92). Such topology allows a 

hexahedral structure to be preserved at the transitions between cell sizes. More commonly, codes 

require each edge to end on a vertex, which forces introducing an intermediate layer of wedge cells 

(Figure 93). 

 

Figure 93 - A hexahedral-dominant conformal mesh with inflation layers and anisotropic refinement in OpenFOAM. 

In the case of marine hydrodynamic simulations, the free-surface, the near-hull region and the wake 

are all areas of complex flows and pressure gradients that significantly affect the problem. On the 

other hand, the free-stream and free-surface forward of the Kelvin wedge (Section A.2) can be 

expected to be mostly devoid of features. The air flow above the free surface also has little impact 

on the hydrodynamic performance of the hull, unless the speeds of interest are high enough for 

aerodynamic forces to alter the hull trim. This supports selectively refining the mesh in order to 

direct the computational effort where it adds value. 

Additionally, the gravity waves at the free-surface are mostly long in relation to their height. 

Accurately resolving wave heights is highly desirable and this suggests anisotropically refining the 

mesh in the free-surface region by using thin, flat cells. Anisotropic refinement is not an option 

available with all types of meshers, mesh topologies and cell shapes, but it is straightforward to 

achieve in hexahedral cut-cell meshes, as each cell can be split into 2, 4 or 8 smaller hexahedral 

elements. 
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A.9 Modelling Body Motion and External Forces 

A.9.1 Motion and Degrees of Freedom 

Hull motion is the result of an imbalance between fluid forces, the gravity force and external forces 

such as propulsion. This motion can only stop if and once an equilibrium state is achieved, which 

requires the wave system surrounding the hull to have fully developed. In the case of calm water 

resistance simulations, only trim and sinkage can vary, leading to two degrees of freedom. 

However, full six degrees of freedom (6DOF) simulations can be performed to study motion in 

beam and quartering waves, manoeuvrability, wind-induced drift and similar aspects. 

Solving a fluid-body interaction problem within a CFD solver requires solving the Newtonian 

motion of the body by integrating the translational and rotational accelerations imparted to the body 

[65]. 

The total force 𝐹  acting on the hull, i.e. the body force, can be written as: 

 𝐹 = 𝐹 flow + �⃗⃗⃗� + 𝐹 ext , (78) 

where 𝐹 flow is the fluid force, �⃗⃗⃗� = 𝑚𝑔  is the weight of the hull and 𝐹 ext represents external forces 

such as propulsion. The discretised fluid force acting over the floating body can be expressed as: 

 𝐹 flow = ∑(−𝑝𝑗�⃗� 𝑗 + 𝜏 𝑗)

𝑗

𝑆𝑗 , 
(79) 

where 𝑆𝑗 is the surface area of each cell face describing the hull surface, �⃗� 𝑗 is the face normal vector, 

𝑝 is the static pressure and 𝜏 𝑗 is the wall shear stress vector. The equation for the linear motion of 

the body with reference to its centre of gravity 𝐺 links the body force to the linear acceleration of 

its centre of gravity 𝑟 𝐺
̈ : 

 𝑚𝑟 𝐺
̈ = 𝐹  , (80) 
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Similarly, the angular motion of the body in its own coordinate system with the origin located at its 

centre of gravity is: 

 𝐼𝐺  �⃗⃗� ̇ + �⃗⃗� × 𝐼𝐺  �⃗⃗� = �⃗⃗� 𝐺  , 

𝐼𝐺 = [

𝐼𝑥𝑥𝐺
𝐼𝑥𝑦𝐺

𝐼𝑥𝑧𝐺

𝐼𝑦𝑥𝐺
𝐼𝑦𝑦𝐺

𝐼𝑦𝑧𝐺

𝐼𝑧𝑥𝐺
𝐼𝑧𝑦𝐺

𝐼𝑧𝑧𝐺

] , 

(81) 

where �⃗⃗�  is the angular velocity, �⃗⃗� ̇ is the angular acceleration and �⃗⃗� 𝐺 is the total force moment 

acting on the body at its centre of gravity. The tensor 𝐼𝐺 represents the inertial properties of the hull 

with the diagonal components being the moments of inertia. Since we are only interested in the 

pitching motion, the constraints 𝜔𝑥 = 𝜔𝑧 = 0 mean that only the pitching inertia component 𝐼𝑦𝑦𝐺
 

is relevant to us25: 

 

𝐼𝑦𝑦𝐺
= ∫(𝑥2 + 𝑧2) 𝑑𝑚

ℎ𝑢𝑙𝑙

 , 

(82) 

where (𝑥2 + 𝑧2) is the square of the distance to the 𝐺𝑦 axis in the mass integration over the entire 

hull. 

Modelling a meshed body in motion requires that some or all of the mesh be able to move with the 

body, or the problem would require remeshing every time the body position is updated. Three 

approaches resorting to Arbitrary Lagrangian-Eulerian (ALE) methods are possible for modelling 

hull motion in relation to the far-field, undisturbed free-surface. The objective is always alleviating 

as much as possible the overhead of altering the computational mesh around the moving body. The 

position of the fluid in a moving mesh is updated to reflect body motion at each time step through 

the introduction of an artificial mesh velocity component in each cell. 

A.9.2 Full Domain Rotation and Translation 

Rotating the entire computational domain containing the meshed geometry is the simplest way of 

modelling motion as it leaves the mesh intact. The key advantages are computational efficiency and 

simplicity, but a structured mesh can become misaligned with the free-stream as the hull rotates 

                                                      

25 The off-diagonal terms of the tensor 𝐼𝐺  are the cross-products of inertia 𝐼𝑖𝑗𝐺 = ∫ 𝑖𝑗 𝑑𝑚
ℎ𝑢𝑙𝑙

. These are 

necessarily zero when a symmetry plane exists perpendicularly to a main axis. The hull symmetry plane 𝑋𝑍 

is perpendicular to 𝐺𝑌 and therefore we have 𝐼𝑥𝑦𝐺
= 𝐼𝑧𝑦𝐺

= 0. The other cross-products are eliminated by the 

rotational motion constraints. 
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and the actual free-surface can move out of the region of mesh refinement, leading to a loss of 

numerical accuracy and a loss of definition of the free-surface. In addition, it is only feasible for 

simulating hulls moving in deep water as the free stream must be able to cross the bottom of the 

fluid domain at a low angle as soon as the hull trims from the horizontal. 

In the case of deep-water ship simulations where hull trim is small, this approach has few drawbacks 

and leads to very efficient simulations. An example of a simulation configured to use full mesh 

rotation is shown in Appendix B, Figure 129. 

A.9.3 Mesh Morphing 

Mesh morphing involves deforming the computational mesh to follow body motion while the 

simulation progresses. Mesh deformation is normally excluded in the immediate vicinity of the 

body, where only translation and rotation occur in order not to compromise sensitive mesh features 

such as inflation layers. Deformation can then be gradually propagated out to the boundaries, or 

contained within a buffer region around the moving body. 

Since the orientation of the boundaries remains invariant, the boundary conditions are not impacted 

and shallow water can be simulated using a bottom wall if desired. The alignment of the flow with 

the mesh normally sees limited disturbances only and larger motions are possible than through 

moving the whole mesh. An example of a simulation configured with a morphed mesh is shown in 

Appendix B, Figure 128. 

A.9.4 Overset Meshes 

The mesh is decomposed into a background mesh that excludes the moving body and a small 

overset mesh block containing it. The overset block can then be moved freely within the background 

mesh by interpolating the data at the overset boundary. While conceptually simple, strict limits 

must be adhered to in the relative rate of motion between the meshes to allow the interpolation 

scheme to succeed and the cell faces at the boundaries should remain comparable in size. The first 

condition can limit the simulation time step and the second one be challenging with anisotropically-

refined meshes. 

The numerical interpolation at the overset boundaries introduces a very noticeable computational 

overhead in the simulations as well as additional errors in the discretised values, but the alignment 

of the background mesh with the flow remains unchanged. Overset meshes allow studying large-

amplitude motions, multi-body interactions, and motions across fluid interfaces and they are 

commonly used for high-speed planing craft simulations. 
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An example of a simulation configured with an overset mesh is presented in Appendix B, Figure 

133. 

A.9.5 Modelling External Forces 

The main external force of relevance in marine hydrodynamic simulations is propulsion. As the 

propulsive force contributes to the total trimming moment of the hull and resistance is usually 

sensitive to trim, modelling the thrust vector correctly is important. 

The thrust vector is normally attached to the hull coordinate system and, in the case of a 

conventional shaft-propeller arrangement, the thrust vector is located on the shaft line itself. When 

simulating towing tank experiments, the towing force is imparted at the attachment point of the 

carriage to the model, but the thrust remains horizontal in the frame of reference of the towing tank, 

regardless of the motion of the hull. 
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Appendix B 

CFD Computation of the Calm Water Resistance of Fast 

Pure-Displacement Hulls 

B.1 Objective and Requirements 

The objective in this appendix is establishing a framework for evaluating a large number of hull 

shapes using a fully-automated process starting from a three-dimensional geometry and basic hull 

hydrostatic design data and finishing with a hull resistance figure that can be used by an 

optimisation algorithm. The workflow employed is depicted in Figure 94. 

 

 

 

 

In order to attain this objective, each design geometry must be imported into a suitable simulation 

environment, its mass properties required for performance prediction must be set, a computational 

domain must be created and discretised, the flow problem must be solved and the pseudo steady-

state condition post-processed to extract the results. 

The inputs to this process are the 3D geometry of the hull, its displacement and the longitudinal 

position of its centre of gravity when free-floating on a level trim, which are obtained from a 

separate hull modelling process. The outputs are hull resistance as well as running trim and sinkage, 

the latter two being quantities of interest only. 

The main tasks to be fully automated are: 

1. Importing the hull geometry and setting the hull mass and centre of gravity; 

2. Meshing the fluid domain surrounding the geometry; 

3. Solving the fluid problem until a pseudo-steady state is reached; and 

4. Post-processing the simulation data to extract the results. 

Design hydrostatics 

3D hull geometry Pre-processing / 

Mesh generation 

Flow 

solver 

Post-

processing 

Resistance / 

Trim / 

Sinkage 

Figure 94 – Numerical resistance prediction workflow. 
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B.2 Introduction 

References to low Froude number hydrodynamic simulations [94] are abundant in the literature and 

most CFD packages suitable for solving marine hydrodynamic problems include example cases 

illustrating the basic principles in setting up such problems. 

Simulations at high Froude numbers are typically related to planing hulls, such as in Brizzolara and 

Villa [95] and simulations of pure-displacement hull forms don’t normally extend into the transition 

speed range, where 𝐹𝑟 ≅ [0.5,1.0] and a wave trough is present in the stern region. The magnitude 

of the hull resistance increase above 𝐹𝑟 = 0.5 normally makes these results of little interest. 

References to CFD simulations of high-speed displacement hull forms are at best scarce. Van 

Oossanen, et al. [14] refer to numerical results for displacement hull forms up to a Froude number 

of 𝐹𝑟 = 0.6, but the focus is on the results, not the methodology employed. In this study, the author 

was only able to address some of the unusual challenges associated with simulating displacement 

hulls at high Froude numbers through investigation, trial and error and these aspects are presented 

below. 

B.3 CFD Simulation Environment 

The CFD package Star-CCM+ [12] was used for all flow simulation work. The ability of its mesher 

to reliably produce anisotropically refined cut-cell meshes around hull geometries without external 

intervention was the primary decision factor, closely followed by the Java scripting capability built 

into the software. Other offerings, such as ANSYS CFX or Fluent appeared more problematic to use 

in the context of a fully automated CFD solution process due to weaknesses in scripting to control 

the insertion of new hull geometries and the subsequent meshing. An initial attempt to use 

OpenFOAM 2.3.0 was unsuccessful due to the poor performance and reliability of snappyHexMesh, 

its only meshing tool intended for producing inflation mesh layers around arbitrary geometries. The 

recent development of the new meshing code cfMesh [96] has now improved meshing around 

arbitrary geometries with inflation layers in OpenFOAM and this approach will be reconsidered 

again in the future. The open-source mesher Salome 7.4.0 [97], while controllable through Python 

scripting and capable of writing out native OpenFOAM meshes26, proved incapable of producing 

the mesh topologies needed for marine hydrodynamic studies. 

                                                      

26 This functionality can be obtained through the use of an open-source Python script. 
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B.4 General Arrangement 

The hull is located in a fixed volume of fluid of dimensions either corresponding to the environment 

modelled, such as a towing tank, or large enough to approximate open water. In order to keep the 

hull within the modelled volume of fluid, a velocity equal to the hull speed of interest is applied to 

the fluid and the hull is constrained to remain at a fixed longitudinal position. This approach allows 

the use of a body of fluid of a fixed length much shorter than the distance the hull would otherwise 

travel through the water during the simulation. The dimensions of the fluid domain must be 

sufficient to allow the wake to fully develop. 

For any simulation that does not include yaw, a horizontal angle of attack of the fluid onto the hull 

or other asymmetrical phenomena such as steering, propulsion or vortex shedding, it is also possible 

to take advantage of the symmetry existing in the problem to solve the flow over only half of the 

physical fluid domain, with a symmetry condition imposed over a vertical plane on the vessel 

centreline. 

B.5 Coordinate Systems 

Two primary coordinate systems are required for the simulation and one auxiliary coordinate 

system was employed to refine the wake region. These are described in Table 13. 

Coordinate System Axes Origin Orientation 

Reference 

(undisturbed free-

surface) 

𝑥 Forward waterline of hull at 0° 

trim 

Positive aft (with the flow) 

 𝑦 Symmetry plane Transverse to the domain 

 𝑧 Still waterplane Positive upwards 

Hull 𝑥 Hull centre of buoyancy (𝑥𝐶𝐵) Positive aft (with the flow) 

 𝑦 Hull centre plane (symmetry 

plane) 

Transverse to the demi-hull 

 𝑧 Static waterline in the modelled 

condition 

Positive upwards 

Kelvin wake  Tank coordinate system origin Tank coordinate system 

rotated by 19.5° around z-axis 

Table 13 - Coordinate systems for free-surface hydrodynamic simulations 
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The coordinate system attached to the centre of gravity of the hull (Figure 95) provides a means of 

tracking the hull’s position over time and extracting trim and sinkage information by comparison 

with the reference coordinate system. 

 

Figure 95 - Hull-attached coordinate system for tracking sinkage and trim. 

Rotating the reference coordinate system by the approximate value of the Kelvin wake angle around 

the vertical axis provides a convenient way of aligning mesh refinement regions with the divergent 

wedge of the wake as described in Section B.8.4. At Froude numbers exceeding about 𝐹𝑟 = 0.7, 

this angle can be expected to become narrower as observed by Rabaud and Moisy [98] and then 

further studied by others [99, 100]. The low-speed Kelvin wake half-angle of about 19.5° therefore 

represents the outer envelope and can be employed without issues. 

B.6 Hull Geometries 

B.6.1 Representation 

The hull geometries used for simulation are 3D CAD objects, which can be described in a variety 

of standardised NURBS surface-based formats such as IGES or STEP. Star-CCM+ has the ability 

to read such representations and can also read generic triangulated 3D surface definitions in STL 

format. NURBS surfaces are continuous and more accurate than a tessellated surface such as STL. 

Both representations were used to import the hull geometries, but a license constraint with the 

CAESES software [50] used for the parametric generation of new hulls (Section 3.6) later prevented 

from transferring NURBS surfaces directly and the STL format had to be employed. 

Each time a surface discretisation scheme is employed, errors are introduced compared to using a 

continuous surface representation. This discretisation process can be controlled by specifying a 

maximum allowed deviation from the original base surface, in which case it can adapt to the local 
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curvature (Figure 96). The hull surface is always eventually discretised into planar faces when 

volumetric mesh elements are constructed around it. 

 

Figure 96 - STL mesh detail for Delft hull SYSSER35 showing curvature-based adaptive refinement with a maximum 

edge length limit over the original NURBS surface. 

B.6.2 Preserving Topological Information 

A key issue when importing CAD geometry into a mesher is preventing the loss of essential 

topological information such as the position of sharp edges or the distinction between the hull sides 

and the deck. The hull-deck transition, the bow, any hard chines and the edges of the transom all 

give rise to such topological features. 

While it is possible to extract feature edges by identifying angular transitions in the geometry, such 

functionality is easily defeated when edges blend into differentiable surfaces: a blended chine 

(Figure 97) is a typical example. Defects in the representation of such features lead to geometry 

damage when the volume mesh is generated, because some cells end up intersecting the original 

geometry instead of conforming to it (Figure 98). Such defects later disrupt the flow in the 

simulation. 

Preserving such topological information can be achieved by importing the individual faces of a 

closed volume, rather than all faces as a closed volume, so the face edges are not lost (Figure 99). 

While 3D CAD surface descriptions naturally contain explicit edge information, tessellated 

surfaces such as STL don’t. Furthermore, edges joining tangent surfaces in CAD data may not 

constitute features of interest. These issues can be addressed within the limitations of the STL file 

format by distinguishing surfaces by their assigned colour in the geometry import data and blending 

all connected surfaces of the same colour into patches. These patches are then available to define 

fluid boundaries or meshing specifications. For example, the airflow over the deck doesn’t need to 

be resolved with the same level of attention as the water flow underneath the hull and a coarser 

mesh can be specified for the deck. This strategy helps with reducing the computational load. 
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Figure 97 - Blended chine on the 11.2-metre motor launch Wild South designed by the author in 2003. 

 

 

Figure 98 - Feature edge damage following volumetric meshing in OpenFOAM. 

 

Figure 99 - Preserved feature edges on hull geometry following geometry import. 

In this work, the hulls were therefore defined using multiple distinct surfaces in order to transfer 

the definition of the edges. The Delft hulls, which are always fully curved from the gunnel to the 

keel line, were manually pre-processed to differentiate the side-and-bottom surface from the deck 

and the transom (Figure 100), so only the surfaces expected to come in contact with the water are 

Blended chine 
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surrounded with mesh inflation layers (Section A.8.4). The parametric hulls generated for 

optimisation in Chapter 1 were more complex and featured a blended chine; those were further split 

into side, bottom and radiused chine surfaces (Figure 101). 

 

Figure 100 - Delft hull SYSSER35 defined using coloured patches to preserve its feature edges. 

 

Figure 101 - Coloured hull geometry overlaid with a triangular tessellation ready to be exported. 

B.7 Fluid Domain 

B.7.1 Definition 

The fluid domain is obtained by Boolean subtraction of the hull volume from the total volume of 

fluid to be modelled in the simulation. Since all simulations were performed using hexahedral 

domains representing half of the total volume of interest in order to take advantage of the flow 

symmetry in the problem, the symmetrical volume of the hulls was subtracted from half of the 

volume of fluid of interest. 

B.7.2 Dimensions 

The dimensions adopted for the fluid domain are a function of the size of the hull geometry used in 

the simulation and were established based on the independence of the solution to the position of the 

boundaries. In the case of tank experiments, the lateral wall and water depth are imposed by the 

dimensions of the tank, which leaves the distances to the inlet, outlet and upper atmospheric 

boundary to be determined. 
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For open-water simulations, the water depth and distance to the side wall(s) must be set so as to 

minimise their influence on the results. The ITTC Guidelines for Ship CFD [101] recommend 

placing the inlet and lateral boundaries 1 ~ 2 ∙ 𝐿𝑊𝐿 away from the hull and the outlet boundary 

3 ~ 5 ∙ 𝐿𝑊𝐿 astern of the vessel. The values adopted for the simulations are presented in Table 14 

and lead to an outlet boundary located 5.7 ∙ 𝐿𝑊𝐿 aft of the transom. Using conservative dimensions 

for the fluid volume had a very modest effect on the total number of cells in the mesh due to the 

use of anisotropic mesh refinement and a gradual coarsening of the mesh towards the outlet. 

Dimension Value Unit 

Length 8.0 𝐿/𝐿𝑊𝐿 

Width 2.4 𝑊/𝐿𝑊𝐿 

Water depth 1.8 𝐻/𝐿𝑊𝐿 

Inlet boundary distance -1.3 𝑥inlet/𝐿𝑊𝐿 

Atmosphere height 1.2 𝐻/𝐿𝑊𝐿 

Table 14 - Fluid domain dimensions for deep open water CFD simulations 

Simulating pure-displacement hulls in the transition speed range results in a wake with a transverse 

wavelength which increases with the square of the flow velocity (see Appendix A, Section A.3.2); 

additional distance is required to dampen the waves and minimise any outlet reflections. The depth 

of the domain must be considered with a similar degree of caution as long waves impinge deeper 

in the body of water, in some cases with greater effect than may be expected. A discussion of long 

wakes and deep water effects is offered further in Section B.8.4.2 in the context of resolving the 

flow in the body of deep water underneath the hull. 

B.7.3 Regions 

Star-CCM+ defines the fluid continuum for simulations in terms of volumetric regions and surface 

boundaries. If the entire meshed volume will be rotated and translated to model motion (Section 

A.9.2), a single region is sufficient. The same applies if the mesh will be deformed within a fixed 

volume (Section A.9.3). If an overset mesh scheme is instead employed (Section A.9.4), then an 

overset moving region must be defined within the background region and the solver dynamically 

inserts the overset block into the background region to create a single continuous volume of fluid 

for the simulation. Section B.10.2 discusses modelling body motion in detail and its consequences 

for the mesh. 
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B.7.4 Boundary and Initial Conditions 

B.7.4.1 Boundary Types 

The types assigned to the fluid domain boundaries are reported in Table 15. Star-CCM+ was 

originally developed to model free-surface marine hydrodynamic problems and includes many 

features for such simulations. One of them is a wave model intended for setting up boundary 

conditions in Volume-of-Fluid simulations, not only initialising the velocity and pressure fields 

correctly, but also setting the Volume-of-Fluid fraction to define the water level. As calm water is 

a particular case of a wave with zero amplitude, the wave model was still used to set up the 

simulations. 

The target hull velocity was applied to both the water and air phases at all inlet boundaries and the 

initial water level was specified at the origin of the global coordinate system. 

Boundary Boundary type 

Hull No slip wall 

Tank inlet Free-stream 

Tank outlet Pressure outlet 

Tank side wall Free-slip wall (or 

symmetry) 

Tank bottom Free-slip wall or free-

stream 

Tank top (atmosphere) Free-stream 

Symmetry plane Symmetry 

Table 15 - Boundary conditions applied to hydrodynamic simulations with Star-CCM+. 

Pressure outlet boundaries in Star-CCM+ allow inflows normal to the boundary and the solver 

reports the number of cell faces with reversed flow when this occurs. If both the outlet and the 

upper atmospheric boundary are defined as pressure outlets, unphysical effects were found to 

develop downstream between the outlet and the upper atmospheric boundary (Figure 102). The 

hydrodynamic solution is not visibly impacted by this phenomenon, but the upper atmospheric 

boundary had to be specified using a free-stream Dirichlet condition at the top of the domain, which 

leads to a correct atmospheric solution as shown in Figure 103. 

The bottom boundary can be modelled as a free-slip wall provided it remains aligned with the inlet 

free-stream when the hull develops a trim angle, but imposing a free-stream condition instead at 

the bottom sometimes prevents artefacts from developing close to the boundary. If the full 

computational domain is allowed to rotate in relation to the fluid in order to simulate body rotation 



APPENDIX B 

CFD COMPUTATION OF THE CALM WATER RESISTANCE OF FAST PURE-DISPLACEMENT HULLS 

162 

(Section A.9.2), then the bottom boundary must also be defined using a free-stream condition in 

order to allow the flow to cross it. 

 

 

Figure 102 - Model-scale velocities on the x-axis on three boundaries with upper boundary defined as pressure outlet, 

free-stream velocity 𝑣 = 2.426𝑚/𝑠. 

 

Figure 103  Model-scale velocities on the y-axis on three boundaries with free-stream conditions at the upper boundary, 

free-stream velocity 𝑣 = 2.426𝑚/𝑠. 
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B.7.4.2 Overset Boundaries 

Whenever overset meshing is employed, the internal boundary between the overset mesh block and 

the background mesh is managed by the solver. Such boundaries are declared as overset boundaries 

to enable the interpolation calculation. 

Star-CCM+ allows the use of a few interpolation schemes at these boundaries, which vary in 

accuracy and computational cost. The most accurate and slowest option is linear interpolation and 

it was employed throughout. 

B.7.4.3 Turbulence Conditions 

Inlet boundaries require a specification for the incoming turbulence level. This can be defined using 

any of several pairs of values, as is common with two-equation turbulence models. The situation 

that must be modelled is still water containing a residual level of turbulence. 

References to turbulence intensity are common in the literature [94, 102] with reported values 

typically ranging between 1% ≤ 𝑇𝐼 ≤ 5%. Lurie [103] performed experimental work on full-scale 

sailboat appendages in the natural environment and estimated 𝑇𝐼 > 0.85%. Aubrey and 

Trowbridge [104] report 𝑇𝐼 < 10% in the natural environment. The value 𝑇𝐼 = 1% was adopted. 

In the absence of guidance regarding the length-scale of turbulence, the turbulent viscosity ratio 

was set to 𝜇𝑡 𝜇⁄ = 10 in agreement with [105], as the author found that it led to simulations nearly 

insensitive to the turbulence boundary conditions. The inlet boundary values for the 𝑘-𝜔  𝑆𝑆𝑇 

turbulence model are defined as per equations (83) and (84) with the results shown below for a 

velocity 𝑣 = 2.426 𝑚/𝑠: 

 
𝑘 =

3

2
(𝑇𝐼 ∙ 𝑣)2 = 8.83 ∙ 10−4 𝐽/𝑘𝑔 

(83) 

 
𝜔 =

𝜌 ∙ 𝑘

𝜇𝑡
= 88 𝑠−1 

(84) 

The turbulent length scale can be obtained from Equation (85): 

 ℓ𝑡𝑢𝑟𝑏 =
𝜇𝑡

𝜌√𝑘 𝛽∗0.25
= 6.16 ∙ 10−4 𝑚 (85) 

where 𝛽∗ = 0.09 is an empirically-determined constant from the turbulence model. 
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The reference velocity27 𝑣 used in the determination of the turbulent kinetic energy is independent 

of the inlet velocity. In theory, this value should be zero for simulating a progression through still 

water, but this would of course render the turbulence model invalid. It was arbitrarily set to the 

typical velocity of the model runs at 𝐹𝑟 = 0.6 and then kept constant. This is consistent with 

modelling a craft in still water of constant turbulence and also ensures the turbulence model is valid 

at the start of the simulation. The solutions exhibited almost no sensitivity to variations in inlet 

turbulence parameters, as turbulence rapidly decays down to very small values before the free-

stream reaches the hull. Figure 104 shows the evolution of the turbulent kinetic energy along the 

length of the fluid domain for the above inlet turbulence conditions. The hull waterline begins at 

𝑥 = 0, where a decay of about one order of magnitude from the inlet value can be observed. The 

inlet turbulence specification primarily ensures that the numerical problem is well-posed. 

 

Figure 104 - Free-stream turbulent kinetic energy as a function of the position along the flow for a turbulence intensity 

of 1% and turbulent viscosity ratio of 10 at the inlet (left). 

Modelling a constant ambient turbulence level in the free-stream is possible in Star-CCM+ by 

specifying a turbulence source term tied to the values of a chosen inlet boundary. Introducing a 

background turbulence level matching the inlet values for 𝑇𝐼 = 1% and 𝜇𝑡 𝜇⁄ = 10 had no 

discernible effect on the results either. Setting adequate inlet turbulence conditions is discussed by 

Spalart and Rumsey [106] who discuss inlet turbulence parameters in some detail for aerodynamic 

applications with Reynolds numbers still comparable with that of the model-scale simulations 

conducted in this work; the values used were found to be in agreement with these recommendations. 

                                                      

27 This velocity is sometimes referred to as the “velocity scale” for the turbulence model. 
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B.7.5 Wave Damping 

Star-CCM+ allows defining a wave damping length normal to the boundaries of the domain; this 

value is shared across all boundaries configured to use artificial wave damping. Using a long wave 

damping length at the outlet requires the distance from the bow to the inlet to be extended as well, 

if the inlet boundary is to be provided with a damping zone. A wave damping length equal to 1.2 ∙

𝐿𝑊𝐿 was employed throughout the simulations and both the inlet and outlet boundaries were 

configured with wave damping zones. 

 

Figure 105 - Half-wakes for model hull AMC 16-12 at 𝐹𝑟 = 0.6 in deep, open water with wave-damping at the inlet, 

outlet and sidewall in a large domain (top) and without wave-damping at the sidewall in a smaller fluid domain 

(bottom). 

Accurately modelling towing tank experiments relies on modelling the unavoidable wave 

reflections at the side wall and therefore no damping measures were used at the side boundary. In 

the case of open-water simulations, the option existed of widening the fluid domain to create a 

damping region at the side wall without encroaching into the divergent wave system emanating 

from the bow, as illustrated in the upper half of Figure 105. The author instead opted to also omit 

a lateral wave-damping region when simulating open-water cases and dimension the fluid domain 

conservatively, as shown in the lower half of Figure 105. This way, the divergent wave system only 

interfered with the lateral boundary several boat lengths behind the craft and close to the outlet. 
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This resulted in a smaller computational domain without the risk of forcing the divergent wave 

pattern. 

B.7.6 Velocity Ramp and Fluid Acceleration 

Marine hydrodynamic simulations can usually be run from an impulsive start where the fluid 

velocity is initialised throughout the domain using the conditions imposed at the inlet. This 

approach results in an exaggerated pressure peak as the flow first conforms to the shape of the hull. 

Gradually releasing the model from a fixed condition to free-to-trim and heave is a common way 

of controlling the start of such simulations. The bow wave then rapidly builds up, causing a peak 

in the bow-up trim of the hull. This phenomenon can result in an oscillatory motion in pitch which 

then requires time to decay (Figure 106), or can create a pressure wave in the fluid domain that 

prevents the heave value from later stabilising during the course of the simulation. 

As the Froude number increases, the magnitude of this initial disturbance was observed to require 

longer simulation times before a pseudo steady-state was reached for some hull geometries. This 

issue prompted introducing an inlet velocity ramp in order to reduce the transient oscillation as 

much as possible. 

 

Figure 106 - Trim curve for Delft hull SYSSER62 for an impulsive start at 𝐹𝑟 = 0.7 with motion release from 0.1 to 0.5 

seconds. 

A sinusoidal velocity profile increasing from zero to the target simulation velocity 𝑣𝑓𝑖𝑛𝑎𝑙 (Figure 

107) was used as it provides continuity at the transition into the constant velocity regime at the end. 

The duration of the acceleration phase was set at 𝑇Ramp = 3𝑠 for computations at all speeds, based 

on the approximate duration of the larger transients during impulsive starts. This proved to be a 
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suitable value for the size and inertia of the hulls modelled. The inlet velocity boundary condition 

was redefined as per Equation (86): 

 

𝑣(𝑡) = { 

1

2
(1 − cos𝜋

𝑡

𝑇Ramp
)𝑣final, 0 ≤ 𝑡 ≤ 𝑇Ramp

𝑣final, 𝑡 > 𝑇Ramp

 (86) 

Due to the inertial properties of the fluid combined with the presence of the free-surface at constant 

pressure, increasing the inlet velocity alone would result in a pressure wave forming close to the 

inlet and would severely disrupt the simulation. In order to keep the free-surface flat, the entire 

body of fluid must be imparted an artificial acceleration matching the velocity ramp until the target 

speed is reached. 

A momentum source was introduced as an external force acting upon the fluid during the velocity 

ramp. The desired acceleration at any time 𝑡 is the time derivative of Equation (86) and the force 

to be imparted to each fluid element in the mesh is obtained from Newton’s Law: 

 

𝐹𝑖(𝑡) = { 

𝜋

2𝑇Ramp
sin𝜋

𝑡

𝑇Ramp
∙ 𝑉𝑖 ∙ 𝜌𝑖 ∙ 𝑣final, 0 ≤ 𝑡 ≤ 𝑇Ramp

0,  𝑡 > 𝑇Ramp

 (87) 

where 𝑉𝑖 and 𝜌𝑖 respectively are the volume of cell 𝑖 and the effective density of the fluid it contains, 

as defined earlier for the volume fraction of water in Equation (75). The resulting inlet velocity 

ramp is shown in Figure 107. 

 

Figure 107 – Normalised sinusoidal velocity profile. 
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Figure 108 - Trim curve for Delft hull SYSSER62 during a 3-second ramped start before reaching 𝐹𝑟 = 0.7. 

 

Figure 109 - Resistance forces on Delft hull SYSSER62 during a 3-second ramped start before reaching 𝐹𝑟 = 0.7. 

In strict terms, the formulation of the acceleration offered above is correct for a fluid in a channel 

of constant cross-section with a uniform velocity field. In reality, the presence of the hull creates a 

minor blockage effect with locally higher flow velocities. The acceleration imparted to the fluid in 

this region should be higher as well in order to ensure a perfectly flat free-surface, but expressing 

it is impractical. The resulting error is too small to cause issues during the limited duration of the 

velocity ramp and any effect on the level of the free-surface dissipates afterwards. 
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B.8 Computational Mesh 

B.8.1 Mesh Requirements 

The strong dominance of the free-stream over the fluid domain favours using a hexahedral mesh 

aligned with the flow. The presence of a free-surface coupled with the need to accurately resolve 

the wave pattern suggests the use of anisotropic mesh refinement in the free-surface region. Last, 

but not least, capturing the viscous forces at the hull wall requires the presence of inflation layers 

close to the hull surface. 

Meeting these requirements proved beyond the capability of many meshing codes due to their 

inability to combine all of these features together. The difficulty of the problem has sometimes 

prompted authors to compromise and use unusual mesh structures, such as the hybrid hexahedral-

tetrahedral mesh shown in Figure 110. When the meshes also need to be automatically constructed 

around arbitrary hull geometries without human intervention, the number of potentially suitable 

meshing codes reduces even further. The constraints around meshing were such that the choice of 

the mesher guided the choice of the CFD solution. 

 

Figure 110 - A hybrid hexahedral-tetrahedral Fluent mesh around the well-known model ship hull DTMB 5415, from 

Senocak and Iaccarino [107] 

The meshes used throughout this work were obtained using a cut-cell algorithm as described in 

Appendix A, Section A.8.2, with inflation layers at the hull surface and a combination of local and 

anisotropic refinement specifications to capture the free-surface and the wake regions. 

B.8.2 Overset Meshing 

The definition of an overset mesh block to accommodate body motion effectively results in two 

meshes being created, with only the overset block containing the hull geometry. As the overset 
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mesh motion is constrained to small rotations in pitch and small vertical translations in heave, the 

structure of the background mesh was continued through the overset block when the mesh was 

generated. 

The cell sizes at the faces of overset boundaries should ideally be the same [12, p. 2329] and 

excessive differences can cause the interpolation scheme to fail during simulations. This constraint 

sometimes resulted in having to make allowances for mesh motion when defining mesh refinements 

across the boundaries. 

B.8.3 Core Mesh Structure and Size 

The Star-CCM+ cut-cell mesher operates using a base size specification ℎbase. In the absence of 

further directives, it will generate a hexahedral-dominant cut-cell mesh based on a uniform cell size 

using this specification. Refinement and coarsening specifications can be added by referring to local 

geometric regions and cell size specifications can be defined at the boundaries. 

The mesh base size value was chosen based on knowledge about the simulation time step acquired 

during early work, some of it carried out in OpenFOAM, so that the Courant number in a cell of the 

nominal base size would be close to unity for such a time step. This led to base size cell edge lengths 

of approximately 𝐿𝑊𝐿/50. 

Capturing the waves in the free-surface region typically requires a minimum of about 40 cells per 

wave length along each horizontal dimension and 20 cells vertically [101]. The length of the 

transverse waves generated by a hull varies with the square of its velocity and it matches the 

waterline length 𝐿𝑊𝐿 when the Froude number reaches 𝐹𝑟 ≅ 0.4 (Section A.2). Such a Froude 

number is at the low end of the speed range of interest in this work and already provides a resolution 

of 50 cells/wave length. This resolution then increases at higher speeds as waves become longer, 

so it was considered as a suitable starting point to establish a mesh. Many flow features close to the 

hull, such as the details of the bow wave, do not scale the way the wake does and the mesh must 

also be able to consistently resolve those details throughout the speed range, so a fixed mesh size 

and structure was always adopted for a given hull waterline length. In the end, the ability of the 

mesh to capture the physics of a problem must be assessed in a mesh convergence study and this 

work is presented in Appendix C. 

The target cell size at the domain boundaries was set to 10 ∙ ℎ𝑏𝑎𝑠𝑒 in order to allow coarse cells to 

be used in free-stream and atmospheric regions, thus reducing the computational burden of the 

model. 
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B.8.4 Local Mesh Refinement Specifications 

Local mesh refinement can be specified in Star-CCM+ by requesting a different mesh size within 

a defined geometric volume. Mesh sizes can be expressed in absolute terms or relative to the mesh 

base size. It is important however to understand how the mesher refines the mesh and processes 

size specifications. Mesh size specifications can be isotropic, or tailored to affect each dimension 

differently in the base Cartesian coordinate system 𝑂(𝑥, 𝑦, 𝑧), as shown in Figure 111. When mesh 

size specifications overlap, the specification resulting in the smallest edge length applies. 

The cut-cell mesher used in this work performs mesh refinement by decomposing the cells using 

an octree structure and therefore produces fixed refinement ratios of 2: 1 that are typical of 

hexahedral meshes. This ratio can never be exceeded between adjacent cells and a volumetric 

growth rate can be specified at the boundaries of the refinement regions to extend the transitions. 

The resulting mesh sizes are therefore 2𝑛-multiples or fractions of the initial, unrefined cell size, 

where 𝑛 is the mesh refinement level. The final mesh size is always either smaller or equal to the 

requested size. The initial mesh size arises from the target surface size effective at the domain 

boundaries and all subsequent sizes in the mesh indirectly depend on it as a result. 

 

Figure 111 - Complex isotropic and anisotropic mesh refinement structure below the free-surface region in a Cartesian 

cut-cell mesh in Star-CCM+. 

B.8.4.1 Free-Surface Region 

The free-surface region must be refined vertically in order to allow resolving wave amplitudes 

accurately. The shape of the free-surface determines the hull running trim in hydrodynamic 

simulations and errors in trim can strongly affect resistance predictions, so the level of vertical 

refinement in this region is one of the most important features in the mesh. 
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A uniform free-surface refinement region vertically centred across the still waterplane at 𝑧 = 0 was 

first created over the entire fluid domain, with a vertical span of ±9 ∙ 10−2 𝐿𝑊𝐿 and a cell height 

of 10 ∙ ℎbase/2
5 (Figure 112). The necessary vertical extent of the refinement zone depends on the 

expected wave heights in the simulation, but the spatial velocity and pressure gradients caused by 

the wake extend deeper into the fluid than the waves themselves. The free-surface region was 

refined beyond the draft of the hulls owing to their relatively shallow and beamy shapes and the 

high Froude numbers targeted. While the domain arguably contains large areas of undisturbed flow 

and free-surface upstream of the Kelvin wedge, the author found that any significant coarsening in 

the vertical refinement of the mesh at the free-surface caused artefacts; planar cell coarsening 

proved a better answer to reducing the cell count in this region. 

 

Figure 112 - Side elevation of the vertical free-surface refinement scheme. 

The coordinate system aligned with the Kelvin wedge, introduced in Section B.5, was used to define 

two refinement zones covering the wake produced by the hull. In addition, experimentation 

highlighted that the lateral boundary of this region must be offset away from the hull in order not 

to affect the divergent bow wave negatively and the refined areas were terminated using a radius 

forward of the bow. The edge of the inner region was offset from the waterline entry point by 2.25 ∙

10−2 𝐿𝑊𝐿 and the outer region by twice this distance (Figure 113). 

 

Figure 113 - Plan view of the free-surface refinement regions over the coarse mesh obtained from the boundary surface 

specifications. 

Within the inner wedge, the vertical refinement of the mesh was doubled to reach 𝑛 = 6 between 

+4.5 ∙ 10−2 𝐿𝑊𝐿  and −6.75 ∙ 10−2 𝐿𝑊𝐿 (Figure 114) and the horizontal refinement level was 

increased from 𝑛 = 2 in the outer zone to 𝑛 = 3 (Figure 115). The added vertical resolution within 

the Kelvin wedge is beneficial for capturing wave heights and represents a concession to 
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computational efficiency when compared to uniformly refining the entire mesh cross-section at that 

level. 

In the near-hull region, the mesh size is conditioned by the resolution of the fine hull surface mesh 

and the slow mesh growth rate imposed, leading to one more level of refinement. This region 

captures any overturning waves and complex interactions in the flow approaching the outer limit 

of the boundary layer. 

 

Figure 114 - Detail of the free-surface anisotropic vertical mesh refinement scheme approaching the hull. 

 

Figure 115 - Detail of the free-surface horizontal mesh refinement scheme approaching the hull. 

Table 16 summarises the mesh refinement and resolution levels achieved for ℎbase = 𝐿𝑊𝐿 50⁄ . The 

Kelvin wedge is refined to 𝑛 = 3 horizontally and 8 times smaller vertically, which suggests that 

waves with a length-to-height ratio of 8 would be resolved uniformly with cells of a height equal 

to 0.3% of the waterline length. 

𝑛𝑥𝑦 = 0 
𝑛𝑥𝑦 = 1 

𝑛𝑥𝑦 = 2 

𝑛𝑥𝑦 = 3 

𝑛𝑥𝑦 = 4 

𝑛𝑧 = 0 

𝑛𝑧 = 6 𝑛𝑧 = 5 

𝑛𝑥𝑦 = 5 
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Refinement 

level 
Mesh size Resolution 

n ℎ/(10ℎbase) ℎ/𝐿𝑊𝐿 Cells/𝐿𝑊𝐿 

0 1/1 2.00E-01 5 

1 1/2 1.00E-01 10 

2 1/4 5.00E-02 20 

3 1/8 2.50E-02 40 

4 1/16 1.25E-02 80 

5 1/32 6.25E-03 160 

6 1/64 3.13E-03 320 

Table 16 - Mesh cell refinement levels and resolution for ℎ𝑏𝑎𝑠𝑒 = 𝐿𝑊𝐿 50⁄ . 

B.8.4.2 Deep Water Region 

Departing from common practices in ship hydrodynamics, the body of deep water directly 

underneath and aft of the hull was extensively refined down to 𝑛 = 2 in the horizontal plane and 

𝑛 = 3 vertically. This refinement region was positioned underneath the Kelvin wedge, extending 

about 1.5 hull lengths aft of the transom and down to the bottom of the fluid domain (Figure 116). 

The length of this region must be considered in relation to the length of the transverse waves in the 

wake. 

 

Figure 116 - Anisotropic refinement of the body of deep water affected by the transverse wake. 

Refining the deep water proved critical to capturing and resolving the physics in simulations at 

Froude numbers 𝐹𝑟 ≥ 0.6 with pure displacement hull forms. Twenty-second simulation histories 

for trim, heave and resistance forces are presented for the fast displacement model hull AMC 16-12 

at 𝐹𝑟 = 0.7 before and after refining the body of deep water. The two simulations show that the 

solution fails to stabilise when the deep water is insufficiently resolved. Figure 117 highlights that 

the development of the wake leads to a significant change in trim and these instabilities commonly 

𝑛𝑥𝑦 = 2, 𝑛𝑧 = 3 
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persisted even after 1 minute of simulated time. Figure 118 shows that the pressure resistance force 

fails to stabilise. The behaviour of the hull in heave is also substantially different in Figure 119. 

 

Figure 117 - 20-second simulation history of trim for fast displacement hull model AMC 16-12 at 𝐹𝑟 = 0.7 with and 

without refinement of the deep water body. 

 

Figure 118 - 20-second simulation history of the resistance forces for fast displacement hull model AMC 16-12 at 𝐹𝑟 =
0.7 with and without refinement of the deep water body. 
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Figure 119 - 20-second simulation history of heave for fast displacement hull model AMC 16-12 at 𝐹𝑟 = 0.7 with and 

without refinement of the deep water body. 

The meaningful depth of impingement of a surface gravity wave is about half of its length and this 

length increases with the square of the velocity (Section A.2). Fast displacement hull simulations 

contain long, and therefore deep, stationary waves. Figure 120 illustrates the extent of the 

disturbances in the velocity field in the deep water underneath the model hull AMC 16-12 for a 

Froude number 𝐹𝑟 = 0.7 resolved using a fine mesh. The meshes used in the literature pertaining 

to simulations of high-speed planing hulls [95] suggest that those issues do not arise and the 

common simulations of displacement hulls at low speeds produce much shorter waves which don’t 

impact the deep water as much. 

 

Figure 120 - Disturbance in the free-stream aligned velocity field for model hull AMC 16-12 at 𝐹𝑟 = 0.7 (𝑣𝑖𝑛𝑙𝑒𝑡 =
2.831𝑚𝑠−1). Wave damping is taking place before the outlet boundary. 

B.8.4.3 Atmospheric Region 

The size of the mesh at the boundaries of the overset mesh block tends to be influenced by mesh 

refinement resulting from the proximity of the hull. While the underwater background mesh is 

-0.02

-0.018

-0.016

-0.014

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

0 5 10 15 20

H
ea

ve
 [

m
]

Time [s]

Heave (coarse
deep water mesh)

Heave (refined
deep water mesh)



 

COMPUTATIONAL MESH 

177 

refined enough to avoid interpolation issues, the background mesh in the atmospheric region 

remains very coarse in the absence of any specific directives. 

A volumetric refinement region was introduced above the still water surface 𝑧 = 0 in conjunction 

with the use of an overset mesh block for the purpose of controlling the cell size at the transition 

between the background mesh and the overset mesh in the atmospheric region. The mesh in this 

volume was uniformly refined down to 𝑛 = 2 (Figure 121). 

 

Figure 121 - Overset mesh block (green) and background mesh atmospheric refinement region (beige). 

Hulls that reached higher dynamic trim angles during the course of the simulations sometimes 

caused data interpolation problems at the overset boundary and the addition of this slightly refined 

atmospheric region improved the reliability of the solver during large automated simulation runs. 

It also helped with reducing the residuals in the solution by eliminating excessively coarse 

approximations due to large cells in regions of complex flow, even when the air flow is of little 

interest. 

B.8.5 Hull Surface Mesh 

The key consideration when meshing close to the geometry of interest in flow studies is preserving 

shape accuracy and guidelines for surface meshing are provided in the ITTC Guidelines for Ship 

CFD Applications [101]. The size of the hull surface mesh, when using a cut-cell algorithm, is the 

result of the intersection of the refined hexahedral core mesh with the surface of the geometry. The 

core mesh is refined in the vicinity of the surface in order to meet the refinement specifications 

applicable to the surface. 

The accuracy of the meshing at the hull surface was primarily controlled using an absolute curvature 

error specification of 0.5 𝑚𝑚 between any mesh edge and the imported underlying surface. The 

𝑛 = 2 



APPENDIX B 

CFD COMPUTATION OF THE CALM WATER RESISTANCE OF FAST PURE-DISPLACEMENT HULLS 

178 

hull geometries were approximately 2-metre long, which represents a dimensional tolerance of 

about 2.5 ∙ 10−4 ∙ 𝐿𝑊𝐿. This value was deemed adequate considering that it must equal or exceed 

the dimensional accuracy obtainable when making hull models without resorting to CNC 

machining of the final surface. A minimum surface edge size equal to 0.1 ∙ ℎ𝑏𝑎𝑠𝑒 was imposed to 

prevent producing exceedingly small cells and the mesh in the vicinity of the feature edges was 

refined down to 0.2 ∙ ℎ𝑏𝑎𝑠𝑒 to help with resolving phenomena such as water peeling off a chine. 

Figure 122 and Figure 123 illustrate such a surface mesh over the forward sections of hull model 

AMC 16-12. 

Star-CCM+ implements isotropic mesh refinement when refining down to an error tolerance near 

a surface, which leads to more cells close to the wall and higher computational effort than would 

be achievable with longitudinally-elongated cells in this type of problem. 

 

Figure 122 - Half-hull surface mesh for model AMC 16-12. 

 

Figure 123 - Surface mesh detail showing a feature edge and curvature-based refinement for hull AMC 16-12. 
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B.8.6 Inflation Layers 

Inflation layers are thin mesh layers near a wall obtained by offsetting the wall surface in order to 

obtain cells aligned with the flow. Star-CCM+ requires inputs for the total thickness of the inflation 

layers, the number of layers and the geometric growth rate between layers. 

The boundary layer thickness grows from the bow to reach a maximum at the stern. This value can 

be estimated using Equation (88), which was derived from experimental results for flat plates under 

no pressure gradient by Schlichting [72, p 638]: 

 
𝛿 =

0.37𝑥

𝑅𝑒𝑥
0.2 , 

(88) 

where 𝑥 is the streamline length from the leading edge of the plate and 𝑅𝑒𝑥 is the local Reynolds 

number for a free-stream velocity 𝑣0: 

 𝑅𝑒𝑥 =
𝑣0 ∙ 𝑥

𝜈
 . (89) 

In the case of the model hulls of interest in this work, the estimated thickness of the boundary layer 

at the stern was approximately 𝛿 ≅ 30𝑚𝑚 at the Reynolds numbers of relevance. If the total 

thickness of the inflation layers is insufficient, the development of the boundary layer can be 

hindered by the mesh in the simulations. Once early simulation results become available, plotting 

the turbulent viscosity ratio 𝜇𝑡/𝜇 off the wall allows a more direct assessment of the thickness of 

the boundary layer and the adequacy of the near-wall mesh (Figure 124). The highest values of the 

turbulent viscosity ratio occur in the region of maximum shear, approximately in the middle of the 

boundary layer. 

 

Figure 124 - Turbulent viscosity ratio in the near-wall mesh in the stern region of hull model AMC 16-12 at 𝐹𝑟 = 0.6 

with 13 layers over a total thickness of 30mm and a growth ratio 𝜆 = 1.14. 

The number of layers determines the level of resolution of the gradients away from the wall. The 

layer growth rate 𝜆 impacts the distribution of the layers and determines the heights of the first and 
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the last layers in the mesh. ITTC suggests growth rates of 1.2 to 1.5 [101]. The experience acquired 

here showed that better results are achieved with small growth ratios. The sensitivity of the viscous 

forces to the definition of the near-wall mesh was quantified while validating the numerical model 

in Appendix C, Section C.2.5 and the results led to meshing 60% of the estimated boundary layer 

thickness using 8 mesh layers and a growth ratio 𝜆 = 1.25. 

Inflation layers can be controlled on a per-surface basis. Figure 124 shows the layers tapering off 

at the end of the bottom surface and Figure 125 shows them extending up the transom in the 

configuration adopted for the simulations. Both configurations deliver identical viscous resistance 

values for the same inflation layer mesh definition, but the second topology preserves a more 

consistent treatment of the boundary layer all the way to the transom edge and prevents the anomaly 

in the value of 𝑦+ shown in Figure 126. 

 

Figure 125 - Turbulent viscosity ratio in the near-wall mesh in the stern region of hull model AMC 16-12 at 𝐹𝑟 = 0.6 

with 8 layers over a total thickness of 18mm and a growth ratio 𝜆 = 1.25. 

 

Figure 126 - Plot of the calculated 𝑦+ value with identical inflation layers wrapped up the transom (top) and tapering 

off at the stern (bottom) for hull model AMC 16-12 at 𝐹𝑟 = 0.6. 
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B.9 Time Discretisation and Simulation Time Step 

B.9.1 Time Discretisation 

The simulations carried out in this work were intended to reach a steady-state where the position 

of the hull and waves no longer changes with regard to time and so a first-order backwards in time, 

or Euler implicit, time discretisation scheme was used as a result. A transient simulation of the hull 

motion in waves would become more accurate using a higher-order time discretisation. Each time 

step was allowed up to 8 inner iterations to reach convergence. 

B.9.2 Simulation Time Step 

Selecting a time step ∆𝑡 has conflicting implications in terms of wall-clock time required to solve 

the problem and numerical stability as well as accuracy. Acceptable values for the simulation time 

step were determined from the solution convergence studies presented in Appendix C and expressed 

in terms of the Courant number 𝐶𝐹𝐿Target to keep them consistent with changes in flow velocity 

and mesh size. A nominal value for the time step ∆𝑡nom was then calculated for each simulation 

from the desired Courant number, mesh base size ℎBase (Section B.8.3) and target flow velocity 

𝑣final using Equation (90); this ensured a consistent numerical stability across simulations when the 

speed and/or the mesh base size changed. 

The desire to shorten simulation times in the context of solving for large numbers of hull shapes in 

an optimisation loop prompted investigating solution acceleration techniques. Unlike a diffusion 

problem, where the solution history determines the subsequent development of the transient 

simulation, pseudo steady-state marine hydrodynamic simulations exist at an equilibrium point 

between gravitational forces trying to restore a flat, undisturbed, free surface and a constant external 

excitation arising from the body travelling through the fluid and creating pressure waves. If this 

excitation is discontinued, the domain always returns to a predictable state as past effects are 

advected out over time. The author took advantage of this by momentarily running a longer time 

step in the early stages of the simulation, while the wave pattern is being created. 

Solutions configured to use an impulsive start would, within reason, remain stable using coarser 

time stepping for as long as desired while the basic wave pattern was developing. The introduction 

of a velocity ramp at the start of the simulation, as described in Section B.7.6, made the unsteady 

problem more demanding to converge numerically during the fluid acceleration phase due to the 

introduction of small velocity errors into the solution; this reduced the initial window of opportunity 

available for running the calculation with a coarser time step. Following an empirical determination, 
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an initial time step based on twice the target Courant number 𝐶𝐹𝐿Target was adopted for one third 

of the velocity ramp duration 𝑇Ramp: 

 
∆𝑡𝑛𝑜𝑚 = 𝐶𝐹𝐿Target ∙

ℎBase

𝑣final
 (90) 

 
∆𝑡 = { 

2 ∙ ∆𝑡nom, 0 ≤ 𝑡 ≤ 𝑇Ramp/3

∆𝑡nom,  𝑡 > 𝑇Ramp/3
 (91) 

Shorter solution times may be achievable by instead recalculating the time step continuously using 

the actual inlet velocity in Equation (90), subject to an upper bound, but such a constant Courant 

number scheme could prove less robust during the peak fluid acceleration and the upper bound 

placed on ∆𝑡 would remain empirical. 

B.10 Modelling Hull Dynamics 

Modelling the motion of a floating object is a dynamic fluid-body interaction problem. It can be 

readily configured in Star-CCM+ using one of several strategies for modelling motion within 

simulations [12, p. 2377]. 

B.10.1 Mass Properties of the Vessel 

B.10.1.1 Mass and Centre of Gravity 

The hull mass m and the longitudinal position 𝑥𝐶𝐵 of its centre of gravity 𝐵 were obtained from the 

geometric design data and the loading condition simulated. The approach followed in hull design 

used a predefined design waterline corresponding to the plane 𝑧 = 0, as developed in Chapter 3, 

Section 3.6. The volumetric displacement Δ of the hull and the position of the centre of buoyancy 

𝑥𝐶𝐵 are therefore fully determined by the hull design process. Achieving this static design waterline 

within the simulation requires that: 

 The mass of the vessel 𝑚 equates the mass of the fluid displaced by the immersed volume 

of the hull Δ as per Equation (92); and 

 The centre of gravity 𝐺 is located on a vertical axis passing through the centre of buoyancy 

𝐵 at the position 𝑥𝐶𝐵, which leads to the condition in Equation (93). 
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 𝑚 = Δ ∙ 𝜌𝑤𝑎𝑡𝑒𝑟 (92) 

 𝑥𝐶𝐺 = 𝑥𝐶𝐵 (93) 

The height of the centre of gravity 𝑧𝐶𝐺 has a bearing on stability. Modelling transverse stability is 

irrelevant as the vessel is constrained to the zero-heel upright position in all the present 

hydrodynamic calculations. Longitudinal stability opposes pitching, but the centre of gravity would 

need to be located unduly high before beginning to meaningfully impact the running trim. As a 

result, only the mass 𝑚 and longitudinal position of the centre of gravity 𝑥𝐶𝐺 were taken into 

account in the flow problem and these values must be correct for hydrodynamic resistance 

calculations; 𝑧𝐶𝐺 = 0 was adopted across all simulations for consistency. 

B.10.1.2 Moment of Inertia 

The moment of inertia of a body determines how it responds to force moments trying to rotate it. 

As no roll or yaw motions were allowed, the moment of inertia of relevance in this work is around 

the pitching axis, parallel to 𝐺𝑦, and denoted 𝐼𝑌𝑌. Furthermore, as long as we are only interested in 

calm water resistance and can reach a near-steady solution, the value of 𝐼𝑌𝑌 doesn’t influence the 

outcome of the simulation, only the dynamic response leading to it. 

In fact, unphysical hull inertia values can be used to deliberately alter the pitch response of the hull 

in the simulation and try to shorten the convergence time to a pseudo steady state. In practice, this 

strategy delivered mixed results and no definitive conclusions could be drawn. Increasing inertia 

slows down pitching, but also increases the period and sometimes the amplitude of the oscillations, 

because the hull stores more rotational energy when it does pitch. Using an artificially low value 

for inertia causes the hull trim to track the shape of the free-surface more closely, which leads to 

reduced damping. A high peak value of the hull trim during the start-up transients due to low 

pitching inertia can exceed what the mesh motion scheme is able to accommodate and higher 

angular velocities can also lead to excessive Courant numbers in parts of the moving mesh and 

disrupt the simulation. Extremely low inertial values typically created numerical convergence 

problems. 

Figure 127 shows the starting transients for two different values of the pitching inertia used for a 

given simulation. It should be noted that several attempts with lesser moments of inertia than 

depicted here failed after running into numerical problems. 

An early guess used for pitching inertia when experimenting with some Delft hulls was 𝐼𝑌𝑌 =

14.88 𝑘𝑔 ∙ 𝑚2. This value was subsequently left unchanged for all other calm water simulations 
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and hull models; at the relatively high Froude numbers used, the hulls ride into their own bow 

waves and they tend to reach their running trim value with limited oscillations. 

However, the pitching moment of inertia can be estimated using Equation (94): 

 𝐼𝑌𝑌 = 𝑚 ∙ 𝑟𝐺
2 , (94) 

where 𝑟𝐺 is the gyradius and best expressed as a fraction of the waterline 𝐿𝑊𝐿: 

 𝑟𝐺 = 𝑘𝑟 ∙ 𝐿𝑊𝐿  , 0 < 𝑘𝑟 < 1 . (95) 

In this case, the non-dimensional value 𝑘𝑟 is sometimes also referred to as the gyradius coefficient. 

In the absence of specific data, the Australian Maritime College uses 𝑘𝑟 = 0.25 when ballasting 

hull models for experiments in waves. 

 

Figure 127 - Transient response of the trim angle during an impulsive start at 𝐹𝑟 = 0.6 for Delft model hull SYSSER62 

using two different values for pitching inertia. 

B.10.2 Modelling Body Motion 

Three strategies were investigated for modelling hull motion: morphing the mesh around the hull 

geometry as it moved (Section A.9.3), rotating and translating the entire mesh in relation to the 

fluid (Section A.9.2) and placing the hull within a moving overset mesh block (Section A.9.4). 

Different modelling strategies for modelling body motion tend to give slightly different simulation 

results, but also impact the computational effort involved in modelling the problem. The need for 
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achieving results within acceptable simulation times when calculating solution for large numbers 

of hulls prompted investigating these options. 

B.10.2.1 Mesh Morphing 

Mesh morphing (Figure 128) was very successful during early work using OpenFOAM, but resulted 

in random numerical instabilities in simulations at Froude numbers 𝐹𝑟 ≥ 0.55 in Star-CCM+ and 

this approach had to be discontinued28 in spite of being computationally quite efficient. 

 

Figure 128 – Hull motion simulated using a morphed mesh in Star-CCM+ around Delft model hull SYSSER62 heavily 

trimmed at 𝐹𝑟 = 0.6. 

B.10.2.2 Full Mesh Motion 

Rotating and translating the whole mesh in relation to the fluid was only practical for hulls running 

at low trim angles. The free-surface otherwise tends to encroach into the coarse mesh in the upper 

rear part of the domain. Fast displacement hulls operating at low trim angles were able to be 

modelled this way for deep-water cases (Figure 129) after inclining the free-surface refinement 

region in advance to partly compensate for the effect of mesh rotation and help with keeping the 

free-surface within its intended mesh region (Figure 130). A further improvement would be pre-

aligning the cut-cell mesh with the expected angle of incidence of the flow and, while aligning the 

mesh is an option that exists in Star-CCM+ V11.04.010R8, it was found to corrupt the mesh 

refinement regions. 

                                                      

28 The problem seemed related to the solver implementation itself. Solutions diverged even when the hull was 

imparted zero degrees of freedom and no mesh deformation took place, while the same meshes experienced 

no issues when mesh morphing was not configured. 
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Figure 129 - Hull motion simulated using full domain rotation for model hull AMC 16-12, running trim = 1.76°, free-

surface region refined at 1°. 

 

Figure 130 – Detail of the free-surface position in the mesh near the outlet boundary, running trim = 1.76°, free-surface 

region refined at 1°. 

The solutions obtained using full mesh motion were the most computationally-efficient, but were 

easily affected by small amplitude instabilities (Figure 131 and Figure 132). Even small amplitude 

mesh rotations can result in meaningful vertical displacements of the fluid in the mesh away from 

the pitching axis and the solution can be sensitive to these effects. 

These oscillations would have led to having to run longer simulations in order to be able to average 

more data and filter the oscillations, or having to use a smaller time step to alleviate stability issues 

arising from the local Courant numbers in the outer parts of the mesh; both defeat the purpose of 

modelling motion in this way. These oscillations manifested themselves only for some geometries 

at some speeds, rather than systematically, and would have added uncertainty when the goal is 

comparing numerical results between different hulls for optimisation purposes. 
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Figure 131 - Hull attitude (trim and heave) in a simulation of model hull AMC 16-12 at 𝐹𝑟 = 0.65 using full domain 

rotation. 

 

Figure 132 - Hull resistance forces (viscous and pressure) in a simulation of model hull AMC 16-12 at 𝐹𝑟 = 0.65 using 

full domain rotation. 

B.10.2.3 Overset Mesh 

As a result of the issues experienced with mesh morphing, using an overset mesh scheme (Figure 

133) was the only strategy that permitted modelling towing tank experiments at high Froude 

numbers with a wall as the bottom boundary. Consequently, it was the only available option for the 

validation of numerical results again experimental tank data, especially when shallow-water effects 

could be expected. The author relied on the overset mesh scheme for modelling motion throughout 
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this work, both for simulations with a wall boundary and the bottom and deep water simulations 

using a free-stream boundary. 

 

Figure 133 - Hull motion simulated using an overset mesh block, running trim = 1.79°. 

 

Figure 134 - Detail of the interface between the overset mesh and the background mesh with shearing of the free-

surface mesh refinement at the bow and stern, running trim = 1.79°. 

The definition of the interface must be updated with every position change and the solution 

interpolated at the boundary between the overset and background mesh. This can be expected to 

introduce additional errors into the simulation and the position of the overset boundaries, and 

therefore the dimensions of the overset mesh block, must be considered. When rotation is permitted, 

boundaries located away from the axis of rotation experience increasingly large mesh shear effects. 

These create discontinuities in the free-surface refinement regions with very thin cells becoming 

adjacent to thicker cells. Furthermore, if an overset boundary is located in a flow region of prime 

importance or significant complexity, the modelled physics are likely to be affected by the 

interpolation scheme. Lastly, the larger the number of cells involved in the overset boundary, the 

greater the computational effort required to maintain the data on the boundary. 
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For the type of simulations considered in this work, experimentation showed that reducing mesh 

shear effects at the front and rear boundaries was far more important than moving the interpolation 

errors away from the hull, because of the discontinuities created in the free-surface refinement 

region when trimming the overset mesh block. This clearly supported using an overset mesh block 

as short as permissible by the mesh overlapping constraints arising from the interpolation 

algorithm29, as shown in Figure 135. The author found that long overset mesh blocks could 

contribute to unphysical oscillations in the solution. 

The width of the overset mesh block was also a topic investigated; the key wave features close to 

the hull should be captured within the overset block to prevent introducing artificial diffusion and 

damping in the region of the free-surface that affects the hull position. Important pressure and 

velocity effects are also present in the deep water underneath the hull at speed as discussed in 

Section B.8.4.2. Those originate from the flow region close to the hull and the bottom overset 

boundary needs to be sufficiently deep or artefacts can be observed in the solution close to the 

boundary. The value adopted represented about 8 times the draft of the hulls modelled and the 

dimensions of the overset blocks used are reported in Table 17. 

 

Figure 135 - Underwater view of model hull AMC 16-12 and waves showing the extent of the overset mesh block. 

 

Dimension Indicative value 

𝐿overset/𝐿𝑂𝐴 1.25 

𝑊overset/𝐿𝑊𝐿 0.3 

𝐷overset/𝐿𝑊𝐿 0.3 

Table 17 – Indicative overset mesh block dimensions for a half-domain simulation. 

                                                      

29 The Star-CCM+ documentation requires a minimum overlap of three cells between the background and 

overset mesh regions. This in turn requires having a minimum of three regular hexahedral cells outside of the 

hull geometry. 
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Figure 136 - Hull attitude (trim and heave) in a simulation of model hull AMC 16-12 at 𝐹𝑟 = 0.65 using an overset 

mesh block. 

 

Figure 137 - Hull resistance forces (viscous and pressure) in a simulation of model hull AMC 16-12 at 𝐹𝑟 = 0.65 using 

an overset mesh block. 

B.10.3 Propulsive Force 

The propulsive force on a self-propelled craft is fixed in relation to the hull and its direction changes 

when the hull trims. In the case of a model towed in a tank, the towing force from the carriage is 

always horizontal. The dynamics of self-propulsion and towing tank experiments can be modelled 

by associating different coordinate systems to the force vector and its attachment point as required. 

The simulations were configured so that the horizontal component of the thrust was always equal 
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to the reported total resistance obtained by the integration of the tangential (viscous) and normal 

(pressure) force components over the hull surface at each time step. 

Variations in hull geometry can represent a challenge in terms of keeping the thrust vector in a 

position and attitude actually obtainable with a physical propulsion package. For the work presented 

here, the constraints placed on hull displacement and initial stability in Chapter 4, Section 4.3 

essentially prevented large variations in hull draft from taking place and the support vector of the 

propulsive force was modelled uniformly across all design variants as acting horizontally in the 

static waterline plane and attached above the centre of buoyancy. The only exception to this were 

the calculations modelling towing tank experiments in Appendix E, where the attachment to the 

carriage was replicated with the thrust vector. 

B.11 Numerical Ventilation 

B.11.1 Causes 

Numerical ventilation is an unphysical entrainment of air underneath the hull in Volume-of-Fluid 

simulations, as illustrated in Figure 138. It represents a numerically valid, but physically incorrect, 

solution to the flow problem that can develop in simulations. Numerical ventilation normally 

requires a narrow angle between the free-surface of the incoming stream and the hull bottom in 

order to appear (Figure 139); hulls with a bow and hull sides intersecting the free-surface at steep 

angles do not typically experience this issue. The Delft hull SYSSER35 was used in the examples 

below as it constitutes a particularly unfavourable case, being shallow and flat-bottomed in the 

forward sections (Figure 140), as well as being prone to lifting its bow out of the water at speed. 

The inception of numerical ventilation in Volume-of-Fluid simulations is attributed at least in part 

to the effect of numerical diffusion of the volume fraction field and smearing of the free-surface. 

This smearing of the interface results in a mixed air-water layer to be advected underneath the hull 

(Figure 141). Böhm and Graf [108] proposed to configure the compressive High Resolution 

Interface Capture (HRIC) scheme as to prevent it from switching to the more diffusive upwind 

differencing scheme for all Courant numbers, in order to minimise interface smearing and reduce 

numerical ventilation. While these measures were found to help, they do not always fully solve the 

problem. 
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Figure 138 - A typical pattern of numerical ventilation on Delft model hull SYSSER35 at 𝐹𝑟 = 0.6 with streaking 

extending over the length of the underwater body. 

 

Figure 139 - The narrow angle between the bottom of Delft hull SYSSER35 and the free surface at 𝐹𝑟 = 0.6 creates 

favourable conditions for numerical ventilation to develop. 

 

Figure 140 - Partial body plan of Delft hull SYSSER35 (3D geometry from Delft TU). 

 

Figure 141 - A cross-section of the near-wall mesh on Delft model hull SYSSER35 at 𝐹𝑟 = 0.6 showing numerical 

ventilation confined to the first cell off the wall close to the hull centreline. 
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To complicate the matter further, physical ventilation due to air entrainment is entirely plausible 

with some hull shapes and a Volume-of-Fluid simulation is capable of modelling and advecting 

such a mixed flow. Doing it accurately would however require the use of very fine meshes in those 

regions. Model-scale experiments are more immune to physical ventilation than full-scale craft due 

to the proportionally lower velocities involved; the author found numerical ventilation in model-

scale simulations of convex hulls to always be suspect. 

B.11.2 Effects 

The existence of a volume fraction of water 𝛼𝑤𝑎𝑡𝑒𝑟 < 1 at the wall underneath the hull during 

simulations leads to computing viscous forces using a fluid of a lesser density and viscosity, as per 

equations (75) and (76) in Appendix A, Section A.6.2.1. The impact of numerical ventilation on 

simulations using low-resolution grids such as the ones used in this work, where 𝑦+ > 30, can be 

investigated by looking at the effect of having a fluid of reduced viscosity and density in the wall 

treatment equations in Appendix A, Section A.4.3. The wall shear stress is obtained from Equation 

(69); a reduction in the fluid density 𝜌 contributes to under-estimating wall shear stresses, but the 

effect on the calculation of the shear velocity 𝑢∗ is less obvious. The reduced viscosity promotes 

an increase in the production of kinetic energy in Equation (70), which should drive the shear 

velocity up through Equation (68). This contribution opposes the loss of density, but the latter 

introduces a factor that can exceed 800 when water is replaced by air and represents the dominant 

mechanism, as shown in Figure 142, where both the wall shear stress and the friction velocity were 

plotted. The Volume-of-Fluid fraction corresponding to this simulation is shown in the upper half 

of Figure 143. 

Numerical ventilation can increase and progress over time during simulations. Figure 143 displays 

two stages as numerical ventilation develops during a simulation of Delft hull SYSSER35 at 𝐹𝑟 =

0.7. When severe enough, numerical ventilation can encroach beyond the first mesh layer from the 

wall (Figure 144), at which point the reduced fluid viscosity then also directly impacts the shear 

stress tensor of Equation (53) in the RANS computation. This causes a much more significant 

reduction of the computed wall shear forces and the viscous resistance component of the solution 

typically becomes very unstable. The author found that fluctuations of the viscous resistance 

solution of the problem are a tell-tale of severe numerical ventilation issues. 
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Figure 142 - Shear velocity (top) and wall shear stress (bottom) plot of Delft hull SYSSER35 with single-cell thick 

numerical ventilation at 𝐹𝑟 = 0.7. 

 

Figure 143 - Numerical ventilation pattern on Delft model hull SYSSER35 at 𝐹𝑟 = 0.7 after 7 seconds (top) and 14 

seconds (bottom) of simulation. 

 

Figure 144 – Extent of the numerical ventilation in the near-wall mesh for Delft hull SYSSER35 at 𝐹𝑟 = 0.7 after 14 

seconds of simulation. 

Figure 145 illustrates the effects of numerical ventilation on resistance: following an impulsive 

start, the initial transients subside at about 𝑡 = 3 𝑠. The viscous forces are realistic, but abnormally 
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noisy until 𝑡 = 7.5 𝑠. At this point, numerical ventilation progresses beyond the first layer of the 

near-wall mesh and causes the viscous resistance to drop suddenly and become unstable. 

 

Figure 145 - Plot of the resistance forces for Delft model hull SYSSER35 at 𝐹𝑟 = 0.7 as severe numerical ventilation 

develops. 

B.11.3 Mitigation 

When the angle between the hull and the free-surface is small, a small first cell height 𝑦0 from the 

wall in the mesh or a high Courant number are both contributing factors to the appearance of 

numerical ventilation. Since flow velocity is normally prescribed, this can be mitigated by either 

reducing the time step (i.e. using a smaller Courant number) and/or increasing the first cell height 

𝑦0. The former is detrimental in terms of simulation times and the latter places a limit on how well 

the velocity gradients in the boundary layer can be resolved, rather than bridged by wall functions. 

Improving the sharpness of the air/water interface reduces the likelihood of advecting a mixed fluid 

solution underneath the hull. The author found numerical ventilation to occur independently of the 

non-dimensional 𝑦+ value at the hull when simulations were configured to model full-scale flow 

in Appendix F. 

A consequence of computing implicit solutions at Courant numbers much larger than unity is that, 

once numerical ventilation has initiated in a simulation, it becomes practically impossible to 

eliminate it by reducing the time step and only the brute-force elimination approaches discussed 

next succeeded in restoring the flow solution. This can typically preclude using coarser time-

stepping in the early stages of the simulations when an impulsive start is also employed, as it 

increases the Courant number. 
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B.11.4 Elimination 

Depending on the hull shape and flow velocity to be modelled, avoiding numerical ventilation can 

be problematic as it can prompt for undesirably small time steps. As it has no place in the 

simulation, one may be tempted to artificially remove it. Viola, et al. [105] successfully 

experimented with adding a sink term to the volume fraction of air to effectively consume and 

eliminate any air in cells mostly filled with water. Star-CCM+ V11.04.010R8 includes a recently-

introduced phase replacement mechanism that allows simply overwriting the volume fraction in the 

mesh at the beginning of each time step, subject to criteria defined by the user. Such measures are 

very effective, but must be employed with caution. 

Figure 146 shows the volume fraction of water at the hull surface for the same simulation of hull 

SYSSER35 at 𝐹𝑟 = 0.7 again, but now using phase replacement: when 𝛼𝑤𝑎𝑡𝑒𝑟 > 0.75 within cells 

belonging to the near-wall inflation layers, the phase fraction is overwritten  with 𝛼𝑤𝑎𝑡𝑒𝑟 = 1 at the 

start of each iteration, thus removing the air. 

 

Figure 146 - Volume fraction of water underneath Delft model hull SYSSER35 at 𝐹𝑟 = 0.7 with numerical ventilation 

prevented by conditional phase replacement. 

Restricting the treatment of the solution to the relevant parts of the mesh is important as treating 

the entire mesh would adversely affect the free-surface. Figure 147 shows the resistance forces 

obtained when performing phase replacement, in direct contrast with the plot of Figure 145, which 

was impacted by numerical ventilation. 
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Figure 147 - Plot of the resistance forces for Delft model hull SYSSER35 at 𝐹𝑟 = 0.7 with numerical ventilation 

prevented by conditional phase replacement. 

The viscous forces, at about 6.6 𝑁, are very slightly higher than those of Figure 145 until numerical 

ventilation takes very severe proportions. The impact on the pressure forces is small, with the 

second simulation also reporting a value very close to 5.0 𝑁, but higher. Treating the inflation layers 

in the mesh still has the potential for filling some cells at the intersection of the mesh with the free-

surface. 

 

 

Figure 148 - Fast displacement hull design candidates APPS5.106 (top) and APPS5.17 (bottom) are affected very 

differently by numerical ventilation at 𝐹𝑟 = 0.6 and 𝑡 = 7 seconds in these full-scale flow simulations. 

The author found some of the fast displacement hull variants evaluated to suffer inconsistently from 

numerical ventilation in spite of their deep, sharp bows, because the hull sides sometimes 

intersected the free-surface at very low angles (Figure 148). Rather than lowering the Courant 
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number and extending the simulation times, conditional phase replacement was implemented to 

prevent any abnormal deviations in the computation of the hull resistance due to numerical 

ventilation. This ensured the best possible degree of consistency across all simulations, a key aspect 

when it comes to comparing designs. 

B.12 Modelling Turbulence 

B.12.1 Introduction 

The author relied on two-equation eddy viscosity models for modelling turbulence and closing the 

RANS equations, where all turbulence is accounted for by the turbulence model and no turbulent 

scales are resolved. The necessarily streamlined hull shapes of interest in this thesis suggested that 

problems with significant adverse pressure gradients, flow separation or recirculation should not be 

encountered and more complex and demanding turbulence modelling approaches, such as the much 

more computationally-intensive Reynolds Stress Transport (RST) turbulence model, were not 

warranted. 

Star-CCM+ allows selecting non-linear constitutive relations to obtain the Reynolds stress tensor 

from the fluid strain rate and depart from the assumption of isotropic turbulence normally 

underlying eddy-viscosity models. It also supports a correction term for streamline curvature. Both 

options have been found valuable for some ship hydrodynamic simulations featuring complex hull 

shapes [109], but led to unchanged results for the hulls of interest here. 

B.12.2 Model-Scale Simulations 

The 𝑘-𝜔 𝑆𝑆𝑇 turbulence model was the first choice and it was employed in all of the simulations 

mimicking model-scale experiments. The model was used with its default coefficients and an all-𝑦+ 

blended wall function formulation was used in these simulations. 

B.12.3 Full-Scale Flow Simulations 

The standard 𝑘-휀 model was found to be more stable at higher Reynolds numbers, i.e. in full-scale 

flow cases, as suggested by Tezdogan, et al. [79]. Considering that the lowest practically sustainable 

𝑦+ values for full-scale flows were about 800 due to numerical ventilation issues, there was no 

actual scope for improvement by using the 𝑘-𝜔 𝑆𝑆𝑇 model, which primarily differs in its treatment 

of the near-wall fluid shear region. A faster high-𝑦+ wall function formulation was also selected. 



 

SOLUTION CONVERGENCE 

199 

The well-known issue of kinetic energy production in stagnation flow regions [110] with the 

standard 𝑘-𝜖 model was not relevant with the streamlined and unappended hull shapes considered 

in this work, but the model sometimes showed unusual kinetic energy production within the free-

stream at mesh size transition boundaries. This prompted first enabling strain limiters and 

eventually adopting the 𝑘-𝜖  𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 variant for simulations at full-scale Reynolds numbers. 

This choice improved numerical robustness and somewhat shortened the solution times. 

Table 18 contains the resistance results obtained when simulating hull AMC 16-12 using each 

model. We see that the 𝑘-𝜖 formulation gave slightly higher results (+1.6%) than the 𝑘-𝜔  𝑆𝑆𝑇 

model; the difference is spread across both viscous and pressure forces. There is no practical way 

of deciding which model is better and we can only conclude that the same treatment of turbulence 

should be consistently applied across results intended to be compared. 

Turbulence model 𝑹𝑽/𝑾 𝑹𝑷/𝑾 𝑹𝑻/𝑾 

𝑘 − 𝜔  𝑆𝑆𝑇 1.24 ∙ 10−2 1.98 ∙ 10−2 3.23 ∙ 10−2 

𝑘 − 휀 1.26 ∙ 10−2 2.03 ∙ 10−2 3.29 ∙ 10−2 

𝑘 − 휀  𝑅𝑒𝑎𝑙𝑖𝑠𝑎𝑏𝑙𝑒 1.27 ∙ 10−2 2.01 ∙ 10−2 3.27 ∙ 10−2 

Table 18 - Full-scale resistance coefficients with different turbulence model formulations for hull AMC 16-12 at 𝐹𝑟 =
0.6. 

B.12.4 Turbulent Viscosity Calculation 

Star-CCM+ allows relaxing the turbulent viscosity value 𝜇𝑡 resulting from solving the turbulence 

model, as well as limiting the maximum turbulent viscosity ratio 𝜇𝑡 𝜇⁄ , to assist with numerical 

convergence. It is important however to recognise that the turbulent viscosity ratio naturally 

increases linearly with the Reynolds number when setting this limit and the final solution must not 

be constrained by the limit, or it will be incorrect [106, p. 2548]. An under-relaxation factor of 0.8 

was used for the turbulent viscosity solution. 

B.13 Solution Convergence 

B.13.1 Introduction 

The solver settings defining the convergence requirements for the solution are documented in 

Appendix I. Those are specific to each solver. 
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B.13.2 Residuals 

Star-CCM+ reports the root-mean-square (RMS) value of the residuals in the mesh. The following 

figures introduce log-plots of the absolute residuals over time for the computed quantities in a 

typical simulation using a 3-second flow acceleration ramp. The simulation was taken from a 

standard optimisation run and corresponds to a design variant referenced as APPS7.206. The fluid 

acceleration phase clearly introduces additional errors in the solution (Figure 149) as discussed in 

Section B.7.6. Those culminate at 𝑡 = 1.5 𝑠, when the external momentum source reaches its 

maximum, and quickly disappear as soon as the velocity stabilises at 𝑡 ≥ 3 𝑠. 

 

Figure 149 - Time-series of the momentum residuals for a CFD run during design optimisation. 

It should be noted that the residuals can only reduce during the simulation to the extent that the 

initial solution is wrong. In the case of the volume fraction of water (Figure 151), the simulation 

begins with a flat water surface and the solution is correct; as a result, the residuals can only become 

larger once a complex wave pattern develops. 
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Figure 150 - Time-series of the continuity equation residuals for a CFD run during design optimisation. 

 

Figure 151 - Time-series of the water phase fraction residuals for a CFD run during design optimisation. 
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Figure 152 - Time-series of the 𝑘-휀 turbulence values residuals for a CFD run during design optimisation. 

B.14 Post-Processing 

CFD simulations produce a field of values representing the state of the fluid continuum, and, in the 

case of these marine hydrodynamic problems, the equilibrium position of the hull. Post-processing 

extracts the information of relevance from the solution data. 

B.14.1 Resistance Forces, Trim and Heave 

Hydrodynamic resistance is the force component in the direction opposite to the free-stream 

velocity, or in other words, the equivalent of drag in aerodynamics. In a viscous flow simulation, 

this resistance is made of shear forces tangential to the wall and pressure forces normal to the wall. 

Such body forces are obtained by integration over the body surface at each time step. The other 

quantities of interest are trim and heave (or sinkage if measured positively downwards) and those 

are readily obtained by logging the body position data. 

B.14.2 Simulation Time 

The physical simulation time required to obtain a stabilised solution is scale-dependent, as 

discussed in some detail in Appendix F in the context of full-scale hull simulations. The following 

discussion pertains to model-scale simulations. 

A 3-second flow velocity ramp was introduced at the start of the simulations (Figure 153) to 

minimise transient disturbances and overshoots, based on the natural duration observed to reach an 

approximate running trim and heave when the simulations were started impulsively (Section B.7.6). 
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During approximately the first second of simulation, the numerical solution is established and 

refined. By 𝑡 = 3 𝑠, the near-hull wave system has mostly developed and the wake has begun to 

propagate. Between 3 𝑠 ≤ 𝑡 ≤ 5 𝑠, the wake continues to develop and the region containing waves 

affecting the hull refines itself; the resistance and trim values stabilise. 

Due to the unsteady nature of the problem, as well as the presence of noise over the solutions, using 

the solution computed at the last time step would not lead to consistent results and so the values at 

each time step were averaged over 5 𝑠 ≤ 𝑡 ≤ 7 𝑠 after the end of each simulation. Statistics were 

also computed over the dataset and the variance reported with each result to help identify any 

serious issues with solution stability before accepting the calculated average. 

 

Figure 153 - Simulation phases from inception to data acquisition for optimised hull APPS8.280 at 𝐹𝑟 = 0.6. 

Heave typically didn’t converge within the post-processing time window as it measures the vertical 

position of the hull in relation to a fixed reference frame and the value is easily affected by long 

wavelength transients created during acceleration. It was frequently necessary to simulate 20 

seconds or more of physical time to obtain stabilised heave values, even though no impact was 

observable on resistance. This approach was only followed when seeking computed heave values 

for comparison against experimental data for validation purposes (Appendix E). 
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B.15 Scalability 

B.15.1 Parallel Performance 

In order to illustrate the scalability of the flow problem, a simulation for the optimised hull 

APPS8.280 was configured to run on 4, 8, 16 and 32 cores on the NeSI PAN computing cluster in 

Auckland. The nodes featured dual Intel Xeon E5-4650 8-core IvyBridge processors clocked at 

2.7 𝐺𝐻𝑧 and were linked with a QDR Infiniband fast interconnect. The solver was run with one 

process per physical core, i.e. hyper-threading was prevented, and each core was assigned 2 𝐺𝐵 of 

physical RAM. The test was carried out using the OpenMPI 1.6.5 library30. 

The mesh contained 693430 cells and 7 seconds of flow were simulated at the Froude number 

𝐹𝑟 = 0.6. The simulations on 16 cores and over were allowed to be distributed on several nodes to 

facilitate resource allocation, but one 16-core simulation was forced onto a full node to illustrate 

the additional impact of the fast interconnect when node communications using the MPI library are 

required, rather than sharing local memory (SMP model). The results are presented in Table 19 

using a 4-core simulation as baseline, as the time required to solve the problem on a single core 

would have been unreasonable. The speed-up 𝑆 and parallel efficiency 𝜂 for an n-core simulation 

were defined as per Equations (96) and (97), where the notation 𝑇𝑖 reflects the wall time taken to 

solve the problem on 𝑖 CPU cores. 

 
𝑆 =

𝑇4

𝑇𝑛
 

(96) 

 
𝜂 =

4𝑆

𝑛
 

(97) 

The average time per solver iteration reduces with an increase in parallelism, but the results show 

minimal returns past 32 cores (Figure 154). The scalability of the problem is far from ideal, as 

shown by the speed-ups achieved; the results fail to follow an ideal relation even for small number 

of cores (Figure 155), but somewhat worthwhile gains can be found up to 32 cores. 

                                                      

30 While not the fastest implementation available, the OpenMPI library offered a pathway to get Star-CCM+ 

jobs to run under the control of the slurm scheduler on the NeSI PAN HPC cluster. 
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CPU 

Cores / 

Nodes 

Cells / 

Core 

Wall-

clock 

time 

[min] 

Time/iteration 

[s] 

Cost [Core-

hours] 

Speed-

up 

𝑺 

Parallel 

Efficiency 

𝜼 

4 / 1 173358 210 4.72 14.0 1.00 1.00 

8 / 1 86679 138 3.12 18.5 1.51 0.76 

16 / 1 43339 78 1.76 20.9 2.68 0.67 

16 / 2 43339 84 1.90 22.5 2.48 0.62 

32 / 3 21670 48 1.08 25.7 4.35 0.54 

64 / 6 14446 43 0.81 34.5 4.86 0.37 

Table 19 - Simulation scalability for optimised hull APPS8.280. 

The reference simulation was performed on 4 cores located on the same CPU socket and consumed 

a total of 14 core-hours. This computational cost increases with parallelism as shown in Figure 

156 and reaches 20.9 core-hours already for 16 cores. Figure 157 shows the reduction in efficiency 

as more resources are allocated to the problem. 

Finer (and therefore larger) meshes could be expected to be more scalable by keeping the cores 

loaded with a more meaningful number of cells as the problem is decomposed, but this behaviour 

in terms of scalability is common for such CFD simulations. Stern, et al. [111, p 17] write that “the 

poor scalability of the incompressible solvers is due to the solution of [the] pressure Poisson 

equation”. 

In the context of hull shape optimisation, the results presented are important as they indicate that 

performance and computational efficiency should be sought by solving for different designs in 

parallel, rather than by trying to speed up individual solutions through parallelism at a hardware 

level. 
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Figure 154 - Wall-time per solver iteration as a function of parallelism with shared memory (SMP) and MPI/Infiniband. 

 

Figure 155 - Computational speed-up as a function of parallelism with shared memory (SMP) and MPI/Infiniband. 

 

Figure 156 – Computational cost in core-hours consumed as a function of parallelism with shared memory (SMP) and 

MPI/Infiniband. 
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Figure 157 - Efficiency as a function parallelism with shared memory (SMP) and MPI/Infiniband. 

B.15.2 Sensitivity of the Numerical Results to Parallel Decomposition 

The total resistance and hull trim results obtained when solving the exact same CFD problem using 

different parallel decompositions was plotted in Figure 158. We can observe variations of ±0.35% 

from the average in the prediction of the total resistance when the problem decomposition changes. 

The trim angle follows the same trend, which suggests that the resolution of the position of the free-

surface is being affected. 

Obtaining consistent and comparable results for optimisation therefore requires that all simulations 

within an optimisation run are performed using the same number of parallel processes, so the 

decomposition of the problem remains consistent. 

 

Figure 158 - Numerical results for trim and normalised total resistance 𝑅𝑇/𝑊 as a function of parallel decomposition 

between 4 and 64 cores for optimised hull APPS8.280 at 𝐹𝑟 = 0.6. 
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B.16 Assessing Simulation Quality 

Assessing the quality of these hydrodynamic simulations falls under the scope of verification and 

validation. Verification is the process of establishing that the numerical framework is of good 

quality. The results obtained from the discretised problem must converge towards an ideal value 

independent of the discretisation of the problem when the discretisation is refined. This also allows 

quantifying uncertainty and this work is covered in Appendix C. 

Validation is the process of establishing that the numerical model is fit for its intended purpose and 

capable of capturing the physics of the problem. Validating numerical models requires some form 

of reference data for comparison purposes. In the case of hydrodynamic simulations of marine 

surface vehicles, towing tank tests can provide experimental results against which the calculations 

can be compared. Appendix D describes the experimental tests carried out at the AMC Towing Tank 

in Launceston, Tasmania, using a fast displacement hull forms designed as part of this work, and 

Appendix E covers the validation process using results both from the Delft DSYHS database of tank 

test results for yacht hulls and the results acquired at AMC for a hull form capable of operating in 

the higher speed range. 
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Appendix C 

CFD Verification 

C.1 Introduction 

CFD verification ensures that the discretisation errors introduced by the numerical model vary 

consistently and appear to converge when the temporal and spatial discretisation parameters of the 

simulation are varied. The convergence data presented in Section C.2 was obtained using the 

geometry of a model hull denoted AMC 16-12 that was developed as part of this work and used in 

experimental testing. This hull was chosen because, unlike typical displacement hulls, it performs 

in an acceptable way for real-world operation through a much wider speed range: its resistance does 

not increase out of proportions above “hull speed”, it doesn’t produce a large wake and its trim 

angle remains modest at high speeds. 

C.2 Solution Quality and Convergence 

The verification of the computational model entails understanding its behaviour with regard to its 

defining parameters and demonstrate that its sensitivity to changes to the discretisation leads to 

consistent results. 

The aspects of interest are: 

1. The time step used to perform the simulations, or temporal resolution; 

2. The mesh spatial resolution; 

3. The mesh topology and refinement scheme; and 

4. The position of the boundaries applied to the problem when those are not implicitly defined 

by an experiment. 

Some of these parameters are interdependent: temporal convergence means little if the mesh 

structure or its density are inadequate; a suitable set of parameters must be determined by trial and 

error. Experience from prior work is a useful guide for adopting a favourable starting point. 

C.2.1 Preliminary Considerations 

Assessing the convergence and quality of CFD studies is important on the basis that poor numerical 

work gives unreliable results. Systematic and quantitative methodologies for the assessment of the 
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errors and the convergence of CFD solutions have long been available [112] and guidelines more 

specific to marine hydrodynamic simulations have been published by ITTC [113, 114]. The total 

errors in a CFD solution can be decomposed into numerical and modelling errors. Numerical errors 

arise from the approximations made in the discretisation of the problem, the presence of residuals 

and the arithmetic precision limit of the machine; modelling errors reflect the choice of equations, 

domain size and boundary conditions made to model and capture the physics of the problem [115]. 

For this work, the task of assessing the convergence and the degree of independence of the solution 

to the mesh and time parameters was split into three parts: 

1. Establishing the convergence of the solution as the simulation time step was varied; 

2. Establishing the convergence of the pressure resistance force as the core mesh size was 

refined; and 

3. Establishing that the near-wall inflation layers surrounding the hull were adequately 

resolving the flow to provide a good estimate of viscous forces. 

The convergence of any given integral value arising from the simulation is no indication of 

convergence of the entire solution, or other metrics associated with the problem being solved, a fact 

also pointed out by Larsson, et al. [35]. As a result, not only resistance forces were considered, but 

also hull trim and heave in the convergence study and significant effort was placed into minimising 

the solution residuals. The simulations were carried out until 𝑡 = 20 𝑠 and the values after each 

time step were averaged once stabilised, as much as possible, to filter out errors. 

C.2.2 Definitions and Applicable Parameters 

These convergence studies were carried out at the Froude number 𝐹𝑟 = 0.6, which corresponds to 

the design speed of primary interest in this work and eventually used for optimisation. This led to 

a flow velocity 𝑣 = 2.426𝑚 𝑠⁄  derived from the model waterline length 𝐿𝑊𝐿 = 1.667 𝑚 and a 

Reynolds number 𝑅𝑒 = 4.05 ∙ 106. 

The resistance forces were normalised by expressing them as a fraction of the model weight 𝑊 

using the design displacement value 𝑚 = 14.133𝑘𝑔: 

 
𝑅/𝑊 =

𝑅

𝑚 ∙ 𝑔
 

(98) 

where 𝑅 is the resistance force considered. Trim and heave values were reported directly each time. 
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The mesh base size ℎBase used for constructing the computational mesh in conjunction with 

localised refinement and coarsening specifications can be expressed non-dimensionally by 

normalising it against the hull waterline length: 

 ℎ∗ =
ℎBase

𝐿𝑊𝐿
 (99) 

C.2.3 Temporal Convergence 

The mesh base size ℎ∗ = 1.57 ∙ 10−2 𝐿𝑊𝐿 was adopted for the temporal convergence study. The 

simulation time step was then varied non-dimensionally by adopting different values for the 

nominal Courant number 𝐶𝐹𝐿, calculated against the mesh base size ℎBase and free-stream velocity 

𝑣: 

 𝐶𝐹𝐿 =
𝑣 ∙ ∆𝑡

ℎBase
 (100) 

This nominal Courant number was varied between 0.5 and 2.0 in steps of 0.25, which led to a time 

step ∆𝑡 = 10.8 𝑚𝑠 for the Courant number 𝐶𝐹𝐿 = 1.0. The solutions obtained with some time 

steps fluctuated and this made the determination of precise results problematic at times. 

The viscous (Figure 159) and pressure (Figure 160) resistance contributions were first considered 

separately, as they originate from different regions in the mesh with their own characteristics. With 

a total range of variation of 0.008% only, the viscous resistance coefficient can be deemed 

essentially unaffected by changes in the simulation time step for 𝐶𝐹𝐿 ≤ 2.0. The pressure resistance 

coefficient increases at a steady rate as the time step is reduced, but an anomaly exists between the 

values 𝐶𝐹𝐿 = 1.0 and 𝐶𝐹𝐿 = 1.25. The absolute range of variation is small as well at 0.05%. 

Plotting the total resistance coefficient in Figure 161 further illustrates that pressure resistance is 

the dominant cause of variation when the simulation time step varies. 

Figure 162 shows that the running trim of the hull exhibits a similar dependency on the time step 

as the pressure forces. The absolute variation, however, only amounts to 0.02° and is essentially 

insignificant. The step change, in both the values of the trim angle and the resistance coefficient, 

may arise from the convergence tolerance of the body motion solver. The phenomenon can be 

expected to also disturb the other plots. Heave varies by 0.32 𝑚𝑚 or 1.92 ∙ 10−4 𝐿𝑊𝐿 only as the 

time step changes (Figure 163), which is in itself extremely small again. The difficulty in obtaining 

stabilised results prevents drawing further conclusions, other than to say that the solutions remain 

very comparable for the time steps used. 
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Figure 159 - Time step dependency of the viscous resistance coefficient for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

 

Figure 160 - Time step dependency of the pressure resistance coefficient for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 
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Figure 161 - Time step dependency of the total resistance coefficient for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

 

Figure 162 - Time step dependency of the running trim angle for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 
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Figure 163 - Time step dependency of the heave value for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

While changes induced by variations in 𝐶𝐹𝐿 are always very small, the variations may be deemed 

correlated to the change in 𝐶𝐹𝐿 when 𝐶𝐹𝐿 ≤ 1.0. We will therefore consider that convergence is 

achieved according to this criterion. The calculation of convergence rates as per Roache [112] is 

not practical; the variations are too small in absolute terms and some of the simulations were not 

stable enough to provide the required accuracy. 

The ITTC Practical Guidelines for Ship CFD Applications [101] suggest simulation time steps of 

the order of ∆𝑡 = 0.005 ~ 0.01 𝐿𝑊𝐿/𝑣 for such calculations, which would lead to values in the 

range of 3.4 𝑚𝑠 to 6.8 𝑚𝑠, at the lower end of the range considered here. Flows around ship 

geometries tend to be more complex than for the streamlined hulls used in this work however. 

C.2.4 Spatial Convergence of the Core Mesh 

Spatial convergence was explored by varying the reference base size ℎbase used to construct the 

core mesh using the values introduced in Table 20. The size of the core mesh influences directly 

the ability of the model to resolve the waves at the free surface, as well as the pressure and velocity 

gradients in the water. 

Calculations were carried out at 𝐶𝐹𝐿 = 1.0 and 𝐶𝐹𝐿 = 0.75; results couldn’t be obtained for the 

coarsest mesh size without a finer time step due to mesh motion and interpolation issues at the 

boundary between the background and overset meshes. The excellent agreement in the overlap 

region showing results for both time steps in Figure 164 confirms that such Courant numbers do 

indeed provide an independent solution over a range of mesh sizes. 

0 0.5 1 1.5 2 2.5

-6.7E-03

-6.6E-03

-6.5E-03

-6.4E-03

-6.3E-03

-6.2E-03

-6.1E-03

-6.0E-03

CFL nominal
H

ea
ve

 [
m

]



 

SOLUTION QUALITY AND CONVERGENCE 

215 

𝒉𝒃𝒂𝒔𝒆 [𝒎𝒎] 𝒉𝒃𝒂𝒔𝒆/𝑳𝑾𝑳 

21.00 1.26% 

26.25 1.57% 

32.80 1.97% 

41.00 2.46% 

51.30 3.08% 

64.10 3.84% 

80.00 4.80% 

Table 20 - Absolute and relative core mesh base sizes used in convergence studies with model hull AMC 16-12. 

While the viscous forces remain little affected by changes in the core mesh size, the pressure forces 

(Figure 164) and the trim angle (Figure 167) only stabilise once ℎ∗ ≤ 2.5 ∙ 10−2 𝐿𝑊𝐿. Again, the 

computation of an asymptotic convergence rate was not possible from these results. While the 

spatial discretisation schemes are nominally of second-order and it is therefore appropriate to plot 

the data against a quadratic scale on the abscissa, the outcome isn’t entirely compelling, as shown 

in Figure 165 for resistance. The total resistance coefficient in Figure 166 stabilises within a range 

of 0.0004, the trim angle within 0.03° and heave varies within 0.5 𝑚𝑚. These results provide a 

useful guidance in terms of the precision that can be expected from the simulation results. 

More factors than simple mesh discretisation considerations influence the results: 

 Some consistency in the mesh size transition at the interface between the overset and 

background mesh must be maintained; this sometimes required adjusting the local 

background mesh refinement in the vicinity of the overset mesh block to obtain a problem 

acceptably conditioned for the solver; 

 Interpolation errors occur at the overset mesh boundary and those change with cell size and 

the number of cells involved; 

 Changes in the core mesh size alone result in discrepancies in cell sizes at the transition 

between the outer inflation layer surrounding the hull and the first cells in the core mesh; 

 Changes in vertical mesh resolution near the free-surface must be expected to impact the 

accuracy of the position of the solid body, as wave heights are no longer resolved as well 

and a strong correlation is commonly found between trim and resistance forces; and 

 Converging the fluid-body interaction problem with a free-surface is far more involved and 

difficult than converging a simple fluid problem and results in the superposition of 
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additional modelling and numerical errors which are not bound to vary at the same rate as 

mesh discretisation errors. 

 

Figure 164 - Core mesh size dependency of the resistance coefficients for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

 

Figure 165 - Core mesh size dependency of the resistance coefficients for model hull AMC 16-12 at 𝐹𝑟 = 0.6 plotted 

against a quadratic abscissa. 
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Figure 166 - Core mesh size dependency of the relative total resistance for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

 

Figure 167 – Core mesh size dependency of the trim angle for model hull AMC 16-12 at 𝐹𝑟 = 0.6.  
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Figure 168 - Core mesh size dependency of the heave value for model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

C.2.5 Convergence of the Viscous Forces with Changes in Near-Wall Meshing 

Viscous forces, which are largely independent from the core mesh size as shown above, are instead 

impacted by the ability of the near-wall mesh to provide an acceptable resolution of the boundary 

layer and several variations of the inflation layers were investigated. The calculations were run at 

a nominal Courant number of 𝐶𝐹𝐿 = 1.0 throughout. 

Two constraints were considered while defining mesh variants: 

1. Preserving a consistent cell size transition between the outer inflation layer and the adjacent 
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in Appendix B, Section B.8.6. 
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earlier in Appendix B, Section B.11. In this regard, signs of numerical ventilation were observed in 

meshes 1-A and 1-B as illustrated in Figure 169, while also achieving a first cell height 𝑦+ falling 

within the buffer region 5 < 𝑦+ < 30, where it is less appropriate to use wall functions. 

Mesh 𝒏 𝝀 𝜹𝒎𝒆𝒔𝒉/𝜹 𝒚𝟎/𝑳𝑾𝑳 𝒚+
𝒂𝒗𝒈 𝒄𝑹𝒗 𝒄𝑹𝒑 Cells 

1-A 10 1.28 60% 2.82E-04 24 4.221% 3.985% 1338047 

2-A 8 1.25 60% 5.40E-04 45 4.200% 3.987% 1245602 

3-A 6 1.18 60% 1.15E-03 95 4.317% 3.989% 1154586 

4-A 4 1.00 60% 2.70E-03 230 4.488% 3.984% 1063432 

1-B 16 1.15 100% 3.00E-04 26 4.217% 3.988% 1810981 

2-B 13 1.14 100% 5.58E-04 45 4.229% 3.979% 1615232 

3-B 10 1.10 100% 1.14E-03 94 4.338% 3.984% 1413983 

4-B 8 1.05 100% 1.86E-03 160 4.439% 3.996% 1297280 

Table 21 - Near-wall mesh definitions for convergence study. 

Meshing closer to the hull wall delivered a steady reduction in viscous forces until reaching 𝑦+ =

45 and further refinement then proved impractical as numerical ventilation began to develop, as 

shown in Figure 169. The thicker inflation layer mesh resulted in slightly higher viscous force 

coefficients, possibly by virtue of containing more layers, using lesser growth rates and therefore 

offering an improved resolution of the gradients away from the hull. Both reducing 𝑦+ and 

increasing the level of resolution of the near-wall flow left the pressure force coefficient essentially 

unchanged, as also shown in Figure 170. 

 

Figure 169 - Signs of numerical ventilation begins to develop for near wall meshes 1-A (top) and 1-B (bottom) for 

model hull AMC 16-12 at 𝐹𝑟 = 0.6. 

Mesh 1-A 

Mesh 1-B 
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Figure 170 - Dependency of the force coefficient on the near-wall mesh 𝑦+ value for model hull AMC 16-12 

C.3 Conclusions 

The spatial convergence study showed that refining the core mesh size led to a decrease and an 

eventual stabilisation of the pressure resistance once the relative mesh base size reached 

ℎbase/𝐿𝑊𝐿 ≤ 2.46 ∙ 10−2, while the viscous forces were largely unaffected. On the other hand, 

meshing the boundary layer closer to the hull wall caused a decrease in viscous resistance until 

further reducing the first cell height was prevented by numerical ventilation; this process left the 

pressure resistance almost unchanged. The boundary layer therefore appears to be resolved to the 

best practical extent, but the results also suggest that the calculated viscous resistance component 

is somewhat larger what the grid-independent value would be. We can accept this situation as it 

can be expected to remain consistent between designs. 

Varying the time step left the viscous resistance component near constant and the changes in total 

resistance were within 0.05% across the full range. This is an order of magnitude below the limit 

of what the author would consider as meaningful in the marine applications of interest and 

calculations performed at a nominal Courant number 𝐶𝐹𝐿 = 1.0 were therefore accepted. 

While a quantifiably convergent behaviour of the numerical model couldn’t be established, the 

variation in the resistance results when the discretisation parameters are modified is small enough 

to suit the purpose of seeking operationally meaningful hull resistance gains. It was also 

demonstrated that the position of the hull in heave and trim is tightly resolved. 
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Appendix D 

Experimental Testing of Candidate Hull AMC 16-12 

D.1 Introduction 

This appendix presents the calm water resistance tests undertaken for the purpose of obtaining an 

experimental benchmark to verify the numerical model. The experiments took place between 12 

and 16 May 2016 at the Model Towing Tank of the Australian Maritime College (AMC) in 

Launceston, Tasmania (Figure 171). 

 

Figure 171 - The towing tank and carriage at the Australian Maritime College in Launceston, Tasmania. 

The geometry of the hull denoted AMC 16-12 for the tank tests was the result of early optimisation 

work as described in Chapter 1 using model-scale CFD and an early version of the computational 

framework described in Appendix B. As such, the design of this model hull in itself relied on most 

of the material presented in this thesis. The author constructed the hull model at the University of 

Auckland using the process described in Appendix G. 

The model-scale speeds used throughout the tests were obtained by setting up the experiments for 

specific Froude numbers. The model was tested to assess the performance of the hull geometry 

independently of any full-scale size considerations with the objective of collecting experimental 

data for CFD validation as described in Appendix E. 
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D.2 Model Specifications 

The model used for the tank tests is shown in Figure 172 and an overview of the lines plan for the 

hull is presented in Figure 173. The results of the hydrostatic analysis of the hull are reported in 

Table 22. 

 

Figure 172 – 3D CAD perspective view of the fast displacement model hull AMC 16-12. 

 

Parameter Value Unit 

𝐿𝑂𝐴 1.717 𝑚  

𝐵𝑂𝐴 0.576 𝑚  

𝐿𝑊𝐿 1.667 𝑚  

𝐵𝑊𝐿 0.399 𝑚  

𝑇 0.061 𝑚  

𝑚 14.133 𝑘𝑔  

𝑆𝑊 0.5117 𝑚2  

𝐿𝑊𝐿/𝐵𝑊𝐿 4.18  

𝐵𝑀 0.3 𝑚  

𝑥𝐶𝐺 53.2 %𝐿𝑊𝐿 

𝑥𝐶𝐹 60.6 %𝐿𝑊𝐿 

𝐿𝑊𝐿/∇
1/3 6.87 - 

𝐶𝑝 0.608  

𝐶𝑏 0.348  

Table 22 - Main particulars of hull model AMC 16-12. 
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Figure 173 - Lines plan overview for the fast displacement model hull AMC 16-12. 

The height of the carriage attachment point within the model was intentionally located low within 

the hull, so the towing force acted horizontally at the waterline. This position lied on a practically 

achievable shaft line and the towing force did not impart the hull an additional and unwanted 

trimming moment. 

D.3 The AMC Towing Tank 

The AMC Towing Tank [116] has the dimensions presented in Table 23. The hull models are 

attached to the towing carriage by two balanced vertical sliding posts, as shown in Figure 174, 

which constrain the hull to travel perfectly straight. 

Parameter Value Unit 

Length 100 𝑚  

Width 3.55 𝑚  

Water depth 1.5 𝑚  

Maximum carriage velocity 4.6 𝑚/𝑠  

Table 23 - Physical characteristics of the AMC Towing Tank. 

The water temperature was 19°𝐶 throughout the experiments. 

D.3.1 Instrumentation 

A load cell fitted to the front attachment post measures the towing force and the towing carriage is 

fitted with a rotary pulse encoder to track its travel speed. Each attachment post is equipped with a 

Linear Variable Displacement Transducer (LVDT), which allows tracking the vertical position of 

each attachment point. For calm water resistance tests, the following values were recorded at 5 𝑚𝑠 

intervals (𝑓 = 200 𝐻𝑧): 

 Carriage speed 

 Front post vertical position 

 Rear post vertical position 

 Horizontal drag force 
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The data was collected for a fixed period of 20 seconds starting once the carriage speed had 

stabilised, or for as long as possible when the tank was too short for the carriage speed, as it occurred 

in tests at 𝐹𝑟 ≥ 0.7. 

 

Figure 174 – Ballasted model AMC 16-12 fully attached to the towing carriage. 

D.3.2 Calibrations and Zeros 

The LVDTs were calibrated at the start of each day, prior to attaching the model, for a range 

extending from −50 𝑚𝑚 (sinkage) to +50 𝑚𝑚 (heave) in 10 𝑚𝑚 steps. 

The load cell measuring the horizontal drag force was calibrated using reference weights ranging 

from zero to 3 𝑘𝑔 in steps of 0.5 𝑘𝑔, while taking care to capture any hysteresis present in the 

instrumentation. Due to the inherent difficulty in calibrating at a zero force, a small, but constant 

positive offset was always applied during calibration. 

Zeros for all measurement transducers were recorded prior to each run with the model in free-float 

condition in the tank in a settled state. The force and position measurements were subsequently 

corrected using these zeros, but using the linear scaling factors determined during the calibration at 

the start of the day. 
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D.4 Calm Water Resistance Tests 

Calm water resistance tests were first conducted in the lightship design condition, which included 

no static trim or sinkage. A static trim was later induced by shifting a small amount of ballast in 

order to assess the sensitivity of the experiments to hull trim. The resistance in various laden 

conditions was then also recorded by adding ballast. In each case, the minimum displacement 

lightship condition at the same speed was used as the reference condition to quantify the changes. 

D.4.1 Model Setup 

The net mass of the constructed model ready to attach to the towing carriage was 9.617 𝑘𝑔, which 

required an additional 4.516 𝑘𝑔 to reach the design mass of 14.133 𝑘𝑔. This was added in the form 

of ballast in order to achieve the static free-float zero-trim initial condition before the experiments. 

Figure 175 and Figure 176 show the position of the waterline forward and aft as observable from 

underwater (the water surface causes a mirror image of the underwater body to appear). 

The model was also fitted with turbulence stimulators (Figure 175) in the form of brass studs, 2 𝑚𝑚 

high and 3 𝑚𝑚 in diameter, glued to the hull surface as per standard practices at AMC. The studs 

were located at 7.8% 𝐿𝑊𝐿 from the stem, which corresponds to a distance of about 0.9 𝑚 for a full-

scale craft of 20 𝑚𝑒𝑡𝑟𝑒𝑠. 

A model coordinate system with its origin at the centre of the transom design waterline, with 𝑥 

pointing forward and 𝑧 upward, was adopted for all position measurements during the experiments. 

 

Figure 175 – Underwater view of the static waterline at 

the bow after initial ballasting and trimming, including 

turbulence stimulator studs. 

 

Figure 176 - Underwater view of the static waterline at 

the stern after initial ballasting and trimming. 

The model was connected to the carriage by a ball joint at the front post, allowing free 3-axis 

rotation. The ball joint was connected to a vertical sliding post by a load cell, as illustrated in Figure 

177. The aft attachment point, located at a distance 𝑑 = 824 𝑚𝑚 behind the front mount, was 
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installed on a horizontal sliding track fastened on the centreline of the model and connected to the 

rear vertical sliding post, as per Figure 178. Each attachment post was balanced by counterweights 

so as to impart no additional vertical forces on the model. 

The trim angle 𝛼trim and the heave value ∆𝑧 at the model centre of gravity can be resolved using 

Equations (101) and (102) respectively, where 𝑑𝐶𝐺 = 436 𝑚𝑚 is the distance from the front 

attachment post to the centre of gravity of the model. 

 
𝛼trim = tan−1

𝐿𝑉𝐷𝑇fwd − 𝐿𝑉𝐷𝑇aft

𝑑
 

(101) 

 
∆𝑧 =

𝑑𝐶𝐺

𝑑
𝐿𝑉𝐷𝑇aft +

𝑑 − 𝑑𝐶𝐺

𝑑
𝐿𝑉𝐷𝑇fwd 

(102) 

 

 

Figure 177 - Forward attachment point with load cell. 

 

Figure 178 - Rear attachment point on sliding track. 

 

D.4.2 Overview of Calm Water Resistance Test Runs 

The model was tested in compliance with the ITTC Recommended Procedure for Calm Water 

Resistance Tests [117] in 10 different load conditions31, each through a range of speeds of interest, 

which are summarised in Table 24. The static trim angles reflect the recorded LVDT sensor zeros. 

The results pertaining to laden conditions (condition 4 to 9, as well as 11) are reported in Appendix 

                                                      

31 Condition 10 is identical to condition 1, but the experiments were carried on a different day and the model 

had to be set again. 
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H as the data is of interest in terms of assessing the characteristics of the hull in simulated service 

conditions, but it was not directly used in this work. 

Condition(s) Description Payload 

[kg] 

Loading 

position 

[mm] 

Static 

Trim 

[°] 

Froude 

Numbers tested 

1, 10 Design displacement 

(lightship) 

0.000 - 0.00 0.1-0.2 in 0.025 

steps, 0.25-0.9 in 

0.05 steps and 

1.0 

2 Bow down trim 0.000 - -0.49 0.4, 0.6, 0.7 

3 Bow up trim 0.000 - 0.63 0.4, 0.6, 0.7 

4 Loaded at lightship LCF32 1.512 624 0.00 0.4, 0.5, 0.6, 0.7 

5 Loaded at lightship LCF 3.076 624 0.00 0.4, 0.5, 0.6, 0.7 

6 Loaded at lightship LCF 6.084 624 0.01 0.4, 0.5, 0.6, 0.7 

7 Loaded approx. mid aft 

deck 

1.512 470 0.20 0.4, 0.5, 0.6, 0.7 

8 Loaded approx. mid aft 

deck 

3.076 470 0.40 0.4, 0.5, 0.6, 0.7 

9 Loaded approx. mid aft 

deck 

6.084 470 0.76 0.4, 0.5, 0.6, 0.7 

11 Loaded astern 6.084 260 1.68 0.4, 0.5, 0.6, 0.7 

Table 24 - Summary of tank tested model conditions for hull AMC 16-12. 

D.4.3 Calm Water Resistance Test Results 

Lightship calm-water resistance measurements (Table 24, conditions 1 and 10) were carried out 

over an extended speed range and they constitute the reference for comparison against all other 

laden conditions. The experimental resistance values obtained for Froude numbers in the range 

0.1 ≤ 𝐹𝑟 ≤ 0.9 33 are presented in Figure 179; Figure 180 and Figure 181 contain the recorded hull 

running trim and heave values respectively. 

                                                      

32 LCF, longitudinal centre of flotation: the longitudinal position of the centre of the waterplane area. Loading 

the vessel at this position doesn’t alter its trim as long as the shape of the laden waterplane doesn’t change 

adversely. 

33 Towing the model at 𝐹𝑟 = 1.0 caused the bow to begin lifting out of the water and the test was no longer 

representative of the type of operation of interest to model in this thesis. At this speed, the wake can also be 

expected to be close to critical due to the water depth available in the tank. 
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Figure 179 - Calm water resistance measurements as a function of the Froude number for model hull AMC 16-12. 

 

Figure 180 - Trim angle measurements as a function of the Froude number for model hull AMC 16-12. 

 

Figure 181 - Heave values reduced at the lightship centre of gravity as a function of speed for model hull AMC 16-12. 
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D.4.4 Sensitivity of Performance to Variations in Trim 

Two systematic trim variations were performed without altering the lightship displacement by 

relocating 1.028 𝑘𝑔 of ballast forward and then aft. This produced a static bow-down trim of 

−0.49° (Table 24, condition 2) and a static bow-up trim of 0.63° (Table 24, condition 3) 

respectively. The model was then towed at Froude numbers equal to 0.4, 0.6 and 0.7 in each 

condition and the results compared against the same tests in zero trim reference condition. 

On the basis that such small trim alterations at constant displacement do not meaningfully alter the 

vessel’s wetted surface area, the outcome is presented at model scale and it can be expected to 

mostly reflect changes in pressure resistance. 

We can see from Figure 182 that the neutral design trim results in a lower relative resistance 

𝑅trimmed/𝑅neutral at each of the three speeds tested between 𝐹𝑟 = 0.4 and 𝐹𝑟 = 0.7, but the penalty 

incurred in the bow-up condition reduces significantly as speed increases. Bow-up trim increases 

the immersion of the transom while also shifting the centre of buoyancy further aft; as such, the 

tests suggest that these parameters can’t be far from optimal. 

The same data can be plotted as a function of the static trim angle (Figure 183), which shows that 

the design is least sensitive to trimming at the target design speed of 𝐹𝑟 = 0.6 with the relative 

resistance increasing by about +2% for both the higher and lower speeds. The hull best tolerates a 

bow-down attitude at the lower speeds and bow-up at the higher speeds, which is also what one 

would intuitively expect. 

 

Figure 182 - Relative resistance as a function of speed for two altered static trim angles for model hull AMC 16-12. 
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Figure 183 - Relative resistance change as a function of static trim at three different Froude numbers for model hull 

AMC 16-12. 

D.4.5 Experimental Determination of the Form Factor 

The form factor of a hull is a notional quantity of interest in the context of extrapolating resistance 

from model to full scale. The topic of resistance extrapolation is discussed in more details in 

Appendix F, and specifically in Section F.1, so only a very succinct overview is provided here. 

The ITTC-1978 formulation [24] of the ship resistance decomposition formula includes a newly-

introduced form factor (1 + 𝑘), 𝑘 ≥ 0 used for decomposing the total resistance 𝑅Total into a 

frictional component 𝑅𝑓 and a residuary component 𝑅𝑟 as per Equation (103). 

 𝑅Total = (1 + 𝑘)𝑅𝑓 + 𝑅𝑟 (103) 

Assuming that the total resistance is a known quantity, the form factor effectively rebalances the 

force attributions between the viscous and pressure components by increasing the viscous 

contribution. The intent is accounting for three-dimensional pressure effects in the flow that depend 

on the geometry of the hull and influence the viscous resistance. 

Prohaska’s method [118] for the determination of the form factor (1 + 𝑘) is based on the 

assumption that the residuary resistance component 𝑅𝑟 at very low speeds increases with the fourth 

power of the Froude number, while an estimate of the frictional contribution 𝑅𝑓 for the wetted area 

of the ship can be obtained from an experimental friction line. This allows rewriting and developing 

Equation (103) by polynomial substitution for 𝑅𝑟: 

 𝑅Total = (1 + 𝑘)𝑅𝑓 + 𝛼 𝐹𝑟4 (104) 
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 𝑅Total

𝑅𝑓
= (1 + 𝑘) + 𝛼 

𝐹𝑟4

𝑅𝑓
 

(105) 

Plotting 
𝑅Total

𝑅𝑓
 against 

𝐹𝑟4

𝑅𝑓
 should now highlight a linear relationship at very low speeds that can be 

quantified by regression and the form-factor (1 + 𝑘) can then be found by extrapolation for 𝐹𝑟 =

0. 

We can now try to apply this process to the results from the AMC tank. As later discussed in some 

detail in Section D.5.2, the very low speed resistance figures obtained proved unreliable. This is 

clearly apparent in Figure 184 as the first two data points, corresponding to Froude numbers of 

𝐹𝑟 = 0.1 and 𝐹𝑟 = 0.125 respectively, exhibit 𝑅Total 𝑅𝑓⁄ < 1, i.e. the measured total resistance at 

these low speeds falls below the ITTC-1957 friction line alone. 

We can attempt to plot a linear regression line using a least squares fit over the next four data points, 

after which the fourth order assumption appears to no longer hold. This suggests a form factor 

(1 + 𝑘) ≅ 1.16, but also highlights the difficulty and uncertainty faced in carrying out such 

experimental determination, a point noted by Raven, et al. [119] as well. The use of a physically 

larger model offering a significantly greater wetted surface would have been beneficial if 

determining the form factor had been an important objective. 

 

Figure 184 - Prohaska plot of low-speed experimental data for model hull AMC 16-12. 
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were nevertheless repeated on different days to highlight any obvious abnormalities issues with set 

up or calibration. 

 

Figure 185 - Absolute range of variation for resistance, trim and heave for repeated towing tank tests of model hull 

AMC 16-12. 

Figure 185 shows the absolute range of variation for the parameters measured across repeated 

experiments. The tests were conducted twice, except for 𝐹𝑟 = 0.6 and 𝐹𝑟 = 0.7, where 4 and 3 

runs were completed respectively. The dataset is too scant to derive any statistical conclusions, but 

it suggests that no clear dependency exists between the range of variation and increasing Froude 

numbers. The average ranges of variation shown in Table 25 are small enough to be insignificant 

and provide with some confidence in the data collected. 

Parameter Average 

range 

Unit 

Resistance 0.08 𝑁 

Trim 0.007 ° 

Heave 0.14 𝑚𝑚 

Table 25 - Average absolute ranges of variation for repeated towing tank tests with model hull AMC 16-12. 
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broaching’, i.e. the sudden list of the vessel to one side is followed by a violent yaw to the other 

side. The consequence can be capsizing.” 

The model hull AMC 16-12 was towed up the Froude number 𝐹𝑟 = 1.0, driven by an interest in 

exploring the behaviour of the hull well above its intended speed of operation. The attachment 

method to the carriage left the model free to roll and would have allowed a loll angle to develop at 

speed, but no dynamic stability issues were ever encountered in any of the tests. Müller-Graf [121] 

recommends that the dynamic loss of transverse stability should be accounted for in the design by 

having a sufficiently high metacentric height at zero speed; this condition is clearly met in the case 

of this hull. The shape of the hull may also not lend itself to producing these issues as it has little 

curvature. The relation between streamline curvature and pressure is discussed in Chapter 3. 

D.5 Validity and Limitations of the AMC Towing Tank 

Experiments 

D.5.1 Background 

An extensive discussion of the accuracy and reliability of towing tank experiments is offered by 

Larsson, et al. [35]. Three key areas of concern exist with tank experiments: 

1. The proximity of the tank walls lead to wave reflections and a distortion of the wake that 

is not present in open water; 

2. The finite depth of the water can alter the shape and velocity of the waves generated and 

increase the measured resistance; and 

3. The velocity of the water past the hull can be accelerated by the progression of the body 

through the fluid in the channel (blockage effect) and a pressure wave builds up ahead of 

the model being tested. This pressure wave tends to disturb the experiments. 

The light displacement and small cross-sectional area of the tested hull relative to that of the tank 

alleviated concerns about blockage effects. Wave reflections were unavoidable, but mitigated by 

using “beaches” on both sides during calm water experiments. We also note that the hull tested 

produced remarkably low wave heights and the modest length of the model in relation to the width 

of the tank meant that the interference region between the divergent wake and the side wall was 

well astern of the experiment. 
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D.5.2 Low Speed Measurements 

The only area of concern with measurement was with the hull resistance force at low speeds. As 

highlighted in Section D.4.5 already, the total resistance measured at Froude numbers 𝐹𝑟 < 0.15 

amounted to significantly less than what could be expected from a friction line for the wetted 

surface of the hull and this casts considerable doubts over low speed results. These very low speed 

experiments may also have suffered from laminar flow regions due to an inability of the turbulence 

stimulators to effectively trip the boundary layer at the lower Reynolds numbers, in which case the 

resistance force would become abnormally low. Bertram [19] writes: “Even when turbulence 

stimulators are used, a minimum Reynolds number has to be reached. We can be sure to have a 

turbulent boundary layer for 𝑅𝑒 >  5 ∙ 106. This gives a lower limit to the speeds that can be 

investigated depending on the used model length.” In the present case, such a Reynolds number 

was only reached for tests at 𝐹𝑟 ≥ 0.6. 

The average forces measured for 𝐹𝑟 ≤ 0.2 were all below 1 𝑁 and too small in relation to the 

measurement noise present to yield reliable results. Figure 186 illustrates the measured resistance 

force for a run at 𝐹𝑟 = 0.125; the average resistance recorded amounts to 𝑅𝑇 = 0.29 𝑁 only and 

the relative RMS value of the signal to the average is 17%. This reduces to less than 4% at 𝐹𝑟 =

0.25, which is why the author disregarded experimental results for the lowest speeds. 

 

Figure 186 - Time-domain plot of the measured resistance force for model hull AMC 16-12 at 𝐹𝑟 = 0.125. 
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D.5.3 Time-Domain Instrumentation Data Output for Representative Calm Water 

Resistance Tests 

The data collected by the sensors is presented for three different speeds corresponding to Froude 

numbers of 𝐹𝑟 = {0.25, 0.6, 0.75} respectively. Data was recorded from each sensor for 20 seconds 

once the carriage speed had stabilised, which is why the readings do not begin at zero. At the higher 

speeds, the AMC tank was too short and the deceleration of the carriage had to be removed from 

the data. The linear motions of the attachment posts were also reduced into time-series for the heave 

value at the hull centre of gravity and the running trim angle using Equations (101) and (102). 

The time-based plots from Figure 187 to Figure 190 show the calibrated recorded values for Test 

Run #09 at 𝐹𝑟 = 0.25. The instantaneous heave of the model at the centre of gravity and the running 

trim are presented in Figure 191 and Figure 192 respectively. The same data is also presented for 

Test Run #12 at 𝐹𝑟 = 0.6 (Figure 193 to Figure 198) and Test Run #16 at 𝐹𝑟 = 0.75 (Figure 199 

to Figure 204). The drop-off just before 18 seconds in the latter case is due to the carriage 

approaching the end of the rails. 

From a qualitative point of view, we can observe that: 

 All carriage speed readings contain high-frequency electrical noise superimposed on the 

signal and could benefit from filtering in the signal acquisition chain. More importantly, 

the speed signal clearly contains a dominant unsteady component with a frequency 

proportional to speed, most likely a carriage rolling issue. This may in turn inject unwanted 

fluctuations into the resistance readings. 

 Both the speed and the resistance readings are centred on fairly constant mean values and 

we can expect simple averaging to yield meaningful results. 

 Resistance readings are superimposed with low-frequency fluctuations of approximately 

constant amplitude; these become more significant at low speeds as the average resistance 

forces are small. 

 The readings from the attachment posts position transducers are clearly not stable, but there 

generally is a broad correlation between the forward and aft values, as demonstrated by the 

small ranges of the resolved running trim angles. The heave value clearly evolves during 

the tests with periods that become longer as speed increases. 

Averaging the time series the way the towing tank data collection system does is a simple choice 

based on the assumption that a steady-state can be reached. Only the resistance force appears to 

reliably reach a steady-state once the force is high enough to be measured reliably, i.e. for 𝐹𝑟 ≥
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0.25. The fluctuations in running trim are typically very small, but Figure 204 suggests that a longer 

towing length would be necessary to obtain a correct value at high speeds. Figure 205 shows a 

boxplot of the time-series for heave with increasingly wide ranges at the higher Froude numbers 

and the averaged experimental values should be seen as indicative of the general behaviour of the 

hull, rather than strictly quantitative. 

 

Figure 187 - Carriage speed transducer reading for Run #09 at 𝐹𝑟 = 0.25 for model AMC 16-12. 

 

Figure 188 - Forward LVDT reading for Run #09 at 𝐹𝑟 = 0.25 for model AMC 16-12. 

 

Figure 189 - Aft LVDT reading for Run #09 at 𝐹𝑟 = 0.25 for model AMC 16-12. 
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Figure 190 - Resistance force for Run #09 at 𝐹𝑟 = 0.25 for model AMC 16-12. 

 

Figure 191 - Heave of the centre of gravity for Run #09 at 𝐹𝑟 = 0.25 for model AMC 16-12. 

 

Figure 192 - Trim angle for Run #09 at 𝐹𝑟 = 0.25 for model AMC 16-12. 

 

Figure 193 - Carriage speed transducer reading for Run #12 at 𝐹𝑟 = 0.6 for model AMC 16-12. 
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Figure 194 - Forward LVDT reading for Run #12 at 𝐹𝑟 = 0.6 for model AMC 16-12. 

 

Figure 195 - Aft LVDT reading for Run #12 at 𝐹𝑟 = 0.6 for model AMC 16-12. 

 

Figure 196 - Resistance force for Run #12 at 𝐹𝑟 = 0.6 for model AMC 16-12. 

 

Figure 197 - Heave of the centre of gravity for Run #12 at 𝐹𝑟 = 0.6 for model AMC 16-12. 
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Figure 198 - Trim angle for Run #12 at 𝐹𝑟 = 0.6 for model AMC 16-12. 

 

 

Figure 199 - Carriage speed transducer reading for Run #16 at 𝐹𝑟 = 0.75 for model AMC 16-12. 

 

Figure 200 - Forward LVDT reading for Run #16 at 𝐹𝑟 = 0.75 for model AMC 16-12. 
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Figure 201 - Aft LVDT reading for Run #16 at 𝐹𝑟 = 0.75 for model AMC 16-12. 

 

Figure 202 - Resistance force for Run #16 at 𝐹𝑟 = 0.75 for model AMC 16-12. 

 

Figure 203 - Heave of the centre of gravity for Run #16 at 𝐹𝑟 = 0.75 for model AMC 16-12. 

 

Figure 204 - Trim angle for Run #16 at 𝐹𝑟 = 0.75 for model AMC 16-12. 
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Figure 205 - Boxplot for the experimental heave time-series for model AMC 16-12. 
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D.5.5 Insufficient Water Depth 

Our primary concern with the results from the AMC experiment was the shallow water depth of 

only 1.5 𝑚 in relation to the carriage speeds attained for some runs. Gravity wave theory postulates 

that wave propagation becomes impacted when ℎ <  𝜆𝑤/2, where h is the water depth and 𝜆𝑤 is 

the wave length [46, p. 97]. As developed earlier in Appendix A, Section A.3.1, the wave length 

𝜆𝑤 produced by the experiment is itself tied to the velocity 𝑣 of the hull by the relation: 

 𝜆𝑤 =
2𝜋𝑣2

𝑔
 (106) 

We can deduce a velocity condition corresponding to ℎ <  𝜆𝑤/2 from Equation (106) as: 

 𝑣 > √
𝑔ℎ

𝜋
≅ 0.56√𝑔ℎ (107) 

In the case of the AMC tank, this suggests a velocity limit 𝑣 = 2.164 𝑚/𝑠, which corresponds to a 

Froude number 𝐹𝑟 = 0.535 for the waterline length of the AMC 16-12 model. Beyond this speed, 

the wake no longer purely behaves as it would in deep water. Disturbances, however, can be 

expected to set in very gradually as this limit is being exceeded and this value must be understood 

as a lower speed limit where shallow water effects may begin to manifest. 

Larsson, et al. [35] discuss the topic of the water depth specifically in relation to towing tank 

experiments and indicate that deviations in the results can be expected as the depth Froude number 

𝐹𝑟ℎ (37) approaches the critical value of 1.0 and the text warns that “a model run at any speed 

above about 0.7 of this value will give a resistance different from that appropriate to deep water”. 

In the case of the model AMC 16-12 in the AMC tank, the wetted hull length (𝐿𝑊𝐿 = 1.667 𝑚) and 

water depth (ℎ = 1.5 𝑚) are similar and, as the length Froude number 𝐹𝑟 → 1.0, the depth Froude 

number 𝐹𝑟ℎ also tends towards unity, thus shallow depth effects could be expected in the upper 

speed range. For the sake of comparison with Equation (107), the condition 𝐹𝑟ℎ = 1 is found when 

𝑣critical = √𝑔ℎ and the velocity is deemed excessive when: 

 𝑣 > 0.7√𝑔ℎ (108) 

The maximum length Froude number for deep-water tests of a hull in a towing tank becomes: 

 𝐹𝑟limit = 0.7√ℎ/𝐿𝑊𝐿 (109) 
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In the case of the AMC experiment, we have 𝐹𝑟limit ≅ 0.66, which is within the speed range of 

primary interest, and 𝐹𝑟critical ≅ 0.94. Avoiding this issue would have required towing a smaller 

model, but this would have then resulted in having to measure extremely small forces over a larger 

part of the speed range and degraded overall accuracy. 

The author further investigated this matter numerically in Appendix E, Section E.1 by seeking to 

identify differences between CFD simulations using a restricted fluid domain matching the cross 

section of the AMC tank and a larger fluid domain approaching open water of unlimited depth. 

These computations suggest that the error on resistance due to the limited depth and width of the 

testing tank would be below 1%, and therefore below the accuracy of the experiment itself. The 

shallow depth of water may therefore not have been an issue in these tests and the results obtained 

should remain meaningful for operation in deep open waters. 

D.6 Conclusions 

The model size adopted for tank testing proved to be a good fit for the characteristics of the 

installation, considering that the author was first and foremost interested in results for Froude 

numbers 𝐹𝑟 > 0.4, above the traditional displacement speed range. It should also be noted that the 

models of the AMECRC systematic series, also tested in the AMC tank with an interest in their 

performance at similar Froude numbers, featured a comparable waterline length of 1.6 𝑚 [10]. 

The resistance variations recorded between repeated experiments never exceeded 1.5% of the 

average result while the instantaneous forces measured by the carriage appeared centred around a 

mean value. However, the resistance values falling into the lower speed range (𝐹𝑟 < 0.35) appear 

questionable and may even be significantly wrong for the lowest speeds tested, because the forces 

appeared to be too small to be measured reliably by the installation and/or the experiments may 

have suffered from laminar flow regions due to the insufficiently high Reynolds number. The 

resistance data for higher speeds was of higher accuracy. 

The trim variations recorded between repeated experiments were always below 0.02° and therefore 

insignificant. The heave values exhibited variations of up to 0.3 𝑚𝑚, which in itself only represents 

0.018% 𝐿𝑊𝐿, but since the readings failed to stabilise altogether at the higher speeds, the results 

must be viewed as indicative only for 𝐹𝑟 > 0.5. 

The derivation of an experimental form-factor was attempted for the model hull AMC 16-12 and 

led to the result (1 + 𝑘) ≅ 1.16, but since this relies entirely on questionable very low speed data, 

the exercise should be viewed with extreme caution. 
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Appendix E 

CFD Validation against Experimental Data 

E.1 Introduction 

The purpose of experimentally validating a numerical model is to demonstrate that the simulations 

are indeed capable of correctly capturing and quantifying physical reality. A comparison between 

computations and experimental data is presented in Section E.2 for selected yacht hulls sourced 

from the Delft DSYHS database of towing tank test results [13]. The computational results are then 

compared for the fast displacement model hull AMC 16-12 tested in Appendix D with the 

corresponding experimental data in Section E.3. 

In each case, the dimensions of the fluid domain in the computational model presented in Appendix 

B were altered to match the width and depth of the body of water present during the experiments. 

The physical properties of the water [122] were also aligned for the water temperature recorded 

with each experiment. Last, but not least, the external propulsive force in the simulation was 

configured to match the attachment point of the model to the carriage and always act in a horizontal 

plane. 

E.2 Validation against Selected Models in the Delft Systematic 

Yacht Hulls Series (DSYHS) 

A large amount of experimental data, together with the hull geometries and the conditions 

surrounding the experiments, was made available when the experimental data from the tank tests 

underlying the Delft Systematic Yacht Hull Series (DSYHS) [31] was released. While these 

experiments pertained to conventional displacement sailing yacht hulls that perform acceptably in 

the low speed range only, the corresponding body of data was valuable for developing an early 

version of the hydrodynamic simulation framework presented in Appendix B. Several of these Delft 

hull geometries were used for validation before designing the AMC 16-12 hull shape. 

E.2.1 Delft Tank #1 

The DSYHS experiments were carried out in Towing Tank #1 at Delft University, which features 

the following dimensions [123]: 
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Dimension Value Unit 

Length 142 𝑚 

Width 4.22 𝑚 

Maximum water depth 2.50 𝑚 

Table 26 - Dimensions of Delft Towing Tank #1. 

In the absence of more specific guidance regarding the DSYHS tank tests, the water depth was 

assumed to be equal to the maximum depth for the installation. 

E.2.2 Comparison of CFD and Experimental Results for Selected Delft Yacht Hulls 

The numerical flow model was first validated against the experimental results from hulls 

SYSSER35, SYSSER48 and SYSSER62. The mesh base size ℎ𝐵𝑎𝑠𝑒 = 26.25𝑚𝑚 was adopted and 

the simulations run at a nominal Courant number 𝐶𝐹𝐿 = 1.0. The average magnitude of the error 

in the predicted resistance over the range 𝐹𝑟 = [0.3 ;  0.6] was 1.6% for hull SYSSER35, 1.8% for 

hull SYSSER48 and 0.9% for hull SYSSER62 (Figure 206). 

 

Figure 206 - Plot of the experimental and calculated total resistance for selected Delft model hulls. 

Deficits in predicted resistance are observable above 𝐹𝑟 = 0.6 for those hulls for which 

experimental data was available for such speeds. The bow of the Delft yacht hulls lifts out of the 

water as the dynamic trim increases with speed, leading to a strong pressure point with very high 

gradients where the blunt hull bottom parts the water. This unwanted phenomenon, which lies 

beyond the useful speed range of these designs, was imperfectly resolved by the mesh employed. 
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Since it had no relevance for the type of hulls of interest in this work, no effort was made to model 

it more accurately. 

The behaviour of the hulls in trim34 is very well modelled, but the trim increase with speed is over-

predicted for all hulls (Figure 207). Hull SYSSER48 is particularly beamy and exhibits the largest 

trimming errors before the trim curve levels off above 𝐹𝑟 = 0.65; this is also where the largest 

resistance errors are found. 

Similar results can be observed for heave, where the simulations correctly captures the behaviour 

and the Froude number producing the maximum sinkage, but with deviations in the values. The 

published data for the heave of the unappended hull SYSSER62 very closely matches a trim angle 

and is almost certainly erroneous (Figure 208). 

 

Figure 207 - Plot of the experimental and calculated running trim for selected Delft hulls. 

                                                      

34 The trim angles from the Delft database are expressed positively when bow-down, opposite to the 

convention adopted throughout this document. For the sake of consistency, the sign of the data was inverted 

when referring to experimental Delft trim angles. 
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Figure 208 - Plot of the experimental and calculated heave for selected Delft hulls. 

E.3 Validation against Experimental Results for Model Hull 

AMC 16-12 

E.3.1 Introduction 

The model hull AMC 16-12, tested experimentally in Appendix D, represented a design intended 

for operation in pure-displacement mode in the transition speed region. As such, it allowed a more 

directly relevant validation of the numerical model by extending the experimental tests and 

simulations up into Froude numbers not normally considered for displacement craft. 

Simulations were conducted for speeds equating to the target Froude numbers used in the 

experiments35 over the range 𝐹𝑟 = [0.25 ; 0.85] in steps of 0.05. Solution histories were computed 

for 20 seconds of physical time and the data averaged for 5 ≤ 𝑡 ≤ 20 𝑠. 

                                                      

35 To be strictly correct, the simulations should have been conducted using a flow velocity matching the 

measured carriage velocity in the experiments. The carriage was always slow, but the speed deviations never 

exceeded −1% with an average of −0.63% over all tests at AMC. 
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E.3.2 Results for Resistance, Trim and Heave 

The calculated hull resistance from CFD was plotted against the experimental data in Figure 209. 

The resistance is over-predicted by +4.78% at the lowest simulated speed 𝐹𝑟 = 0.25. This 

discrepancy may be attributed to the fact that the computational mesh was not intended to resolve 

the very small and short waves produced at low speeds, but the low magnitude of the forces 

measured almost certainly contributes to greater experimental uncertainty as well. Considering the 

very small 6 𝑚𝑚 immersion depth of the transom and the fact that the transom cleared correctly 

with increasing speed in the simulations, significant issues are not expected to have arisen from 

modelling the transom pressure effects. 

In the range 0.45 ≤ 𝐹𝑟 ≤ 0.85, resistance is under-predicted by an average of 7.44%. The author 

wants to point out that the linear dependency in the error with speed restricts the possible root 

causes. Discrepancies in water density or viscosity are improbable and more general modelling and 

simulation errors would be highly unlikely to materialise this way. This proportional error is 

observable at speeds where all the predictions for the Delft hulls were within less than 2% of the 

experimental results in average. A possible explanation is a measurement gain or calibration issue 

somehow affecting the experimental dataset. 

The running trim angle, plotted in Figure 210, is under-predicted throughout with the smallest 

differences being recorded in the range 𝐹𝑟 = [0.55, 0.70] with absolute errors remaining below 

0.2° for Froude numbers 𝐹𝑟 ≤ 0.7. A divergence can be observed for 𝐹𝑟 > 0.7, where the 

computed trim angle flattens out. A marked divergence for 𝐹𝑟 ≥ 0.6 can also be observed for heave 

in Figure 211, but the values are predicted extremely reliably below this speed considering the small 

magnitude of the absolute errors, ±0.5 𝑚𝑚 in the range 𝐹𝑟 = [0.25, 0.6]. The tank-measured 

values for both trim and heave at high speeds never settled during the experiments, as previously 

discussed in Appendix D, Section D.5.3. An inspection of the time series collected from the tank 

tests shows that sinkage was still reducing by the time the higher Froude number runs ended. 

Amongst other known instabilities, the initial acceleration of the towing carriage can result in the 

model creating a low amplitude wave, which then impacts the water level underneath the carriage 

and would require a longer duration run to subside. A large part of the absolute errors observed for 

trim and heave in the higher speed range appears attributable to the fact that improperly stabilised 

results are being compared, so the author decided to accept these simulation results. 
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Figure 209 - Total resistance, CFD versus experiment for model hull AMC 16-12. 

 

Figure 210 – Trim, CFD versus experiment for model hull AMC 16-12. 
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Figure 211 – Heave, CFD versus experiment for model hull AMC 16-12. 

E.4 Comparison with CFD Simulations in Deep Open Water 

The issues arising from tank testing in limited water depths were discussed in Appendix D, Section 

D.4.6. Investigating the effect of the relatively shallow depth (1.5 𝑚) of the AMC tank on the results 

obtained is interesting from the point of view of identifying any limitations in the applicability of 

the experimental data to normal, deep water operation. It is also interesting in terms of assessing 

the response of the CFD model between shallow and deep, open water. A set of simulations were 

carried out for deep, open water conditions using a water depth of 3 𝑚, or 1.8 ∙ 𝐿𝑊𝐿, which is twice 

the physical depth that was available in the tank. This pushes the Froude number limit discussed in 

Appendix D, Section D.5.5 out to 𝐹𝑟𝑙𝑖𝑚𝑖𝑡 ≅ 0.94 and it should be sufficient to alleviate concerns 

about shallow water effects. The width of the fluid half-domain was also increased from 1.775 𝑚 

to 4.0 𝑚 to prevent any wave reflections at the lateral boundary; those, however, should be 

occurring too far astern to be of concern even when modelling the towing tank, as discussed in 

Appendix B, Section B.7.5. 

E.4.1 Deep Open Water CFD Results for Hull AMC 16-12 
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E.4.2 Resistance Forces 

The change in the normalised total resistance, both in simulated deep open water and in the AMC 

tank environment, is plotted in Figure 212. In the analysis carried out in Appendix C, Section C.2.4, 

variations in the resistance coefficient exceeding 4 ∙ 10−4 were deemed as being quantifiable and 

the computed resistance therefore changes meaningfully for 𝐹𝑟 ≥ 0.45. The peak value for 𝐹𝑟 =

0.7 is caused by a slight apparent anomaly in the pressure resistance in the tank simulation, which 

disappears in the open water case (Figure 213). The pressure resistance is very marginally higher 

in shallow water, suggesting larger waves. This average observed resistance increase is less than 

1% of the deep water values throughout the speed range and does not in itself conclusively suggest 

that a shallow water issue may exist with the experimental resistance results. 

 

Figure 212 – Computed normalised total resistance change for model AMC 16-12 with fluid domain boundaries for the 

AMC Towing Tank (ℎ = 1.5 𝑚) and deep open water (ℎ = 3.0 𝑚). 

-0.001

-0.0005

0

0.0005

0.001

0.0015

0.002

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

(R
T,

Ta
n

k-
R

T,
D

ee
p
)/

W

Fr

ΔcRt∆𝑅𝑇/𝑊 



 

COMPARISON WITH CFD SIMULATIONS IN DEEP OPEN WATER 

253 

 

Figure 213 - Computed resistance components for model AMC 16-12 with fluid domain boundaries for the AMC 

Towing Tank (ℎ = 1.5 𝑚) and deep open water (ℎ = 3.0 𝑚). 

E.4.3 Hull Running Trim 

The running trim increases slightly more with speed in shallow water above 𝐹𝑟 = 0.45, also 

suggesting slightly steeper waves in restricted depth; this would be consistent with linear wave 

theory (Appendix A, Section A.2). The effect is marginal since the maximum difference in trim is 

below +0.1° and the average is +0.026° above the deep water values. This result is at the limit of 

the expected precision when resolving trim (Appendix C, Section C.2.4), but the author notes that 

in spite of the very small changes, all computed values for deep water consistently fall below the 

shallow water result for the same speed. It suggests that, when the mesh base size remains constant, 

the numerical errors between solutions may in fact be lower than estimated from the convergence 

results in Appendix C. 

E.4.4 Heave 

In Figure 215, we can observe consistently deeper sinkage in shallow water up to 𝐹𝑟 = 0.8. The 

difference primarily develops once the Froude number exceeds 𝐹𝑟 = 0.4 and is accompanied with 

a slight increase in resistance (Figure 212). The ratio of the water depth to the hull draft is large 

with ℎ/𝑇 ≅ 25 and a blockage effect such as experienced by ships steaming in restricted waters 

[124] seems improbable. The phenomenon is more likely attributable to a disturbance in wake 

propagation: at a Froude number 𝐹𝑟 = 0.8, the theoretical length of the transverse wave system 

becomes four times the waterline length and velocity gradients exist down to a considerable depth 

underneath the hull, as illustrated earlier in Appendix B, Section B.8.4.2. 
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Figure 214 – Computed running trim for model AMC 16-12 with fluid domain boundaries for the AMC Towing Tank 

(ℎ = 1.5 𝑚) and deep open water (ℎ = 3.0 𝑚). 

 

Figure 215 – Computed heave for model AMC 16-12 with fluid domain boundaries for the AMC Towing Tank (ℎ =
1.5 𝑚) and deep open water (ℎ = 3.0 𝑚). 
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E.5 Conclusions 

E.5.1 Experimental Validation Outcome 

The CFD model developed in Appendix B was validated against data and hull geometries from the 

Delft database of yacht hull forms and tank tests, as well as against the specifically designed fast 

displacement hull form AMC 16-12 tested in the AMC Towing Tank. 

The CFD resistance predictions obtained for the selected Delft hulls are on average within less than 

2% of the experimental results so long as dynamic lift effects don’t cause the forebody to rise out 

of the water, and they often remain very good even in the presence of some dynamic lift and high 

trim angles up to 𝐹𝑟 = 0.6. The simulations also successfully reproduced the behaviour of the hulls 

in terms of trim and sinkage as speed increased and the CFD model developed appeared capable of 

capturing the physics present in these experiments. 

When the simulations are compared against the experimental results obtained by the author from 

the AMC Towing Tank, the computed resistance in the speed range of interest in this work is 

systematically below the measured values by approximately 7%. The linearly proportional nature 

of the differences between CFD and experiments, which extends all the way to the highest speeds 

simulated, suggests that the numerical model still captures the non-linear physics underpinning the 

behaviour of the hull successfully. The trim and heave behaviour of the model are also well 

reproduced by the simulations. As the resistance of the Delft hulls was able to be predicted with 

good accuracy at the same speeds, including for SYSSER43, which features a very similar waterline 

length to the AMC 16-12 model, the author doesn’t want to exclude the possibility that a facility 

bias or calibration issue may have existed that could explain the difference observed. Towing a 

benchmark geometry for which ample experimental data exists, such as a Wigley hull, would have 

been interesting in the context of trying to gain further insight. 

In the present hull shape optimisation context, the ability to differentiate hull shapes based on their 

computed resistance is more important than the absolute exactness of this computed resistance and 

these results give no compelling reasons to doubt the fidelity of the numerical model. 

E.5.2 Shallow Water Effects during Tank Tests 

CFD computations were used in an attempt to clarify whether the relatively shallow water depth of 

the AMC Towing Tank may have skewed the test results towards higher resistance. The calculations 

suggest that the experimental tank tests carried out at AMC should be acceptable for deriving deep, 

open water predictions, in spite of the fact that the towing speed was at times high in relation to the 
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depth of water available, as discussed in Appendix D, Section D.5.5. While the sinkage of the hull 

was more pronounced in limited water depth in the transition speed region, the resistance increase 

caused by shallow water amounted to less than 1% of the deep water value. 

These results also suggest that, unless significant concerns exist in relation to the dimensions of the 

tank and the size of the model towed, a test in a tank can give predictions very close to what open 

water results would be. In particular, the waves reflected at the side walls may be left too far behind 

the experiment to be a concern or justify modelling them in CFD. Setting up the CFD problem to 

replicate the dimensions of the tank is not necessarily as important or useful as one might first think, 

at least if the model is slender and does not generate large waves. 
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Appendix F 

Full-Scale Hull Resistance 

F.1 Hull Resistance and Scale 

These appendices have so far dealt with model-scale experimental results and model-scale 

simulations to obtain the resistance of hulls, but in order to reach the objective of optimising the 

shape of full size vessels for real-world operation, hull resistance must be quantified at full scale. 

In this appendix, the author discusses and compares the options available for obtaining full-scale 

resistance data from hydrodynamic simulations. 

F.1.1 The Resistance Extrapolation Problem 

Predicting the resistance of marine surface vessels is a problem that was first scientifically 

investigated and documented by Froude [16] in 1877, who quantified the resistance of model ships 

at different scales in order to develop an estimate of full-scale resistance. Froude proposed to 

separate the resistance components between a viscous term and a residuary term, so each could be 

scaled separately as they originate from physically different phenomena and obey different laws 

with regard to scale. A number of refinements have since been proposed and used, due to Froude’s 

proposition only being approximately correct. 

The current approaches to the scaling of experimental ship resistance results are coordinated by the 

International Towing Tank Conference (ITTC): 

 The ITTC-1957 method [19, p. 71] uses a friction line formula (112) containing an arbitrary 

allowance of 12% for pressure effects increasing the viscous force component; 

 The ITTC-1978 method [24] introduced an additional form factor (1 + 𝑘) to better take 

into account the pressure-related increase in viscous forces, but the determination of this 

form factor is commonly problematic (Section D.4.5). 

The extrapolation procedure relies on obtaining the assumed scale-invariant residuary resistance 

coefficient 𝐶𝑅 from the total resistance at model scale 𝑅𝑇,𝑚 by first subtracting an estimate of the 

model-scale viscous resistance component 𝑅𝐹,𝑚, as per Equations (110) and (111), where 𝑆𝑤,𝑚 is 

the static wetted surface area of the model and 𝑣𝑚 the velocity at model-scale: 
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𝐶𝑅 =

𝑅𝑇,𝑚 − 𝑅𝐹,𝑚

0.5 ∙ 𝑆𝑤,𝑚 ∙ 𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑣𝑚
2
 

(110) 

 
𝑅𝐹,𝑚 =

1

2
𝐶𝐹,𝑚 ∙ 𝑆𝑤,𝑚 ∙ 𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑣𝑚

2 
(111) 

The frictional resistance coefficient 𝐶𝐹 for a given Reynolds number is estimated using an empirical 

correlation (often referred to as a friction line), such as Equation (112) from the standard ITTC 

resistance extrapolation procedure, where 𝑅𝑒 is the Reynolds number as per Equation (113). 

 
𝐶𝐹 =

0.075

(log10 𝑅𝑒 − 2)2
 

(112) 

 
𝑅𝑒 =

𝑣 𝐿𝑊𝐿

𝜈
 

(113) 

The full-scale resistance 𝑅𝑇,𝑓𝑠 is then calculated from Equation (114) using the full-scale wetted 

surface area 𝑆𝑤,𝑓𝑠 and velocity 𝑣𝑓𝑠 after determining the full-scale frictional coefficient 𝐶𝐹,𝑓𝑠 for 

the full-scale Reynolds number. 

 
𝑅𝑇,𝑓𝑠 =

1

2
((1 + 𝑘) 𝐶𝐹,𝑓𝑠 + 𝐶𝑅) ∙ 𝑆𝑤,𝑓𝑠 ∙ 𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑣𝑓𝑠

2  
(114) 

In spite of improved friction lines having been developed more recently (e.g. Grigson [125] and 

Katsui, et al. [126]), the problem of correctly estimating the viscous force component for a hull at 

a given Reynolds number has not been solved in any fully satisfactory way. 

The resistance extrapolation problem results from the fact that hydrodynamic resistance originates 

from two distinct physical phenomena, but those cannot in fact be fully separated: 

1. The development of the boundary layer along the length of the hull gradually displaces the 

free-stream outwards and effectively changes the apparent shape of the hull and therefore 

the pressure resistance; 

2. The deflection of the free-stream, on the other hand, alters the pressure gradients in the 

boundary layer in a way that depends on the hull shape; those pressure gradients impact 

not only the magnitude of the viscous shear forces, but also the evolution of the boundary 

layer itself and its thickness. 

The consequences are that the fundamental assumptions underpinning the ITTC resistance 

extrapolation procedures are violated: the residuary resistance coefficient is not scale-invariant and 



 

HULL RESISTANCE AND SCALE 

259 

the form factor is not velocity-independent. When used in conjunction with the ITTC-1957 friction 

line in particular, the form factor has been shown to vary with the Reynolds number [127, 128]. 

Grigson’s friction line performs better in this regard at the Reynolds numbers associated with full-

size ships. However, for the vessels and scale factors of interest in this thesis, the author found the 

ITTC-1957 formulation, Grigson’s and Katsui’s lines to be approximately equivalent and stayed 

with the ITTC formula when relevant. 

F.1.2 Extrapolating Model-Scale Ship Resistance Computations 

Now that the basic principle of extrapolating the resistance of a model-scale hull have been exposed, 

its possible application not to model test results, but simulation results at model scale, can be 

discussed. Unlike an experiment, which delivers a single figure for the total resistance measured, 

incompressible, viscous flow computations readily provide distinct values for the viscous and 

pressure resistance forces. While this negates the need to estimate the viscous resistance at the 

simulated model scale, it is of little help in the absence of a dependable method to obtain this 

viscous component for the full-scale case. 

We would like to exploit the computed value of the viscous resistance provided by the simulation 

rather than discarding it. ITTC [129, p. 6] suggests using model-scale CFD to determine the form 

factor numerically by solving the symmetrical double-body problem without a free-surface once to 

obtain the computed viscous resistance without waves at the Reynolds number of interest. The form 

factor can then be extracted for use with the ITTC-1978 extrapolation procedure, but this method 

was deemed undesirable here as it would require solving an additional and different CFD problem 

for each geometry36. 

A viscous resistance correction factor could instead be obtained by simply dividing the CFD 

viscous resistance by the value from the friction line. The result isn’t technically the same as the 

ITTC-defined form factor (1 + 𝑘), because it also includes the effect of variations in the wetted 

surface area, but it will still be referred to as (1 + 𝑘) as it would then be used as such. Figure 216 

shows the viscous resistance component 𝑅𝑉 from CFD plotted alongside the values from the 

ITTC-1957 friction line formula for the model hull AMC 16-12. The ITTC friction line under-

estimates the viscous resistance when compared to the CFD results, as would be expected. The 

error increases noticeably for 𝐹𝑟 > 0.6, a phenomenon the author attributes to the increase in 

                                                      

36 The fixed double-body problem without free surface would not however be as computationally costly to 

solve as the standard calm water resistance problem as it only involves a single fluid phase and no motion. 
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wetted surface as the bow wave becomes longer, an effect neglected by the ITTC calculation based 

on the hull wetted surface area at rest. 

The graph also shows that the correction factor would average (1 + 𝑘) = 1.09 in the range 𝐹𝑟 =

[0.25, 0.6], with fluctuations between 1.07 and 1.11. The value appears reasonable as the 

experimental form factors obtained for the Delft DSYHS hulls [130] mostly fell in the range between 

1.03 and 1.07, with Prohaska’s method essentially avoiding wave and wetted surface area 

variations. The results obtained here however highlight that no constant (1 + 𝑘) factor can 

successfully predict viscous pressure effects on the boundary layer throughout the whole speed 

range for this hull, especially once the Froude number exceeds 𝐹𝑟 = 0.6. In other words, it would 

defeat the standard ITTC-1978 resistance extrapolation procedure in the high speed range. 

The ITTC proposition for obtaining a numerical form factor has the merit of closely adhering to the 

time-honoured resistance extrapolation method. The alternative determination proposed by the 

author when model-scale flow calculations are available could possibly deliver better results, but 

no body of data exists to support or invalidate extrapolating hull resistance this way. 

 

Figure 216 - Viscous resistance component for model hull AMC 16-12 from CFD and the ITTC-1957 friction line 

formula and the resulting “effective” form factor correction. 

F.1.3 The Effect of Surface Roughness 

Surface roughness is an aspect that was ignored when dealing with model-scale problems. From a 

turbulent fluid flow point of view, a surface only needs to be hydraulically smooth to behave like 

an ideal, perfectly smooth, surface [131]: this requires the surface roughness to be contained within 

the viscous sublayer. It is quite easily achieved with fine sanding of the painted surface of a model-

scale hull, which is then operated at modest Reynolds numbers. 
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At full scale, hulls are not polished following painting and the much higher Reynolds numbers 

involved result in a viscous sublayer that is thinner in absolute terms and hulls cannot practically 

achieve hydraulic smoothness. In practical service conditions, fouling also further increases 

roughness over time. 

ITTC [24] deals with surface roughness by adding an allowance ∆𝐶𝐹 to the resistance coefficients 

in Equation (114) when extrapolating the resistance of hull models, which equates to multiplying 

the smooth hull resistance by a small empirical factor above unity. ∆𝐶𝐹 is obtained from Equation 

(115), where 𝑘𝑠 is the roughness profile height. The procedure recommends using 𝑘𝑠 = 150 𝜇𝑚 in 

the absence of specific data. 

 
∆𝐶𝐹 = 0.044 [(

𝑘𝑠

𝐿𝑊𝐿
)
1/3

− 10 ∙ 𝑅𝑒−1/3] + 0.000125 (115) 

Surface roughness can be taken into account in viscous CFD simulations by using modified wall 

functions that can alter the underlying velocity profile used in modelling the boundary layer. The 

input parameter is then an equivalent sand grain roughness for the wall surface. 

In the context of the work presented in this thesis, the resistance increase arising from modelling 

the roughness of a clean painted hull at full scale was not deemed of value for the purpose of looking 

for better hull shapes. The ITTC method would only increase the normalised total resistance values 

later presented in this appendix for full-scale hulls by a factor of about 1.03. Comparing the results 

of the rough wall treatment model in CFD to the ITTC empirical formula would be interesting in 

itself, but falls outside the scope of interest. 

F.1.4 Discussion 

Considering all of the fundamental shortfalls and uncertainties discussed above when trying to 

extrapolate model-scale hull resistance, the logical answer appears to be simulating the flow around 

the full-scale geometry instead. The key issue with this approach is the difficulty in validating such 

calculations, as full-scale experimental resistance data for a relevant hull is rarely available. 

Solving the full-scale flow problem is attractive as it is the only fundamentally correct way of 

dealing with the interaction between pressure effects and the development of the boundary layer. 

Such a proposition however relies on the ability to model the boundary layer correctly at very high 

Reynolds numbers. Two approaches were considered to obtain full-scale flow solutions: simulating 

the entire problem at full scale (Section F.2) and artificially increasing the Reynolds number to that 

of a full-scale hull in model-scale simulations (Section F.3) in order to achieve similitude for both 

the Froude and Reynolds numbers. 
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F.2 Full-Scale CFD Simulation of Hull AMC 16-12 

Several CFD computations of the calm water resistance of hull AMC 16-12 at full-scale were first 

carried out for the purpose of obtaining preliminary full-scale resistance results and understanding 

the impact of having to model a boundary layer at much higher Reynolds numbers. 

F.2.1 Macro-Effects of a Scale Change on the Flow Simulation 

The similitude in the Froude number imposes that, while the domain length and waves scale up by 

the hull length factor 𝜆𝐿 = 𝐿𝑊𝐿,fs 𝐿𝑊𝐿,m⁄ , the free-stream velocity only increases by √𝜆𝐿. This 

requires simulating the problem over a longer physical time in order to advect the initial transients 

out of the fluid domain and reach a stabilised solution. On the same token, the wake behind the 

vessel travels at the group velocity, which in deep water equates to half of the vessel speed (Section 

A.2); in a larger domain with a reduced relative speed, the wake therefore also takes √𝜆𝐿 times 

longer to develop for a full-scale simulation. The above indicates that the simulation will need to 

be run for a physical duration 𝑇fs = √𝜆𝐿 ∙ 𝑇m in order to reach a similar physical state, which could 

be costly in terms of the number of steps required unless the time step duration can also be increased 

by at least the same factor. 

The mass 𝑚 of the vessel naturally increases by 𝜆𝐿
3 ∙ 𝜌water,fs 𝜌water,m⁄  due to the constant 

volumetric displacement design condition adopted. The pitching inertia of the hull scales 

proportionally to 𝜆𝐿
5
, being a product of mass and distance squared, while the trimming moments 

arising from dynamic buoyancy forces scale proportionally to 𝜆𝐿
4
 only. This latter aspect indicates 

that the dynamic motion response of the full-scale vessel to waves is intrinsically different and the 

damping of the initial transients in steady-state resistance simulations will also be different. 

F.2.2 Mesh Considerations 

The definition of the model-scale problem preserved the full-scale Froude number and associated 

wave pattern by design. A hull scale change should therefore be able to be accompanied by a 

proportional change in domain size and core mesh size and still provide the same degree of 

resolution for the pressure effects in the core mesh, which include surface waves. 

The key difference between a model-scale and a full-scale simulation is a very significant increase 

in the Reynolds number, which translates into a more turbulent, but also proportionally thinner, 

boundary layer due to the longer flow length. The increase in the thickness 𝛿 of a boundary layer 

under no pressure gradients approximately follows the relation 𝛿 ~ 𝑥4 5⁄  [72, p 638]. In the case of 

a hull with adverse pressure gradients in the stern region, additional refinement of the core mesh 
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may be required to capture flow features not occurring at model-scale due to the proportionally 

thinner boundary layer. In all cases, the geometric errors at the hull surface cannot be allowed to 

increase proportionally to the scale [101, p. 4] and remeshing of the hull surface is essential. 

The first consideration that comes to mind regarding the near-wall mesh is resolving the boundary 

layer from the same non-dimensional 𝑦+ distance from the wall as the one achieved for model-

scale simulations, using more layers to resolve the larger velocity gradients. This would require 

extremely thin cells near the wall and considerably increase their aspect ratio due to the viscous 

sublayer being much thinner in relative terms. 

In practice, for a given flow velocity, numerical ventilation issues (Section B.11) develop when the 

height 𝑦0 is reduced below a threshold, regardless of the 𝑦+ value this cell height corresponds to. 

This effect is also highlighted by the data presented in the near-wall mesh convergence study in 

Section F.3.3. This restriction placed on the first cell height by numerical ventilation leads to a 

much higher 𝑦+ value and a much greater reliance on wall functions than in model-scale 

simulations. However, it does not preclude solving the flow within the boundary layer with a 

comparable number of cells across. 

The above considerations suggest scaling the mesh on the basis that: 

1. The resolution should be adequate for the waves and the flow away from the wall; 

2. The lack of streamline curvature over the aft body should support using the same core mesh 

resolution at full-scale in the stern region; and 

3. The resolution of the near-wall mesh is not easy to improve, unless the numerical 

ventilation problem can be addressed one way or another. This would become an issue if 

the flow characteristics made the use of wall functions invalid, but this is not expected for 

the hull geometries of interest in this thesis. 

F.2.3 Time Step 

Solving a similar numerical problem for the full-scale flow case suggests keeping the same Courant 

number used at model-scale, which means multiplying the time step duration by √𝜆𝐿 as well. The 

number of simulation time steps then remains the same and simulations should take a similar wall-

clock time. The ITTC Guidelines for Ship CFD [132] suggest time steps in the range of ∆𝑡 =

0.001 ~ 0.05 𝐿𝑊𝐿/𝑣, which precisely results in such a consistent scaling of the time step. The 

author ran into unexpected problems with this approach as the full-scale simulations proved less 

stable numerically and more difficult to conduct than at model scale, an issue alluded to in the Best 
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Practice Guidelines from Marnet-CFD [133, p 49] and attributed to the much higher Reynolds 

number. 

The matter was investigated by scaling the model-scale computational mesh with the geometry in 

it (rather than re-meshing at full-scale) in order to eliminate any possible issues with local Courant 

numbers in the mesh and effectively come as close as possible to solving the exact same numerical 

problem as before, other than for the flow in the boundary layer region. The coupled velocity-

pressure solver still diverged frequently and unexpectedly, suggesting that the scale change also 

altered the way the problem was numerically posed within the software. 

This forced to reduce the Courant number from 𝐶𝐹𝐿 = 1.0 to 𝐶𝐹𝐿 = 0.25 in order to obtain better 

numerical stability, a measure that still didn’t always prove entirely successful, and which increased 

the solution time correspondingly. This incidentally brought the simulation time step within the 

ITTC-recommended range for the full-scale problem and did allow to compute many full-scale flow 

solutions. However, the very detrimental impact on solution times in the context of using CFD for 

optimisation prompted the development of the more efficient alternative option presented in Section 

F.3. 

F.2.4 Full-Scale Simulation of Hull AMC 16-12 

Simulations were conducted at the Froude number 𝐹𝑟 = 0.6 for the purpose of investigating the 

convergence behaviour of the viscous part of the solution, as well as comparing the total resistance 

with the extrapolated model-scale value. The 𝑘-𝜔 𝑆𝑆𝑇 turbulence model was used, as in the model-

scale simulations. 

Table 27 summarises the changes brought to the physical parameters when the AMC 16-12 hull 

geometry was scaled up to obtain a 20-metre long vessel. For the sake of altering the scale of the 

simulation only, the vessel was kept in fresh water and the need to also correct the full-scale vessel 

mass by the ratio 𝜌seawater/𝜌freshwater to preserve the same volumetric displacement in the 

simulation was eliminated. 

Computations were carried out for 22 seconds of simulated time and produced the results shown in 

Figure 217 after a wall-time of 28 hours running on 16 CPU cores. The resistance appears stable 

for approximately 𝑡 ≥ 17 𝑠 and the data was averaged for 17 𝑠 ≤ 𝑡 ≤ 22 𝑠 to obtain the figures 

reported in Table 28. The trim and heave values are still evolving slowly, as shown in Figure 218. 

The non-dimensional first cell height achieved in the simulation is 𝑦+ ≅ 1400. 
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Parameter Unit 
Model 

(AMC 16-12) 

Full Scale 

Vessel 

Hull length (𝐿𝑂𝐴) 𝑚 1.717 20.000 

Waterline length (𝐿𝑊𝐿) 𝑚 1.667 19.418 

Mass (𝑚) 𝑘𝑔 14.133 22336 

Design velocity (𝐹𝑟 = 0.6) 𝑚/𝑠 2.426 8.281 

Design velocity (𝐹𝑟 = 0.6) 𝑘𝑛𝑜𝑡𝑠 4.716 16.1 

Reynolds Number at 𝐹𝑟 = 0.6 - 4.032 ∙ 106  1.605 ∙ 108  

    

Water density 𝑘𝑔/𝑚3 998.2 998.2 

Water kinematic viscosity 𝑚2/𝑠 1.002 ∙ 10−6  1.002 ∙ 10−6  

    

Length scale factor (𝜆𝐿) - 1 11.648 

Velocity scale factor (√𝜆𝐿) - 1 3.413 

Table 27 - Physical parameters for a model-scale and a full-scale simulation of hull design AMC 16-12 at 𝐹𝑟 = 0.6. 

 

 

Figure 217 - Computed full-scale resistance for half-hull AMC 16-12 at 𝐹𝑟 = 0.6. 
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Figure 218 - Computed full-scale trim and heave for hull AMC 16-12 for 𝐹𝑟 = 0.6. 

 

 

Value Unit 

𝑅𝑉 5478 𝑁 

𝑅𝑃 8569 𝑁 

𝑅𝑇 14047 𝑁 

Table 28 - Full-scale CFD results for 20-metre hull AMC 16-12 at 𝐹𝑟 = 0.6. 

 

F.2.5 Comparison of Full-Scale and Model-Scale Simulation Results 

Comparing full-scale and model-scale simulations is interesting in terms of assessing whether 

something can be gained by using full-scale solutions to alleviate the shortfalls of extrapolation 

procedures. Table 29 summarises the model-scale CFD resistance coefficients at 𝐹𝑟 = 0.6 in deep 

water, as well as those obtained at full-scale using an essentially identical mesh. The full-scale 

pressure resistance coefficient is 2% lower than that calculated at model-scale. A slightly lower 

result can be expected due to the relatively thinner boundary layer at full-scale, which makes for a 

hull that appears slightly more slender hydrodynamically. 
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Model-

scale CFD 

Full-scale 

CFD 

𝑅𝑉/𝑊 4.20 ∙ 10−2 2.50 ∙ 10−2 

𝑅𝑃/𝑊 3.99 ∙ 10−2 3.91 ∙ 10−2 

𝑅𝑇/𝑊 8.19 ∙ 10−2 6.41 ∙ 10−2 

Table 29 - Model-scale and full-scale CFD normalised resistance values for hull AMC 16-12 at 𝐹𝑟 = 0.6. 

Since the pressure resistance coefficient is different, it is interesting to compare whether the shape 

of the waterline at the hull surface changes between model scale and full scale (Figure 219 and 

Figure 220). The wave profiles show a higher bow wave in the full-scale case, as well as more 

pronounced “hollows”, both in plan and profile views: the fluid in model-scale experiments and 

simulations is overly viscous for the velocities involved. The bow wave of this hull is in fact a very 

thin sheet of water washing up the hull surface and the excessive fluid viscosity at model-scale 

limits its development. 

 

Figure 219 - Comparison of the full-scale and model-scale computed plan waterlines for hull AMC 16-12 at 𝐹𝑟 = 0.6. 

 

Figure 220 - Comparison of the full-scale and model-scale computed waterline elevations for hull AMC 16-12 at 𝐹𝑟 =
0.6. 

Full-scale 

Model-scale 

Full-scale 

Model-scale 
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F.2.6 Comparison of the Full-Scale Computed Resistance with the 

ITTC Extrapolation Methods 

In the absence of full-scale experimental results to validate the full-scale simulation, a sensible 

option is performing a comparison of the computed full-scale resistance with what accepted 

resistance extrapolation methods would predict starting from the model-scale CFD results from 

Table 29. The results in Table 30 were obtained by following the ITTC-1957 procedure and the 

outline of the calculation is provided in Table 32. The extrapolated resistance value is  

0.8% lower than the full-scale CFD prediction. However, the ITTC-1957 friction line and 

extrapolation method are known to underestimate pressure effects on the boundary layer and 

viscous resistance, which is why a form-factor was introduced in ITTC-1978: the CFD viscous 

component is indeed 18.5% larger than the ITTC estimate, while the pressure contribution is 10.1% 

smaller. 

 

Model-scale 

CFD 

Full-scale 

CFD 

Full-scale  

ITTC-1957 

Deviation 

CFD-ITTC 

𝑅𝑉/𝑊 4.20 ∙ 10−2 2.50 ∙ 10−2 2.11 ∙ 10−2 +18.5% 

𝑅𝑃/𝑊 3.99 ∙ 10−2 3.91 ∙ 10−2 4.35 ∙ 10−2 −10.1% 

𝑅𝑇/𝑊 8.19 ∙ 10−2 6.41 ∙ 10−2 6.46 ∙ 10−2 −0.8% 

Table 30 - Full-scale CFD and extrapolated model-scale values for hull AMC 16-12 at 𝐹𝑟 = 0.6 using ITTC-1957. 

As the ITTC-1957 friction line and extrapolation method underestimate viscous resistance, we 

ideally want an estimated form factor for the ITTC-1978 calculation. In the absence of a better 

value, we can attempt to use the ratio between the model-scale CFD viscous resistance and the 

result from the friction line for the same scale, as discussed earlier in Section F.1.2, which suggested 

adopting (1 + 𝑘) ≅ 1.09. The results are presented in Table 31 with the details of the calculation 

outlined in Table 33. The full-scale CFD pressure resistance is now very comparable to the 

extrapolation and the full-scale CFD frictional resistance exceeds the ITTC estimate by 8.2%. The 

total resistance from CFD at full scale is 4.8% higher than the extrapolation. The full-scale CFD 

viscous resistance could be slightly over-estimated due to the high 𝑦+ value in the simulation, as 

experience has shown that meshing closer to the wall tends to deliver steadily decreasing values. 
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Model-

scale CFD 

Full-scale 

CFD 

ITTC-1978 

full-scale 

Deviation 

CFD-ITTC 

𝑅𝑉/𝑊 4.20 ∙ 10−2 2.50 ∙ 10−2 2.31 ∙ 10−2 +8.2% 

𝑅𝑃/𝑊 3.99 ∙ 10−2 3.91 ∙ 10−2 3.99 ∙ 10−2 −2.0% 

𝑅𝑇/𝑊 8.19 ∙ 10−2 6.41 ∙ 10−2 6.30 ∙ 10−2 +4.8% 

Table 31 - Full-scale CFD and extrapolated model-scale values for hull AMC 16-12 at 𝐹𝑟 = 0.6 using ITTC-1978. 

 

Value Model-scale Full-scale Unit Notes 

𝑚 14.133 22336 𝑘𝑔   

𝑆𝑤 0.5117 69.428 𝑚2  Static wetted surface from CAD 

𝐿𝑊𝐿 1.6672 19.420 𝑚   

     

𝐹𝑟 0.6 0.6 -  

𝑣 2.426 8.281 𝑚 𝑠⁄   Velocity 

𝜈 1.002 ∙ 10−6 1.002 ∙ 10−6 𝑚2/𝑠  Water kinematic viscosity 

𝜌 998.2 998.2 𝑘𝑔 𝑚3⁄   Water density 

𝑅𝑒 4.033 ∙ 106  1.605 ∙ 108  -  

     

𝑅𝑇,𝐶𝐹𝐷/𝑊 8.19 ∙ 10−2   - From CFD at model scale 

     

𝐶𝑉,𝐼𝑇𝑇𝐶−57 3.54 ∙ 10−3  1.95 ∙ 10−3  - ITTC-1957 frictional coefficient 

𝑅𝑉,𝐼𝑇𝑇𝐶−57 5.32 4628 𝑁  ITTC-1957 frictional resistance 

𝑅𝑉,𝐼𝑇𝑇𝐶−57/𝑊 3.84 ∙ 10−2  2.11 ∙ 10−2  - Normalised against  𝑊 = 𝑚𝑔 

     

𝑅𝑃,𝐼𝑇𝑇𝐶−57/𝑊 4.35 ∙ 10−2  4.35 ∙ 10−2  - Scale-invariant as per ITTC 

𝑅𝑇,𝐼𝑇𝑇𝐶−57/𝑊  6.46 ∙ 10−2  -  

Table 32 - Estimation of the full-scale resistance using ITTC-1957 from model-scale CFD results. 
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Value Model-scale Full-scale Unit Notes 

𝑅𝑉,𝐶𝐹𝐷/𝑊 4.20 ∙ 10−2  2.50 ∙ 10−2  - From CFD at both scales 

𝑅𝑉,𝐼𝑇𝑇𝐶−57/𝑊 3.84 ∙ 10−2  2.11 ∙ 10−2  - From Table 32 

(1 + 𝑘) 1.0946 1.0946 - ITTC-1978 form factor estimate 

at model-scale, scale-invariant 

𝑅𝑉,𝐼𝑇𝑇𝐶−78/𝑊 4.20 ∙ 10−2 2.31 ∙ 10−2  - ITTC-1978 viscous resistance 

coefficient (1 + 𝑘)𝑅𝑉,𝐼𝑇𝑇𝐶−57/𝑊 

     

𝑅𝑇,𝐶𝐹𝐷/𝑊 8.19 ∙ 10−2  6.41 ∙ 10−2  - From CFD at both scales 

𝑅𝑃,𝐼𝑇𝑇𝐶−78/𝑊 3.99 ∙ 10−2  3.99 ∙ 10−2  - Scale-invariant as per ITTC 

𝑅𝑇,𝐼𝑇𝑇𝐶−78/𝑊  6.30 ∙ 10−2  - ITTC-1978 total resistance 

coefficient 

Table 33 - Estimation of the full-scale resistance using ITTC-1978 from model-scale CFD results. 

F.3 Model-Scale CFD Simulations using Full-Scale Reynolds 

Number 

The full-scale simulations completed in Section F.2 delivered credible results while also capturing 

the interaction between the boundary layer and the free-stream that is only quantifiable when 

solving the flow problem at the correct Reynolds number. Since the model-scale problem appeared 

to be much more robust and better conditioned numerically, the author explores the possibility of 

modelling the physics of the flow at full scale without losing the advantages of the model-scale 

computations. 

F.3.1 Concept 

In order to try and circumvent the time penalties brought forward by full-scale CFD simulations, 

the flexibility of the numerical process is exploited to achieve at model-scale what is impossible in 

a towing tank: a perfect similitude for both the Froude number and the Reynolds number between 

the model-scale case and the full-scale vessel. This approach was successfully developed by Haase, 

et al. [23] in simulations related to large medium speed catamaran ferries. 

The Reynolds number the simulation is running at can be altered for a given flow velocity 𝑣 by 

adjusting the kinematic viscosity 𝜈 of the fluid in Equation (113). If this pathway is followed, then 

the similitude in Reynolds number must lead to a development of a thinner and more turbulent 

boundary layer at model-scale that is similar to the full-scale case, albeit at reduced velocity and in 

a smaller fluid domain. Provided the resolution of the boundary layer remains adequate at the higher 
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Reynolds number, it should allow using validated model-scale CFD and deliver the shorter 

simulation times afforded by simulation at model-scale. 

Since the drivers for treating viscous and pressure resistance differently no longer exist, all forces 

can be extrapolated together to full-scale by simply referring back to the geometric scale factor 𝜆𝐿 

and the definition of the scaled velocity based on the Froude number. Equation (116), where the 

subscript 𝑚 denotes model-scale quantities, demonstrates that the fluid forces at a given Froude 

number simply follow the cube of the scale factor. 

 
𝑅𝑥,𝑓𝑠 =

1

2
∙ 𝐶𝑥 ∙ 𝜆𝐿

2 𝑆𝑤,𝑚 ∙ 𝜌 ∙ 𝜆𝐿  𝑣𝑚
2  ~ 𝜆𝐿

3
 (116) 

F.3.2 Physical Simulation Parameters 

The required kinematic viscosity 𝜈𝑠𝑖𝑚 of the fluid in the simulation can be expressed as a function 

of the desired full-scale Reynolds number 𝑅𝑒𝑓𝑠 for the simulation as per Equations (117) and (118). 

The viscosity of the fluid to be employed in the simulation at model-scale depends only on the 

viscosity of the water at full-scale 𝜈water,𝑓𝑠 and the geometric scale factor 𝜆𝐿, as per Equation (119). 

 𝑅𝑒𝑓𝑠 = 𝑅𝑒𝑠𝑖𝑚 (117) 

 𝑣𝑚 ∙ 𝐿𝑊𝐿,𝑚 ∙ 𝜆𝐿
1.5

𝜈water,𝑓𝑠
=

𝑣𝑚 ∙ 𝐿𝑊𝐿,𝑚

𝜈𝑠𝑖𝑚
 (118) 

 𝜈𝑠𝑖𝑚 =
𝜈water,𝑓𝑠

𝜆𝐿
1.5  (119) 

As the Volume-of-Fluid formulation employed also involves the air phase, the kinematic viscosity 

of the air is corrected the same way. The scale relations between the full-scale case and the physical 

parameters used for its simulation at model-scale are presented in Table 34. The physical values 

applicable to the model hull AMC 16-12 for a flow solution corresponding to a 20-metre full-scale 

vessel are presented in Table 35. 
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Quantity Value for simulation 

Length 𝐿′ = 𝐿 ∙ 𝜆𝐿
−1

 

Surface area 𝑆′ = 𝑆 ∙ 𝜆𝐿
−2

 

Mass 𝑚′ = 𝑚 ∙ 𝜆𝐿
−3

 

Velocity 𝑣′ = 𝑣 ∙ 𝜆𝐿
−1/2

 

Time 𝑡′ = 𝑡 ∙ 𝜆𝐿
−1/2

 

Fluid density 𝜌′ = 𝜌 

Fluid viscosity 𝑣′ = 𝑣 ∙ 𝜆𝐿
−3/2

 

Gravity 𝑔′ = 𝑔 

Table 34 - Scale relations between full-scale data and values for full-scale flow at model scale. 

 

Parameter Unit 
Model 

(AMC 16-12) 

Full Scale 

Vessel in 

Fresh Water 

Model at 

Identical 

Reynolds 

Number 

Scale factor 𝜆𝐿 = 11.648     

     

Hull length (𝐿𝑂𝐴) 𝑚 1.717 20.000 1.717 

Waterline length (𝐿𝑊𝐿) 𝑚 1.667 19.420 1.667 

Vessel mass 𝑘𝑔 14.133 22336 14.133 

Design velocity (𝐹𝑟 = 0.6) 𝑚/𝑠 2.426 8.281 2.426 

Design velocity (𝐹𝑟 = 0.6) 𝑘𝑛𝑜𝑡𝑠 4.716 16.1 4.716 

Reynolds Number (𝐹𝑟 = 0.6) - 4.033 ∙ 106  1.605 ∙ 108  1.605 ∙ 108  

     

Water density 𝑘𝑔/𝑚3 998.2 998.2 998.2 

Water kinematic viscosity 𝑚2/𝑠 1.002 ∙ 10−6  1.002 ∙ 10−6  2.520 ∙ 10−8  

Water dynamic viscosity 𝑃𝑎 ∙ 𝑠 1.000 ∙ 10−3  1.000 ∙ 10−3  2.516 ∙ 10−5  

Air dynamic viscosity 𝑃𝑎 ∙ 𝑠 1.85508 ∙ 10−5  1.85508 ∙ 10−5  4.666 ∙ 10−7  

Table 35 - Physical parameters for simulations at model and full-scale Reynolds numbers for 𝐹𝑟 = 0.6. 

F.3.3 Near-Wall Mesh Convergence Study 

The key difference in model-scale simulations at full-scale Reynolds numbers is in the development 

of the boundary layer. In this context, the sensitivity of the results to the details of the near-wall 

mesh was investigated again at the Froude number 𝐹𝑟 = 0.6. When estimated as discussed in 
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Appendix B, Section B.8.6, the anticipated thickness of the boundary layer for the model hull 

AMC 16-12 at Froude number 𝐹𝑟 = 0.6 becomes 𝛿 = 14 𝑚𝑚 at the stern. The model-scale mesh 

included inflation layers over a height 𝛿𝑚𝑒𝑠ℎ = 18 𝑚𝑚 and this was left unchanged. 

Simulations run using the model-scale mesh that yielded normalised wall distances of 𝑦+ = 45 in 

water resulted in values of 𝑦+ ≅ 1500 using the low-viscosity fluid to achieve the full-scale 

Reynolds number. This result is consistent with what was observed with full-scale CFD in Section 

F.2.4. Considering the high 𝑦+, a particular emphasis was placed on assessing the convergence of 

the viscous forces when meshing closer to the wall. The near-wall inflation layers of the mesh were 

varied as per Table 36. For this purpose, two finer meshes were developed, numbered #0 and #1, 

which featured about one half and one quarter of the first cell height respectively, but they suffered 

from numerical ventilation as illustrated in Figure 221. Two coarser meshes numbered #3 and #4 

were also developed to investigate the impact of reducing the mesh resolution in the boundary layer. 

The resistance coefficients obtained are reported in Table 37 and plotted in Figure 222. Numerical 

ventilation was subsequently eliminated from meshes #0 and #1 by enabling conditional phase 

replacement in order to investigate the impact of the method on the results, which are reported as 

mesh #0* and #1*. 

Mesh 𝒏 𝝀 𝜹𝒎𝒆𝒔𝒉 

[𝒎𝒎] 
𝒚𝟎 
[𝒎𝒎] 

𝒚𝒏 
[𝒎𝒎] 

𝒚𝟎/𝑳𝑾𝑳 𝒚𝒏/𝑳𝑾𝑳 

0 12 1.3 18 0.24 4.34 1.44E-04 2.60E-03 

1 10 1.28 18 0.47 4.30 2.82E-04 2.58E-03 

2 8 1.25 18 0.90 4.33 5.40E-04 2.60E-03 

3 6 1.18 18 1.91 4.36 1.15E-03 2.62E-03 

4 4 1.00 18 4.50 4.50 2.70E-03 2.70E-03 

Table 36 - Near-wall mesh definitions for simulations with reduced water viscosity. 

Mesh 𝒚+ 𝑹𝑽/𝑾 𝑹𝑷/𝑾 Notes 

0 400 2.200% 3.980% Heavy numerical ventilation 

1 750 2.426% 3.969% Traces of numerical ventilation 

2 1500 2.487% 3.964% 

 

3 3100 2.548% 3.971% 

 

4 7500 2.501% 3.971% 

 

0* 380 2.402% 4.054% Conditional phase replacement 

1* 750 2.438% 4.058% Conditional phase replacement 

Table 37 - Viscous and pressure resistance coefficients obtained when varying the near-wall mesh in simulations with 

reduced water viscosity. 
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The pressure resistance 𝑅𝑃/𝑊 remains near unchanged by the variations in the first cell height. The 

viscous resistance component 𝑅𝑉/𝑊 reduces slightly as 𝑦+ drops, suggesting a behaviour 

comparable to that observed at model-scale Reynolds numbers in Appendix C, Section C.2.5, but 

numerical ventilation becomes an issue before 𝑦0 can be reduced conclusively. The viscous 

resistance for mesh #0 is abnormally low for this reason, but enabling conditional phase 

replacement to overwrite the low water phase fraction underneath the hull leads to a result in 

continuation of the trend (mesh #0*). The viscous result for mesh #1 is almost unaffected by phase 

replacement; this is encouraging as numerical ventilation was only minimal. 

The author notes that the use of conditional phase replacement caused a 2% relative increase in the 

pressure resistance component in the two solutions concerned: some spray and broken water close 

to the hull and above the waterline may be getting turned into solid water by the algorithm. 

 

Figure 221 - Numerical ventilation for near-wall meshes #0 and #1 for hull AMC 16-12 at 𝐹𝑟 = 0.6 and full-scale 

Reynolds number. 

 

Mesh #0 - 𝑦+ = 400 

Mesh #1 - 𝑦+ = 750 
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Figure 222 - Viscous and pressure force coefficients as a function of mesh 𝑦+ for hull AMC 16-12 at 𝐹𝑟 = 0.6 and full-

scale Reynolds number. 

F.3.4 Comparison with Full-Scale CFD Results 

In Table 38, the true full-scale CFD resistance results are compared to the model-scale values 

obtained at the same Reynolds number by lowering the fluid viscosity. The values achieved at both 

scales are extremely close, which confirms that the resistance results simply follow the cube of the 

geometric scale factor, as per Equation (116). This outcome was also achieved by Haase, et al. [23] 

for slender catamaran hull shapes and the principle remains applicable for the non-slender hull 

shapes produced in this thesis. 

 

Full-scale CFD Model-scale 

CFD at full Re 

Deviation 

𝑅𝑉/𝑊 2.50 ∙ 10−2 2.49 ∙ 10−2 −0.4% 

𝑅𝑃/𝑊 3.91 ∙ 10−2 3.96 ∙ 10−2 +1.3% 

𝑅𝑇/𝑊 6.41 ∙ 10−2 6.45 ∙ 10−2 +0.6% 

Table 38 - Full-scale CFD results and results obtained from a model-scale simulation at the same Reynolds number for 

hull AMC 16-12 at 𝐹𝑟 = 0.6. 
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F.4 Discussion 

Two main alternatives for obtaining full-scale performance data from CFD for design optimisation 

were investigated: extrapolating model-scale CFD resistance as if it were an experimental result, or 

directly modelling the full-scale flow problem. In the latter case, simulations using the full-scale 

geometry proved prohibitively time-consuming, but it was possible to obtain the same results much 

more efficiently by instead artificially increasing the Reynolds number in model-scale simulations 

by reducing the fluid viscosity. 

F.4.1 Validity of Full-Scale CFD Results 

The comparison between extrapolated model-scale resistance results and directly-computed full-

scale values suggests that there should be no reasons to distrust the numerical results obtained at 

full-scale. Full-scale simulations are capable of capturing important interactions which completely 

elude simple extrapolation methods and provide a pathway for future development with the 

integration of appendages, propulsion effects and the design of energy recovery devices. 

However, the full-scale CFD viscous resistance results may be overestimated, because the region 

of strong gradients in the boundary layer couldn’t be meshed. If the purpose of the calculation was 

an accurate determination of the powering requirements, the author would suggest to investigate 

the convergence of the viscous forces when meshing closer to the wall. This could be achieved by 

solving the double-body problem without free-surface, which is naturally immune to numerical 

ventilation, and it should be possible to mesh down to the viscous sublayer. 

The key issues in the context of this work, where the computational resistance results only represent 

a step towards the goal of hull shape optimisation, were twofold: 

1. Full-scale simulations took approximately five times longer to complete due to an inability 

to increase the time step duration and keep the same Courant number as used at model 

scale; 

2. The simulations proved to be more difficult and less robust numerically in spite of 

considerable additional effort being invested in stabilising the solvers. 

Keeping the Courant number constant across scale changes should have led to solving very 

equivalent flow problems each time and the difficulties experienced were unexpected. Star-CCM+ 

solves the flow problem in its supplied dimensional form and the absolute values stored in the mesh 

can relate very differently at different scales. The values can also interact very differently with 
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machine accuracy, especially when numerically stiff systems of equations are solved using iterative 

methods. 

F.4.2 Model-Scale CFD at Full-Scale Reynolds Numbers 

Increasing the Reynolds number at model-scale by reducing the fluid viscosity yielded equivalent 

resistance results to those obtained using full-scale CFD, albeit much more quickly, as no reduction 

in the Courant number was necessary. 

Transforming the full-scale problem of interest into an equivalent one at an arbitrary scale while 

preserving both the Froude number and the Reynolds number is in fact a step that is not dissimilar 

to what would be done to non-dimensionalise the case. Dillon, et al. [134] discuss the topic of 

dimensionless analysis in CFD and point out that industrial codes are indeed often dimensional, but 

also that “there are many ways of non-dimensionalising the problem and it is not clear which is 

best”, as this, of course, depends on the nature of the flow problem. 
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Appendix G 

Construction of Hull Model AMC 16-12 

G.1 Plug Mould 

The hull model AMC 16-12 was built out of E-Glass and epoxy resin on a hand-made male plug 

mould. 

 

Figure 223 - The shape of the stations is transferred onto medium density fibreboard (MDF) 

 

Figure 224 - The MDF stations are stood up on a base board and the gaps filled with Styrofoam. 

The plug mould was constructed using medium-density Styrofoam (16𝑘𝑔/𝑚3) inserted between 

3mm-thick pre-cut MDF stations (Figure 223) located at 103mm intervals, centre-to-centre. A 

deduction was made for the thickness of the fibreglass skin in order to achieve good dimensional 
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accuracy for the hull. The stations were accurately set up on an 18mm-thick baseboard that provided 

a perfectly flat horizontal datum (Figure 224). The 100mm-thick Styrofoam material was sanded 

and faired down to the stations in a classic fashion using a flexible long-board (Figure 225). 

 

Figure 225 - The Styrofoam material is sanded down to the MDF stations to create an accurate male plug mould. 

The two attachment pads for the towing carriage were installed between stations during the 

construction of the plug, as per AMC’s model-making guidelines, the front (towing) pad being 

located 32mm below the level of the thrust line. This placed the towing force from the carriage on 

the intended thrust line once the carriage attachment point was added. 

G.2 Hull Skin 

The hull skin was then laminated using four layers of 300 𝑔/𝑚2 woven E-Glass cloth using West 

System 105 epoxy resin and 206 hardener. The cloth was flexible enough to be draped over the 

mould uncut, which resulted in a perfectly even skin thickness throughout. The weave was filled 

with the same epoxy resin and International HT440 filler mix immediately following lamination 

(Figure 226). The filler was later sanded down again until only the minimum amount required for 

perfect shape fairness was left and the surface was then spray painted. The paint coating itself was 

wet-sanded with 400-grit paper to remove any texture and spray dust afterwards. 
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The stations and the waterline were finally traced (Figure 227) before the model was lifted off the 

construction baseboard. Three additional waterlines at 20mm (model scale) increments above the 

design waterline were later added to facilitate wave height estimation from photographs. 

 

Figure 226 - The hull is ready for sanding following fiberglassing and filling. 

 

 

Figure 227 - The finished hull was released from the base board after marking the waterline and stations. 
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Appendix H 

Tank Testing Results: Sensitivity of Performance in 

Relation to Stern Loading 

The model hull AMC 16-12 was towed in several laden conditions as well as out-of-trim laden 

conditions in order to collect data regarding the sensitivity of the design to unfavourable, but 

commonly found, loading conditions in real-world operation. 

H.1 Sensitivity of Performance to Variations in Displacement 

in Neutral Trim 

In order to preserve a neutral trim, the model was loaded around its longitudinal centre of flotation 

(LCF) in three increments and towed at Froude numbers equal to 0.4, 0.6 and 0.7 each time. The 

results were then compared against the same tests in the zero trim reference condition. 

Due to the increase in wetted surface area arising from the higher displacement, which changes the 

relative contributions of the viscous and pressure forces to the resistance, the results are presented 

for a full-scale vessel of a length of 20 metres. For the sake of simplicity and consistency, the basic 

ITTC-1957 extrapolation procedure [19, p. 71] was used throughout. 

Figure 228 and Figure 229 illustrate a near-linear relationship between laden displacement and total 

resistance. The rate of increase of the resistance with displacement becomes smaller as speed 

increases, but the total resistance of course remains larger. This relation clearly doesn’t suffer, even 

when heavy loads are carried; the relative resistance increase also becomes less as speed increases. 

A linear dependency between variations in displacement and resistance was one of the outcomes 

sought by the author when selecting a pure displacement hull, as most commercial vessels need to 

operate through a wide range of loadings to fulfil their scope of requirements. Values can be 

extracted for the linear regression slope 𝑘 between relative total resistance and relative loading at 

each speed to quantify the impact of load carrying on total resistance as per Equation (120). The 

results are reported in Table 39. 

 
𝑅Laden

𝑅Lightship
= 𝑘 ∙

𝑚Laden

𝑚Lightship
 (120) 

At a glance, the change in running trim also appears to vary approximately linearly with loading. 
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Figure 228 - Variation in relative resistance with changes in relative loading at different Froude numbers. 

 

Figure 229 - Relative increase in total resistance with loading as a function of speed for different fractions of the 

lightship displacement. 
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 Relative Full-Scale Resistance Change 

Relative Payload 

(%Light Displacement) 

𝐹𝑟 = 0.4 𝐹𝑟 = 0.5 𝐹𝑟 = 0.6 𝐹𝑟 = 0.7 

0.0% 1.000 1.000 1.000 1.000 

10.7% 1.149 1.143 1.133 1.126 

21.8% 1.305 1.295 1.286 1.255 

43.0% 1.639 1.630 1.607 1.512 

Linear LSQ-fit slope k 1.487 1.468 1.419 1.188 

Table 39 - Sensitivity of resistance to loading at four Froude numbers. 

 

 

Figure 230 - Running trim achieved as a function of speed for various loading conditions 
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In real-world applications, loading small workboats while maintaining a neutral static trim is not 

always feasible. Many operators find a large afterdeck configuration most desirable and low-density 

cargo such as lobster cages can fill all of the physically available deck space at times. This results 

in a degree of stern loading, with a static bow-up trim in laden condition that is typically very 

detrimental in terms of powering requirements for hulls with large immersed transoms. 
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simulate real-world stern loading. The first position used at 28.2% 𝐿𝑊𝐿 approximates the centre of 

a long open aft deck, 470mm forward of the transom. The second position, at 260mm forward of 

the transom, or 15.6% 𝐿𝑊𝐿, represents a more extreme case of stern loading (Figure 231). 

 

Figure 231 - Reference loading positions. 37.4% 𝐿𝑊𝐿 corresponds to the longitudinal centre of flotation (LCF) and is 

therefore trim-neutral. 

The impact of altering the loading position on resistance for increasingly heavier payloads is first 

presented. The aftermost position was only tested with the heaviest load to obtain an extreme worst-

case condition. 

 

Figure 232 - Change in relative resistance with stern loading for a payload equal to 10.7% of the vessel light 

displacement at four different speeds. 
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Figure 233 - Change in relative resistance with stern loading for a payload equal to 21.8% of the vessel light 

displacement at four different speeds. 

 

Figure 234 - Change in relative resistance with stern loading for a payload equal to 43.0% of the vessel light 

displacement at four different speeds. 

Stern loading is always unfavourable, except for the lightest load condition (10.7% of the craft’s 

light displacement or 2390 𝑘𝑔) at the highest speed tested (𝐹𝑟 = 0.7), as highlighted in Figure 232, 

which corresponds to 18.6 𝑘𝑛𝑜𝑡𝑠 at full scale. 
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Figure 235 - Relative full-scale resistance increase with loading at 37.4% 𝐿𝑊𝐿 for various Froude numbers. 

 

Figure 236 - Relative full-scale resistance increase with loading at 28.2% 𝐿𝑊𝐿 for various Froude numbers. 
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Figure 237 - Relative full-scale resistance increase with loading at 15.6% 𝐿𝑊𝐿 for various Froude numbers. 

 

Figure 238 - Relative resistance change with speed for various payloads located at 37.4% 𝐿𝑊𝐿 (zero trim loading 

condition). 
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Figure 239 - Relative resistance change with speed for various payloads located at 28.2% 𝐿𝑊𝐿. 

 

Figure 240 - Relative resistance change with speed for various payloads located at 15.6% 𝐿𝑊𝐿. 
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Appendix I 

Solver Configuration for Star-CCM+ 

I.1 Computation of the Gradients 

Star-CCM+ allows continuous adjustment of the accuracy of the scheme used to compute gradients 

between first and second degrees through linear interpolation between both results. First-order 

gradients are more diffusive, but also more stable and can promote easier convergence at times. 

The gradients were computed using second-order upwind estimates from a blended Gauss-Least 

Squares interpolation scheme with a Venkatakrishnan limiter. 

I.2 Solvers 

Computing the solution involves a number of distinct solvers, all of which have parameters defining 

their target precision and sometimes the numerical methods they employ to solve their system of 

equations. 

Star-CCM+ employs three mechanisms to determine when a solution when to stop a solver’s 

iterations: 

1. The absolute residual error in solving the equation system is below a threshold Epsilon; 

2. The absolute error has been reduced by a specified order of magnitude referred to as the 

convergence tolerance; 

3. An absolute maximum number of iterations has been reached. If this condition is met, the 

solution usually fails to meet the above two criteria, but it allows the process to continue. 

The iterative method used to solve the linear system is configurable. Stationary iterative methods 

such as Gauss-Seidel can be used directly or with potentially more efficient conjugate-gradient 

algorithms. In all cases, the under-relaxation factor used is configurable. 

Furthermore, the solvers normally operate using an algebraic multi-grid (AMG) scheme as pre-

conditioner to accelerate convergence and additional parameters allow choosing the cycle type as 

well as the maximum number of levels used in AMG coarsening/refinement process of the solution. 

In order to gain an insight into the operation of each solver, reporting must be momentarily turned 

on and the solver then outputs iterations and residuals. Significant efficiency gains can often be 
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achieved by choosing the solution method and the AMG cycle type that best suits the problem. 

Assessing the behaviour of the solvers residuals also allows understanding the level of precision 

that is realistically achievable. The following sections detail the configuration employed for each 

solver when performing simulations at model-scale Reynolds numbers. 

I.2.1 Segregated Velocity/Pressure Flow Solver 

The segregated flow solver employed the SIMPLE scheme with second-order upwind convection. 

Parameter Velocity Solver Value Pressure Solver Value 

Under-relaxation factor 0.6 0.3 

Maximum cycles 8 10 

Convergence tolerance 10−10  10−4  

Epsilon 10−12  5 ∙ 10−7  

AMG cycle F 37 W 

Method Gauss-Seidel Gauss-Seidel 

Acceleration scheme None 
Bi-Conjugate Gradient 

Stabilised 

Table 40 - Solver settings for velocity and pressure values at model-scale. 

The pressure equation clearly proved more difficult to solve due to the large static pressure 

component dominating small changes in the pressure field; this reduces the level of numerical 

precision available in the floating-point representation. 

I.2.2 Volume of Fluid Solver 

The volume of fluid solver was configured to use second-order convection. In addition to this, the 

high-resolution interface capture scheme (HRIC) scheme was prevented from ever switching to 

upwind differencing by specifying Courant number limits well above the values attained in the 

simulations, as proposed by Böhm and Graf [108]. This measure limits the diffusion of the phase 

fraction at the free-surface (Section B.11.1). 

                                                      

37 The AMG F-Cycle is an adaptive strategy based on the behaviour on the residuals available in Star-CCM+ 

[12, p. 5885]. 
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Parameter Value 

Under-relaxation factor 0.5 

Maximum cycles 8 

Convergence tolerance 10−8  

Epsilon 10−10  

AMG cycle F 

Method Gauss-Seidel 

Acceleration scheme None 

HRIC sharpening factor 0.5 

HRIC angle factor 0.05 

HRIC CFL low limit 1000 

HRIC CFL high limit 2000 

Table 41 - Solver settings for the phase fraction value at model-scale. 

I.2.3 𝒌-𝝎 SST Turbulence Solver 

The 𝑘-𝜔 𝑆𝑆𝑇 turbulence solver was configured to use first-order upwind convection and the Durbin 

scale limiter to improve its numerical stability. The 𝑘-𝜔 𝑆𝑆𝑇 model itself was used with its default 

constants. 

Parameter Value 

Under-relaxation factor 0.5 

Maximum cycles 12 

Convergence tolerance 10−15  

Epsilon 10−15  

AMG cycle F 

Method Gauss-Seidel 

Acceleration scheme None 

Minimum value for 𝑘 10−10  

Minimum value for 𝜔 10−10  

Under-relaxation on 𝜇𝑡 0.8 

Maximum value for 𝜇𝑡 𝜇⁄  100000 

Table 42 - Solver settings for the 𝑘-𝜔 𝑆𝑆𝑇 turbulence model in model-scale simulations. 
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I.2.4 𝒌-𝝐 𝑹𝒆𝒂𝒍𝒊𝒔𝒂𝒃𝒍𝒆 Turbulence Solver 

The 𝑘-𝜖 Realisable turbulence solver was configured to use second-order convection and the 

Durbin scale limiter scheme. The turbulence model itself was defined by its default constants and 

employed the standard linear constitutive relation. The 𝑘-𝜖 Realisable model was used instead of 

the 𝑘-𝜔 𝑆𝑆𝑇 model in the simulations at high Reynolds number described in Appendix F, Section 

F.3 as it produced a more stable solution. 

Parameter Value 

Under-relaxation factor 0.5 

Maximum cycles 10 

Convergence tolerance 10−16  

Epsilon 10−16  

AMG cycle F 

Method Gauss-Seidel 

Acceleration scheme None 

Minimum value for 𝑘 10−10  

Minimum value for 휀 10−10  

Under-relaxation on 𝜇𝑡 0.8 

Maximum value for 𝜇𝑡 𝜇⁄  100000 38 

Table 43 - Solver settings for the 𝑘-휀 Realisable turbulence model at model-scale and high Reynolds numbers. 

 

                                                      

38 For the larger scale simulations pertaining to the comparisons with the 45-metre FDHF hull in Chapter 5, 

Section 5.2, this upper limit was increased to 300000 to prevent clipping. The solver reports when this limit 

is reached. 
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Appendix J 

Parametric Hull Model 

J.1 Hull Cross-Sectional Model 

The hull cross-sectional model is built upon a hull bottom curve 𝑐bottom and a hull side curve 𝑐side. 

These are joined at the chine point 𝑃𝐶 and terminate at the keel and gunnel points 𝑃𝐾 and 𝑃𝐺 

respectively (Figure 241). 

 

Figure 241 - Basic hull parametric cross-section. 

It must be noted that these two curves are not automatically co-planar, especially if the model 

features a raked stem, and therefore this cross-section is not the same as a station. 

J.1.1 Hull Bottom Curve 

The hull bottom curve 𝑐bottom was defined using a cumulative approach to introducing features. In 

addition to the keel and chine anchor points 𝑃𝐾 and 𝑃𝐶, a third auxiliary point 𝐼 ∈ 𝑃𝐾𝑃𝐶
̅̅ ̅̅ ̅̅ ̅ is first 

defined as follow: 

𝐼 = 𝑃𝐾
⃗⃗ ⃗⃗ +  𝜆bottom𝑃𝐾𝑃𝐶

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, 𝑤𝑖𝑡ℎ  0 ≤ 𝜆bottom ≤ 1 

The third bottom point 𝑃𝐵 ∈ 𝑐bottom is obtained by considering a perpendicular to 𝑃𝐾𝑃𝐶
̅̅ ̅̅ ̅̅ ̅ passing 

through I together with a translation distance ‖𝐼𝑃𝐵
̅̅ ̅̅̅‖ = ∝bottom ‖𝑃𝐾𝑃𝐶

̅̅ ̅̅ ̅̅ ̅‖ (Figure 242). Both 𝜆bottom 

and ∝bottom are defining parameters for the bottom section shape. ∝bottom can accept positive or 

negative values to produce convex or concave bottom shapes respectively. 

PG 

PC 
PK 𝑐bottom 

𝑐side 
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Figure 242 - Bottom curve definition point 𝑃𝐵. 

Two additional shape control points 𝐶1(𝐶1,𝑥, 𝐶1,𝑦, 𝐶1,𝑧) and 𝐶2(𝐶2,𝑥, 𝐶2,𝑦, 𝐶2,𝑧) are then introduced. 

𝐶1 defines and controls the tangents at points 𝑃𝐾 and 𝑃𝐵; 𝐶2 controls the remaining tangent at the 

chine location 𝑃𝐶, having to satisfy the constraint 𝐶2 ∈ 𝑑{𝐶1; 𝑃𝐵} to ensure differentiability at 𝑃𝐵 

(Figure 243), where the notation 𝑑{𝑃1; 𝑃2} defines a line 𝑑 passing through two points 𝑃1 and 𝑃2. 

 

Figure 243 - Bottom curve detail with control points 𝐶1 and 𝐶2. 

The position of 𝐶1 is defined in terms of two relative control offsets 0 ≤ 𝐿𝐶𝐹keel ≤ 1 and 0 ≤

𝑉𝐶𝐹keel ≤ 1 between the keel point 𝑃𝐾 and point 𝑃𝐵, as per Equations (121) and (122). Setting 

𝑉𝐶𝐹keel = 0 effectively enforces the constraint 𝐶1,𝑧 = 𝑃𝐾,𝑧 and results in hull surfaces which are 

always smooth at the keel line and 𝐿𝐶𝐹keel and 𝑉𝐶𝐹keel control the deadrise angle. The position of 

the control point 𝐶2 ∈ 𝑑{𝐶1; 𝑃𝐵} is similarly defined in terms of a relative control parameter 

𝐶𝐹chine ≥ 0 linked to the points 𝑃𝐵 and 𝑃𝐶. Setting 𝐶𝐹chine > 1 results in 𝐶2,𝑧 > 𝑃𝐶,𝑧 and causes the 

hull surface to turn downwards before the chine; conversely, adopting 𝐶𝐹chine = 0 results in a 

vertical surface. 

 𝐶1,𝑦 = 𝐿𝐶𝐹keel ∙ (𝑃𝐵,𝑦 − 𝑃𝐾,𝑦) (121) 
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 𝐶1,𝑧 = 𝑉𝐶𝐹keel ∙ (𝑃𝐵,𝑧 − 𝑃𝐾,𝑧) (122) 

Finally, an optional straight section centred around 𝑃𝐵 is introduced in the bottom curve model by 

creating two auxiliary termination points 𝑃𝐵1 and 𝑃𝐵2 associated with the parameter 𝛽bottom, 0 ≤

𝛽bottom < 1: 

 𝑃𝐵1
⃗⃗ ⃗⃗ ⃗⃗  = 𝑃𝐵

⃗⃗ ⃗⃗ + 𝛽bottom 𝑃𝐵𝑃𝐶1
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (123) 

 𝑃𝐵2
⃗⃗ ⃗⃗ ⃗⃗  = 𝑃𝐵

⃗⃗ ⃗⃗ + 𝛽bottom 𝑃𝐵𝑃𝐶2
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ (124) 

At this stage, quadratic B-spline arcs can be fitted to the pairs of points {𝑃𝐾; 𝑃𝐵1} and  {𝑃𝐵2; 𝑃𝐶} 

with 𝐶1 and 𝐶2 as respective control points, as shown in Figure 244. The straight segment 𝑃𝐵1𝑃𝐵2
̅̅ ̅̅ ̅̅ ̅̅ ̅ 

is then added to link them into a continuous and differentiable curve. 

 

Figure 244 - Hull bottom curve construction detail. 

J.1.2 Hull Side Curve 

The hull side curve was constructed on the same principle as the bottom curve, but limited to a 

single interpolation spline curve connecting the chine point 𝑃𝐶 to the gunnel location 𝑃𝐺 via a point  

𝑃𝑆 constructed the same way as 𝑃𝐵, with two control factors 𝜆side ∈ [0,1] and ∝side (Figure 245). 

𝜆side controls the position of 𝑃𝑆 along the chord 𝑃𝐶𝑃𝐺
̅̅ ̅̅ ̅̅  and ∝side determines the curvature of the hull 

side. 
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Figure 245 - Hull side curve construction detail. 

At the bow, the condition 𝑃𝐶,𝑦 = 𝑃𝐺,𝑦 = 0 is met by definition, as both the gunnel and chine lines 

run into the hull centre plane; 𝑃𝑆 must then be constrained to lie on the straight segment 𝑃𝐶𝑃𝐺
̅̅ ̅̅ ̅̅  in 

order to produce a straight stem line between 𝑃𝐶 and 𝑃𝐺, closing the geometry. This is achieved 

with the help of the side blending factor 𝑓sideblend, which linearly forces ∝side→ 0 when ℓ → 0 for 

ℓ < 𝑓sideblend. This result is a gradual flattening the hull side forward of ℓ = 𝑓sideblend. 

J.1.3 Bilge Radius Curve 

An optional bilge radius can be created by shortening the previously defined hull bottom and side 

curves by a variable amount and closing the gap with a quadratic B-spline segment. Tangency 

conditions are enforced at the ends. 

Each of the previously-defined hull bottom and side curves are first individually re-parameterised 

uniformly over a normalised interval 𝑠 ∈ [0,1] and a bilge radius control factor 𝑅Bilge is employed 

to define the endpoints of the bottom and side curves at 𝑠 = 𝑅Bilge and 𝑠 = 1 − 𝑅Bilge respectively. 

Tangents are then constructed from these points to obtain the control point for the B-spline segment, 

while in the same time achieving continuity and differentiability at the junctions (Figure 246). 

PC 

PG 

PS 



 

HULL CROSS-SECTIONAL MODEL  

299 

 

Figure 246 – Optional bilge radius construction detail. 

J.1.4 Summary of Cross-Section Control Parameters 

The parameters controlling the shape of the hull cross-section are summarised in Table 44. The 

parameters that relate to the shape of the hull topsides have little to no influence on the calm-water 

performance of the designs and were assigned constant values. This leaves six parameters of interest 

in the cross-section for exploring hull shapes. 

Parameter Range Notes 

𝜆bottom 0 to 1 Linked to control curve, see Section J.2.5 

𝛼bottom See note 39 Linked to control curve, see Section J.2.5 

𝛽bottom 0 to 1 Linked to control curve, see Section J.2.5 

𝐿𝐶𝐹keel 0 to 1 Linked to control curve, see Section J.2.5 

𝑉𝐶𝐹keel 0 to 1 Constant, 𝑉𝐶𝐹𝑘𝑒𝑒𝑙 = 0 

𝐶𝐹chine ≥ 0 Linked to control curve, see Section J.2.5 

𝜆side 0 to 1 Constant, 𝜆𝑠𝑖𝑑𝑒 = 0.5 

𝛼side See note 39 Constant, 𝛼𝑠𝑖𝑑𝑒 = 0.05 

𝑓sideblend 0 to 1 Constant, 𝑓𝑠𝑖𝑑𝑒𝑏𝑙𝑒𝑛𝑑 = 0.1 

𝑅bilge ≥ 0 Linked to control curve, see Section J.2.5 

Table 44 - Parametric hull cross-section control variables. 

                                                      

39 𝛼 parameters are not bounded and represent a quantity somewhat similar to the ratio sagitta/chord of an 

arc. They relate to the transverse curvature of the hull panels and sensible values are normally found in the 

range of −0.2 ≤ 𝛼 ≤ 0.2. 

B-spline 

𝑐bottom(𝑠 = 1 − 𝑅Bilge) 

 

𝑐side(𝑠 = 𝑅Bilge) 
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J.2 Longitudinal Hull Parameterisation 

As the positions of the three reference lines at the keel, chine and gunnel are used in building the 

cross-sections, the parametric definitions associated with these lines are an essential part of the 

inputs into the hull model. 

It is then necessary to control the evolution of cross-section shape along the length of the hull and 

so a second parameterisation is introduced to this effect, this time controlling the six independent 

variables of the cross-section model. 

J.2.1 Primary Design Parameters 

The parameterisation of the geometry was expressed in relative terms and all values directly or 

indirectly relate to the design waterline length 𝐿𝑊𝐿. A change in hull waterline length results in a 

change of scale for the entire geometry. In the context of generating a family of hulls to be 

compared, all the designs are normally produced for a constant waterline length. Furthermore, all 

relative transverse (beam) control ordinates relate to the chine beam of the hull at the transom 

ChineTransom_Y and all vertical control ordinates relate to the hull draft KeelDepth_Z, so a change 

in any of those parameters results in a hull scale change aligned with the corresponding axis. 

J.2.2 Keel Line 

The keel line is constructed from two straight segments linked with an arc (Figure 247); the forward 

section of the keel is constrained to be horizontal at the maximum hull draft and the aft section is a 

straight line running from this depth to the transom. At the forward end, the horizontal keel line 

joins into the stem line using a quadratic B-spline starting at the waterline. Table 45 summarises 

the six variables involved in defining the shape of the keel and stem line. 

 

Figure 247 - Construction of the keel line and stem. 
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Design Parameter Description 

StemRakeAngle Stem rake angle in degrees, 0 = vertical 

KeelBodyForward_Xrel Forward end of the horizontal keel line 

KeelDepth_Zrel Depth of the horizontal keel line, i.e. hull draft 

KeelRunStart_Xrel Forward end of the aft keel run (without transition arc) 

Transom_Zrel Depth of aft end of keel line (transom draft) 

KeelRunTransition_Rrel Radius of the transition arc between the horizontal and aft rising 

keel lines 

Table 45 - Parameters associated with the definition of the keel line and stem. 

J.2.3 Chine Line 

The chine line is constrained to start at the same height as the keel line at the transom end, thus 

imposing a flat aft section at the transom. It is then constructed from a horizontal line starting at the 

transom extended with a quadratic B-spline tied into the stem at its forward end, as shown in Figure 

248. The transition point marking the end of the aft horizontal segment and the rise of the chine 

line forward are both controllable through ChineAftStraightTransition_Xrel and 

ChineRiseControl_Xrel respectively. In the horizontal plane, the transom beam is established by 

the design value ChineTransom_Yrel and the shape of the curve is controlled by the forward and 

exit half-angles ChineEntranceAngle and ChineExitAngle respectively, which constrain the 

tangents of a spline curve (Figure 249). Table 46 summarises the chine definition parameters. 

 

Figure 248 – Construction of the elevation profile of the chine line. 

 

 

Figure 249 – Construction of the lateral position of the chine line. 
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Design Parameter Description 

ChineAftStraightTransition_Xrel Forward end of the horizontal segment 

ChineRiseControl_Xrel Longitudinal position of the B-spline control point 

ChineStem_Zrel Height of the chine line at the stem 

ChineTransom_Yrel Chine beam at the transom 

ChineEntranceAngle Horizontal entrance angle of the chine line 

ChineExitAngle Horizontal exit angle of the chine line 

Table 46 - Parameters associated with the definition of the chine line. 

J.2.4 Gunnel Line 

The gunnel line has little or no bearing at all on the hydrodynamic performance of the hull. It was 

simply defined to produce a geometrically acceptable hull. Its height is interpolated through three 

points located at the bow, midships and the stern to produce the result shown in Figure 250 and its 

lateral position is defined using a variable offset added to the lateral position of the chine line 

(Figure 251). 

 

Figure 250 - Gunnel line profile. 

 

Figure 251 - Gunnel line lateral position, using offset from the chine position. 

Design Parameter Description 

GunnelStem_Zrel Freeboard at the stem 

GunnelTransom_Zrel Freeboard at the transom 

DeltaGunnelMidships_Yrel Gunnel lateral offset from the chine line at midships 

DeltaGunnelTransom_Yrel Gunnel lateral offset from the chine line at the transom 

Table 47 - Parameters associated with the definition of the gunnel line. 
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J.2.5 Generic Section Parameters 

Other than for the positions of the keel, chine and gunnel, the cross-section is defined by the six 

non-constant scalar quantities identified in Section J.1.4. These are now tied to two-dimensional 

definitions in the form of 𝑠𝑖 = 𝑓𝑖(ℓ),   ℓ ∈ [0,1], where each 𝑓𝑖 is a cubic B-spline interpolation 

curve controlled by two end points and either one, two or three intermediate points (Figure 252). 

The control points of these splines effectively determine the shape of the hull surfaces and represent 

some of the inputs to the parametric model. Some control points have two variables associated with 

them, their position along the hull and the value of the parameter, some are fixed in location and 

only have a parameter value, some have a fixed value but can be relocated and others are simply 

constant. Just as specific design constraints were built into the keel and chine lines, further shape 

constraints were embedded into the shape control parameters of the hull bottom surface: 

 In order to obtain a sharp edge and a closed geometry at the bow, the bottom curve must 

be straight between the keel line and the chine line at the stem (ℓ = 0) and curvature can 

only be introduced gradually. This calls for 𝛼bottom to be zero at the bow. The desire for 

only evaluating hulls achieving a sharp entry suggests preventing 𝛼bottom from becoming 

positive over some distance from the stem and so 𝛼bottom is constrained to start with a zero 

gradient. Modelling a flat transom mandates that 𝛼bottom returns to zero at the stern. 

 Creating tight U-shaped sections in the forebody calls for starting Keel_LCF at zero as 

well, but allowing a very rapid increase while moving back from the stem. 
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Figure 252 - Section shape parameter control curves approximating the shape of hull design WS637-M4. 

Design features that were deemed important were mandated by adopting appropriate bounds for the 

relevant variables, so these features couldn’t disappear: 

 Large values of Chine_CF forward create flare in the forward sections and lead to a distinct 

hard chine when combined with 𝐶ℎ𝑖𝑛𝑒_𝑅 = 0. 

 Introducing 𝐶ℎ𝑖𝑛𝑒_𝑅 > 0 adds a radius to the chine from the position 

ChineRadiusStart_Xrel and increasing its value aft produces a chine forward blending into 

a round-bilge shape aft. 

A summary of all the design parameters included in the hull geometry model follows. 
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J.3 Hull Design Parameters 

J.3.1 Design Parameters for the Keel Line 

Descriptor Lower 

bound 

Upper 

bound 

Initial 

value 

KeelBodyFwd_Xrel 0.01 0.3 0.05 

KeelRunStart_Xrel 0.4 0.7 0.615 

KeelDepth_Zrel 0.03 0.1 0.037858 

Transom_Zrel 0.0 0.5 0.0 

KeelVCF (constant)   0.0 

J.3.2 Design Parameters for the Chine Line 

Descriptor Lower 

bound 

Upper 

bound 

Initial 

value 

ChineStem_Zrel 0.05 0.065 0.057136 

ChineEntranceAngle 18 35 28.5 

ChineExitAngle -15 0 9.5 

ChineTransom_Yrel 

  

0.090354 

ChineAftStraightTransition_Xrel 0.5 1 0.637 

ChineRiseControl_Xrel 0.05 0.8 0.38 

J.3.3 Design Parameters for the Radiused Bilge Surface 

Descriptor Lower 

bound 

Upper 

bound 

Initial 

value 

ChineRadiusStart_Xrel 0.2 0.7 0.4 

ChineRadiusMax_rel 

  

0.09 

J.3.4 Design Parameters for the Hull Side Surface 

Descriptor Lower 

bound 

Upper 

bound 

Initial 

value 

SideLambda (constant)   0.5 

SideAlpha (constant)   0.05 

SideBlend_Xrel (constant)   0.1 
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J.3.5 Design Parameters for the Hull Bottom Surface 

Descriptor Lower 

bound 

Upper 

bound 

Initial 

value 

BottomAlpha1_Xrel 

  

0.13 

BottomAlpha1 -0.05 0.2 0.0 

BottomAlpha2_Xrel 

  

0.324121 

BottomAlpha2 -0.15 0.05 0.0 

BottomAlpha3_Xrel 

  

0.7 

BottomAlpha3 -0.1 0.2 0.1 

BottomKeelLCF0 0.05 0.75 0.406838 

BottomKeelLCF1_Xrel 

  

0.25 

BottomKeelLCF1 0.05 0.75 0.498398 

BottomKeelLCF2_Xrel 

  

0.650327 

BottomKeelLCF2 0.05 1 0.05 

BottomKeelLCFTransom 

  

0.5 

BottomLambdaBow 0.3 1 0.5 

BottomLambda1_Xrel 

  

0.25 

BottomLambda1 

  

0.5 

BottomLambda2_Xrel 

  

0.5 

BottomLambda2 0.1 0.7 0.5 

BottomLambdaTransom 

  

0.6 

BottomBetaBow 

  

0.5 

BottomBeta1 

  

0.2 

BottomBeta1_Xrel 

  

0.25 

BottomBeta2 (constant) 

  

0.0 

BottomBeta2_Xrel 

  

0.5 

BottomChineCFBow 

  

0.8 

BottomChineCF1_Xrel 

  

0.25 

BottomChineCF1 

  

1.2 

BottomChineCF2_Xrel 

  

0.75 

BottomChineCF2 

  

0.752937 

BottomChineCFTransom 

  

0.5 
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Appendix K 

Dakota APPS Input File 

K.1 Sample File Starting with Hull WS637-M4 

# Dakota input file - dakota_ws_apps7.in 

# Asynchronous Parallel Pattern Search - Starting with original WS637-M4 as initial 

value 

 

environment, 

 graphics 

 tabular_data, 

  tabular_data_file = 'ws_opt_apps-6.dat' 

 

method, 

 asynch_pattern_search 

 threshold_delta = 0.05 

 synchronization blocking 

 scaling 

 

variables, 

 continuous_design = 18 

 descriptors 'BottomAlpha1' 'BottomAlpha3' 'BottomAlpha2' 

'ChineAftStraightTransition_Xrel' 'ChineEntranceAngle' 'ChineExitAngle' 

'ChineRiseControl_Xrel' 'ChineStem_Zrel' 'KeelBodyFwd_Xrel' 'KeelDepth_Zrel' 

'KeelRunStart_Xrel' 'Transom_Zrel' 'BottomKeelLCF0' 'BottomKeelLCF1' 

'BottomKeelLCF2' 'BottomLambda2' 'BottomLambdaBow' 'ChineRadiusStart_Xrel' 

 initial_point 0 0.1 0 0.637 28.5 -9.5 0.38 0.057136196 0.05 0.037857536 0.615 

0 0.40683779 0.49839848 0.49140203 0.5 0.5 0.4 

 lower_bounds -0.05 -0.1 -0.15 0.5 18 -15 0.05 0.05 0.01 0.03 0.4 0 0.05 0.05 0.05 

0.1 0.3 0.2 

 upper_bounds 0.2 0.2 0.05 1 35 0 0.8 0.065 0.3 0.1 0.7 0.5 0.75 0.75 1 0.7 1 0.7 

 scale_types = 'auto' 

 

 continuous_state = 23, 

  descriptors 'BottomAlpha1_Xrel' 'BottomAlpha2_Xrel' 

'BottomAlpha3_Xrel' 'BottomBeta1' 'BottomBeta1_Xrel' 'BottomBeta2_Xrel' 

'BottomBetaBow' 'BottomChineCF1' 'BottomChineCF1_Xrel' 'BottomChineCF2' 

'BottomChineCF2_Xrel' 'BottomChineCFBow' 'BottomChineCFTransom' 

'BottomLambdaTransom' 'ChineTransom_Yrel' 'BottomKeelLCF1_Xrel' 

'BottomKeelLCF2_Xrel' 'BottomKeelLCFTransom' 'BottomLambda1' 

'BottomLambda1_Xrel' 'BottomLambda2_Xrel' 'ChineRadiusMax_rel' 'DFactor' 

  initial_state 0.13 0.3241213 0.7 0.2 0.25 0.5 0.5 1.2 0.25 0.75293724 

0.75 0.8 0.5 0.6 0.090353502 0.25 0.65032659 0.5 0.5 0.25 0.5 0.09 1 
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interface, 

 id_interface = 'CFD_solver' 

 fork 

 asynchronous evaluation_concurrency = 200 

 analysis_driver = 'dakota_ws_driver' 

 failure_capture, 

  recover 0.12 

 parameters_file = 'params.in' 

 results_file = 'results.out' 

 work_directory 

  directory_tag 

  copy_files = 'StarCCM.sl' 

  link_files = 'Template.fsc' 'dakota_map_vars.py' 'CAESES-run' 'StarCCM-

batch' 'NESI-jobworkdir' 'NESI-jobstate' 'NESI-filesize' 'NESI-cancel' 'NESI-

getjobbyname' 'RefreshDir' 

  named 'WS637-M4-Parametric-V4/APPS8' file_save directory_save 

 

responses, 

 descriptors  'cRT' 

 objective_functions = 1 

 no_gradients 

 no_hessians 
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