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Abstract

This thesis presents a fully automated computational fluid dynamics (CFD) optimiza-
tion pipeline developed for the hull form of a fast semi-planing electric yacht (Lumen
Yachts, L,; = 7m, Fr = 0.796, corresponding to twice the hull speed). The pipeline
integrates parametric hull generation through Grasshopper and Rhino.Compute,
fluid domain construction in FreeCAD and SpaceClaim, mesh generation and flow
simulation in ANSYS Meshing and Fluent, and result extraction via Python scripts.
It constitutes an optimization tool: any geometric parameter can be targeted and the
entire evaluation chain runs without manual intervention. The hull is a 7-metre chined
semi-planing craft, operating in a regime where both wave-making and dynamic lift
are significant.

The flow is modelled using Reynolds-Averaged Navier-Stokes (RANS) equations
with the realizable k-¢ turbulence model and scalable wall functions, combined with
the Volume of Fluid (VOF) method for free-surface treatment. A mesh sensitivity
study confirms that the 2.7% drag deviation between the selected and finest meshes
is small compared to the drag variations between hull variants, placing the selected
mesh in a suitable operating range for comparative hull evaluation.

A one-dimensional Sobol exploration over the stern chine position, the parameter
identified as the most influential on drag, reveals a flat optimal zone Chine Y €
[0.058, 0.080] where the mean drag is 6.7% below the base design. Within this
zone, drag differences between hull variants fall below the numerical noise floor, so
no single point can be identified as the unique optimum. The nominal minimum
(Chine_Y = 0.071, D = 1359.8 N, —7.7% relative to base) is within this uncertainty
and should be understood as one representative point in the optimal zone rather
than an individually identified optimum. The optimization infrastructure supports
multi-parameter Bayesian optimization, demonstrated on preliminary runs, but the
Sobol phase alone was sufficient to characterize the 1D drag landscape.

The results confirm that hull geometry at the chine has a strong and non-trivial
influence on resistance in the semi-planing regime. The automated framework
developed here provides a reusable foundation for future optimization campaigns
with larger computational budgets.

Keywords: Semi-planing hull, RANS CFD, Bayesian optimization, hull form

optimization, Volume of Fluid, wall functions, mesh convergence, Lumen Yachts
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Chapter 1

Introduction

1.1 Context and Motivation

The maritime sector faces growing pressure to reduce fuel consumption and emissions.
For electric vessels in particular, range anxiety makes hydrodynamic efficiency not
merely desirable but fundamental: every newton of unnecessary drag translates
directly into battery weight, reduced autonomy, or both. Lumen Yachts, a Dutch
manufacturer of electric pleasure craft, is studying the development of a 7m semi-
planing hull intended to cruise at twice hull speed. At this operating point, the
hull transitions from a displacement regime, where wave-making dominates, into
a semi-planing regime where both wave-making and dynamic lift play significant
roles. Optimizing hull geometry in this regime is therefore a meaningful engineering
challenge.

Traditional hull design relies on towing tank testing and designer experience.
While valuable, these approaches are expensive, time-consuming, and offer limited
insight into the detailed flow physics driving resistance. Computational fluid dynam-
ics, specifically RANS-based solvers, offers a cost-effective alternative that enables
systematic parametric exploration of the design space. Recent advances in automa-
tion and surrogate-based optimization have made it realistic to couple CFD directly
with geometry generation tools and optimization algorithms, reducing the manual

effort per evaluation.

1.2 Objectives and Contribution

The contribution of this work is a fully automated CFD-based hull evaluation pipeline,
applied to a chined semi-planing hull at Fr = 0.796, a semi-planing regime where
both wave-making resistance and dynamic lift play significant roles.

The specific contributions are:

11



1. Introduction

1. A fully automated end-to-end optimization pipeline integrating Grasshopper,
Rhino.Compute, FreeCAD, SpaceClaim, ANSYS Meshing and Fluent, and

Python-based optimization and post-processing codes.

2. A verified CFD setup (mesh convergence study, boundary layer quality assess-

ment) for a semi-planing hull at F'r = 0.796.

3. A completed one-dimensional exploration campaign over the most influential
geometric parameter, together with a multi-parameter Bayesian optimizer ready

for deployment with greater computational resources.

1.3 Literature Survey

1.3.1 CFD-Based Hull Optimization

The coupling of RANS CFD with parametric hull geometry and optimization algo-
rithms is an active field in naval architecture. Early work by Peri and Campana [19]
demonstrated gradient-based multi-disciplinary optimization of a naval combatant
using panel methods and RANS CFD as evaluation tools. Since then, the computa-
tional cost per evaluation has decreased substantially with hardware improvements,
making surrogate-based methods increasingly practical.

Bretscher [5] demonstrated drag reductions through multi-parameter RANS-based
optimization of a round-bilge pure-displacement hull. The present work applies a
similar philosophy to a chined semi-planing hull at a substantially higher Froude
number and with a fully automated pipeline.

Bayesian optimization with Gaussian Process surrogates has emerged as the pre-
ferred approach for expensive black-box optimization in engineering design, reviewed
comprehensively by Shahriari et al. [24]. Its application to hull form optimization is

growing but remains limited by the high cost of CFD evaluations.

1.3.2 Semi-Planing Hull Hydrodynamics

The transition from displacement to planing occurs roughly between F'r ~ 0.4 and
Fr ~ 1.0 [18]. In the displacement regime (Fr < 0.4), wave-making resistance
dominates and the hull is fully immersed. Above F'r ~ 1.0, the hull planes on its
bottom with hydrodynamic lift carrying most of the weight, and friction on the
wetted bottom becomes the primary resistance component. The semi-planing (or
semi-displacement) regime between these two limits combines both mechanisms:
dynamic lift is significant but buoyancy still plays a role, the transom may be
partially ventilated, and both wave-making and friction contribute substantially to

total resistance.

12



1.4. Thesis Structure

Le Strat and Terziev [16] conducted a detailed RANS study of the effects of
trim on resistance for a sailing planing hull, demonstrating that equilibrium trim
has a first-order influence on drag and that fixed-trim simulations systematically
misrank hull variants. Their findings directly motivate the trim equilibrium algorithm

developed in the present work.

1.3.3 Automation and Parametric Geometry

The use of Grasshopper/Rhinoceros as a parametric hull generation platform, driven
programmatically via Rhino.Compute, represents a relatively recent development
enabled by McNeel’'s HTTP API [23]. Combined with FreeCAD for domain con-
struction and Python-driven ANSYS journal files, this provides a fully scriptable
pipeline that eliminates the manual CAD steps that previously constituted the main

bottleneck in optimization loops.

1.4 Thesis Structure

Chapter 2 establishes the theoretical background: RANS equations, turbulence
closure, wall treatment, and scale effects. Chapter 3 describes the numerical setup,
including geometry parameterization, domain, mesh, and solver settings. Chapter 4
details the automated optimization framework, from parameter sensitivity analysis to
the Bayesian optimization algorithm. Chapter 5 presents the numerical verification
and assessment of the CFD setup. Chapter 6 discusses the optimization results and
their physical interpretation. Chapter 7 concludes with a summary, limitations, and

directions for future work.
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Chapter 2

Theoretical Background

2.1 Ship Resistance Fundamentals

2.1.1 Resistance Components

The total calm-water resistance Ry of a hull advancing at speed V is classically

decomposed into two main components [18]:
Rr = Ry + Ry, (2.1)

where Ry is the viscous resistance and Ry, is the wave-making resistance.

Viscous resistance Ry arises from the shear stress exerted by the fluid on the hull
surface. It is dominant at low Froude numbers and scales as Ry ~ pV2S Cr(Re),
where S is the wetted surface area and CF is the friction coefficient.

Wave resistance Ry, arises from the energy radiated in the form of surface waves.
A hull advancing at constant speed generates the Kelvin wave system (transverse and
divergent waves), which is the dominant wave pattern in displacement mode. The
wave resistance is a strongly nonlinear function of Froude number: it rises steeply
as the vessel approaches hull speed (Fr = 0.4), peaks near Fr ~ 0.45-0.50, then
decreases as the hull enters the semi-planing and planing regimes and the wetted

area reduces.

2.1.2 The Semi-Planing Transition

For a vessel operating at Fr = 0.796 (twice hull speed), the flow regime differs
qualitatively from displacement mode. Three speed regimes are commonly identified:
displacement (Fr < 0.4), semi-planing or semi-displacement (0.4 < Fr < 1.0), and
fully planing (Fr 2 1.0) [10,18]. The present hull operates in the semi-planing

regime.

Three effects combine:

14



2.2. RANS Equations

Fully planing

—_—

Displacement |

el

0 0.5 Fr 1.0 1.5

Figure 2.1: The three speed regimes for a planing hull as a function of Froude number:
displacement (left), semi-planing/semi-displacement (centre), and planing (right).
Source: Molland et al. [18].

Dynamic lift. The hydrodynamic pressure on the bottom of the hull generates
a net upward force (lift) that supplements the static buoyancy. For the present hull
at equilibrium, the CFD results show that a significant fraction of the weight is
supported by dynamic lift: the hull trims bow-up (a & 6°) and rises out of the water
(heave z &~ 147 mm at the optimal configuration). This reduces the displaced volume
and hence the wave resistance.

Wetted area reduction. As the hull rises, the wetted surface area decreases.
This reduces both friction resistance and the effective form drag. However, the re-
maining wetted bottom, now acting as a planing surface, generates wave disturbances
that contribute to wave resistance.

Spray resistance. At high speed, water is deflected laterally and upward at
the chine, generating spray. The momentum transferred to this spray represents an
additional resistance component not captured by classical wave-resistance theories.
RANS-VOF simulations allow the large-scale free-surface deformation and spray
structures to emerge naturally from the solution, but fine spray dynamics are only
partially resolved due to mesh resolution and turbulence modelling limitations.

The total resistance at Fr = 0.796 is thus the result of a complex interaction
between these three components, and the hull geometry at the stern chine (the

optimized parameter) directly influences all three.

2.2 RANS Equations

2.2.1 Reynolds Decomposition and Averaging

Turbulent flows are governed by the Navier-Stokes equations. The Reynolds-Averaged

Navier-Stokes (RANS) approach decomposes each flow variable into a mean and a

15



2. Theoretical Background

fluctuating component. For velocity:

u; = T; + uj, u; =0, (2.2)

S~

where 7; denotes the ensemble (Reynolds) average and w, the fluctuation. Substituting
into the governing equations and averaging yields the RANS system. Following the
notation of the ANSYS Fluent Theory Guide [2], the averaged continuity and

momentum equations are:

Op  O(pu;)

ot " om

+ H Ox; + oxr; 3 Y0 + 8xj( puiuj) ’
(2.4)

where p is the fluid density, p is the mean pressure, p is the dynamic viscosity, and

=0, (2.3)

ai or, 0z, | oz

—pujuj is the Reynolds stress tensor. The viscous stress tensor includes the full
symmetric form with the 2/3§;; compressibility correction; for the incompressible
flow considered here, 0u;/0z; = 0 and this term vanishes. The Reynolds stress tensor
has six independent components not determined by the mean flow: this is the closure
problem of turbulence [20]. Turbulence models provide the additional equations

needed to close the system.

2.2.2 Boussinesq Hypothesis

The most widely used closure strategy relates the Reynolds stress tensor to the mean

strain rate through a scalar eddy viscosity u; [1]:

e (9%, 04\ 2 9y,
—pujuf; = ut(@xj + 8@') 3 (pk + ’“axk> 3ijs (2.5)

where k = % ulu} is the turbulent kinetic energy. For incompressible flow, 0ty /0z) = 0
and the last term reduces to —%pk d;j. Substituting into Equation (2.4) yields a
momentum equation formally identical to the laminar form with effective viscosity

feff = 4 p¢: the turbulence modelling problem reduces to providing a field p; [28].

16



2.3. Turbulence Models

2.3 Turbulence Models

2.3.1 The Standard and Realizable k-¢ Models

The standard k-e model [3,15] solves transport equations for turbulent kinetic energy

k and its dissipation rate e:

A(pk)  O(puzk) 0 ( m) ok
_ ) Ok _ 2.
o o, om |\M T o) oy | TOET P (2:6)
d(pe)  O(puje) 0 ( ut> Oe £ g2
= — | 5 €7 - el 7 2.
ot * Oz, Oz, ,u+0€ 0z +G k:Gk 02'0141 (2.7)

In these equations, G}, = p;S? represents the generation of turbulence kinetic energy
due to mean velocity gradients, where S = /25;;95;; is the modulus of the mean
strain-rate tensor. The turbulent eddy viscosity is p; = pC,k? /. The symbols o} and
o, are the turbulent Prandtl numbers governing diffusion of £ and ¢, respectively; C4.
and Cy. are model constants. The full ANSYS formulation also includes a buoyancy
production term G}, and a compressible dilatation term Yj;; both vanish for the
incompressible, isothermal water flow simulated here and are therefore omitted [3].
The standard model constants [15] are C, = 0.09, Cy. = 1.44, Cy. = 1.92, 0, = 1.0,
o. = 1.3.

The realizable k- model [3,25] retains the same k-equation but introduces two
modifications to the e transport equation: €}, becomes a variable function of mean
strain and rotation rates rather than a constant (ensuring physical realizability of
normal stresses), and the € production and destruction terms are reformulated. The
realizable model uses different constants: Cy = 1.9 and 0. = 1.2 [3,25]. These
changes improve predictions in flows with strong adverse pressure gradients, rotation,
and streamline curvature, all of which are present on the stern of a semi-planing hull

at F'r = 0.796. The realizable variant is selected for this work.

2.3.2 The k-w SST Model

For comparison, the k-w SST model [17] blends the k-w formulation (which integrates
accurately through the viscous sublayer) near walls with a k- formulation in the
free stream (which is less sensitive to inlet conditions). It further limits the eddy
viscosity in adverse pressure gradient regions. SST is widely regarded as the current
best practice for flows with significant separation. However, when used in low-y™
mode for full boundary-layer integration, it requires y* ~ 1 at the first cell, which
substantially increases the near-wall cell count and computational cost compared to

a wall-function approach.
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2. Theoretical Background

Table 2.1: Summary comparison of turbulence models for marine CFD.

Model Near-wall mesh  Strengths Limitations
Standard k-=  y™ > 30 (WF)  Robust, cheap Poor in APG, rota-
tion
Realizable k- y* > 30 (WF) Better APG, jets, Boussinesq limitation
curvature
k-w SST yT™ ~ 1 (low- Best overall accuracy Higher cost, finer
yT) or WF mesh

2.4 Near-Wall Treatment and Wall Functions

2.4.1 Structure of the Near-Wall Region

The turbulent boundary layer near a smooth wall exhibits a universal structure
described in terms of the dimensionless wall distance and velocity:
L u Tw

_ Uy _— = | 2.8
y V ut= u ; (2.8)

where 7, is the wall shear stress and u, is the friction velocity. Three regions are
identified [20]:

« Viscous sublayer (y™ < 5): molecular viscosity dominates, ut =y,

o Buffer layer (5 < y* < 30): transitional, neither linear nor logarithmic law
holds,

« Log layer (30 < y* < 300): turbulent stress dominates, u* = < In(Ey").
Classical Coles constants are k = 0.41 and E = 9.793 [20]; ANSYS Fluent [3]
uses Kk = 0.4187 and £/ = 9.793.

In a wall-resolved approach, the mesh is refined until y™ = 1 in the viscous sublayer
and the entire profile is computed. This is extremely expensive at the Reynolds
numbers encountered in ship hydrodynamics (Re ~ 107-10%): the boundary layer
thickness d scales as /L ~ Re~'/5 [20], requiring millions of near-wall cells. Wall
functions bridge the gap between the wall and the first computed cell, replacing the

near-wall region with analytical profiles.

2.4.2 Standard Wall Functions

Standard wall functions [15] assume the first cell centroid lies in the log layer and
impose analytical expressions for wall shear stress, turbulent kinetic energy, and
dissipation rate derived from log-law velocity profiles. These relations are exact only

within the log layer. When yj; < 11.225 (the intersection of the linear sublayer law
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2.4. Near-Wall Treatment and Wall Functions

and the log law), the log-law assumption breaks down, leading to a spuriously low

wall shear stress and incorrect skin friction drag prediction.

2.4.3 Scalable Wall Functions

Scalable wall functions, introduced by Grotjans and Menter and implemented in
ANSYS Fluent [3,7], address the buffer-layer degradation by substituting the physical

y3 with a clipped effective value y5 in all wall function expressions:
yp = max(yj.?, yf{m>, Yt = 11.225. (2.9)

The value i, = 11.225 is the point at which u™ = yT (viscous sublayer) and
uT =k ' In(Ey") (log law) intersect. By substituting 3% for y in the wall function
expressions, the wall function is effectively prevented from being applied inside the
viscous sublayer: when a cell centroid falls below y™ = 11.225, the model behaves as
though the centroid is exactly at the sublayer-log layer boundary, ensuring numerically
stable and physically bounded behaviour.

The modified expressions become:

up

w=pCY P — 2 2.10
Tw = Pou Fr In(Eyp)’ (2.10)
C3/4 /{3/2
ep= 2T (2.11)
RYp

In practice, scalable wall functions remain reliable for 30 < y™ < 300 (the target
log-layer range), and they degrade gracefully rather than catastrophically when cells
fall below y* = 30. This robustness is the primary reason for their use in the present
simulation. In a VOF multiphase setup, the hull surface is partially submerged
and partially in contact with air. Since the free-surface position and spray extent
cannot be determined a priori, the near-wall mesh must be refined over the entire
hull surface to ensure adequate y* in the wetted region. This inevitably produces
small first-cell heights above the waterline as well, where the local wall shear stress is
near zero, driving y* well below 11.225 in those cells. Standard wall functions would
produce a spurious wall shear stress in those cells; scalable wall functions clip y* to

yﬁm and yield a bounded, stable result.

2.4.4 'Wall Function Limitations in Adverse Pressure Gradi-

ents

Both standard and scalable wall functions assume that turbulent kinetic energy

production and dissipation are in balance at the first cell centroid. This holds in
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2. Theoretical Background

attached flows with mild pressure gradients, where the boundary layer evolves slowly.
In regions of strong adverse pressure gradient, flow separation, or reattachment,
this balance breaks down: the decelerating flow disrupts the local equilibrium, and
the wall function expressions derived from it become inaccurate. On the stern of a
semi-planing hull at F'r = 0.796, where the boundary layer encounters a significant
APG as the hull rises above the waterline, local equilibrium is questionable.

The consequences for prediction accuracy are: the separation point may be dis-
placed upstream, the recirculation zone (if present) may be underestimated in extent,
and the pressure drag contribution from the stern may be slightly underestimated.
Studies on similar hull forms report that realizable k-¢ with scalable wall functions
typically overpredicts the attached flow region by a small margin, leading to a
total drag error of 3-5% [7,14]. This level of accuracy is sufficient for comparative
optimization: all evaluations use identical wall function settings, so the relative drag
ranking between hull variants is preserved even if the absolute drag value carries a

systematic offset.

2.4.5 Model and Near-Wall Treatment Selection

Three considerations motivate the selection of the realizable k-¢ model with scalable
wall functions. First, the optimization requires a large number of CFD evaluations;
computational efficiency is therefore a primary concern. Second, the hull geometry
changes between evaluations: the boundary layer mesh must remain consistent
without manual adjustment of near-wall refinement, which scalable wall functions
accommodate more robustly than a wall-integrated approach. Third, comparative
studies on ship resistance prediction report that realizable k-¢ typically predicts
total resistance within 3-5% of experimental data, sufficient to discriminate between
hull geometries [14]. The selection follows the recommendations of Eca et al. [7] for
optimization-oriented campaigns.

For the present hull at L,; = 7m, V = 6.6m/s, Re ~ 4.6 x 107, the flat-plate
friction coefficient from the I'TTC 1957 line is:

0.075 0.075

Crp = = ~ 234 %1073 2.12
"= llogye Re — 2)%  (7.663 — 2)? xS (2.12)

giving a friction velocity u, = @/Cr/2 ~ 0.226m/s. The first-cell height Ay, =

1mm then yields:

. uAy 0226 x 0.001
= = ~ 22 2.1
y v 10—6 67 ( 3)

placing the first cell well within the log layer and within the optimal range for scalable

wall functions. The combination of realizable k-¢ with scalable wall functions is

therefore retained for all simulations in this work.
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2.5 Scale Effects and Full-Scale Strategy

Physical model testing at scale ratio A = L,,/Ls faces an inherent conflict: enforc-
ing Froude similarity (V,, = VS\/X) violates Reynolds similarity, yielding a model
Reynolds number approximately A*? times lower than full scale. For A\ = 1/10,
Re,, ~ Rey/32: the boundary layer is proportionally thicker, friction drag is larger
relative to wave drag, and the flow may be partially laminar.

For semi-planing hulls at high Froude number, additional complications arise:
the equilibrium trim and wetted area are speed-dependent, so the form factor is
not constant and I'TTC extrapolation procedures are unreliable; spray formation is
affected by Weber-number scaling at model scale; and turbulence stimulators required
at low Re,, perturb the pressure distribution. Published guidelines acknowledge these
difficulties and recommend full-scale CFD for high-Froude-number applications [27].

The present work bypasses model-scale testing entirely by simulating directly at
full scale (L, = 7m, Reg ~ 4.6 x 107). This eliminates extrapolation uncertainties
from speed-dependent wetted area, turbulence stimulation, and form factor variation.
The full-scale Reynolds number is well within the range where RANS with wall
functions is established and validated against experimental data for comparable hull
geometries [14]. At Re, ~ 4.6 x 107, the target first-cell height is Ay; = 1 mm,
keeping the first-cell centroid in the log layer as required by the scalable wall functions
(Section 2.4).

2.6 Free-Surface Modelling: Volume of Fluid Method

The simulation of a hull advancing at speed involves two fluid phases: water below
the waterline and air above. The Volume of Fluid (VOF) method [3,9] tracks phase
composition through a scalar volume fraction field «,, € [0, 1], where a,, = 1 is fully
immersed, o, = 0 fully in air, and 0 < «,, < 1 contains the interface. The transport
equation for a, is:

%o | . (apu) = 0. (2.14)

ot

The RANS equations are solved for a single effective fluid whose density and viscosity

are:

p =y puw + (1= ay) pa, = Qi o + (1 = ) fla- (2.15)

The free surface is defined as the isosurface «,, = 0.5.

Standard cell-face interpolation of «,, introduces numerical diffusion that smears
the water—air interface over many cells. Fluent’s compressive scheme [3] counteracts
this by reconstructing face values with a bias toward the high-«,, side, keeping the

transition zone within approximately 2-3 cells and preserving a sharp interface.
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Surface tension is neglected: the Weber number We = pV2L /o &~ 4.3 x 10° (with
o ~ 0.073N/m the surface tension coefficient of water) confirms that inertial forces

dominate over surface tension forces by several orders of magnitude at this scale.
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Chapter 3

Numerical Setup

3.1 Hull Geometry and Parameterization

3.1.1 Vessel Description

The vessel under study is a 7-metre electric yacht designed by Lumen Yachts for

semi-planing operation. The key hull parameters are summarized in Table 3.1. The

hull has a clearly defined chine: a longitudinal edge separating the relatively flat

bottom from the more vertical side panels. In a semi-planing hull, the chine plays a

critical hydrodynamic role by delimiting the wetted area, promoting hydrodynamic

lift, and controlling flow separation at the hull-waterline junction.

Table 3.1: Key vessel parameters used in all simulations.

Symbol Parameter Value Unit
L, Waterline length 7.0 m

m Mass 1000 kg

w Weight = mg 9810 N

\V4 Displaced volume 0.976 m?

p Water density 1025 kg/m?
1% Operating speed 6.6 m/s
Fr Froude number 0.796 -

Re Reynolds number 4.6 x 107 —

q Dynamic pressure = $pV? 22331 Pa

The operating speed of V' = 6.6 m/s corresponds to twice the theoretical hull

speed. Hull speed is defined as the speed at which the waterline length equals the

wavelength of a surface wave, i.e. the wavelength A = 27V?2/g equals Ly,:

g Lwl
V u p— p—
hull \/ o

981 x7

/

2
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~ 3.3m/s.
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Twice hull speed is therefore 2 Vi =~ 6.6 m/s, and the corresponding Froude number
is:
2 Viun 2
Fr= =
&) Lwl V 2

Figure 3.1 shows the Grasshopper parametric model of the hull.

~ 0.796. (3.2)
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Figure 3.1: Grasshopper parametric model of the Lumen Yachts hull. Left: a
portion of the Grasshopper canvas showing a selection of the parameter sliders.
Right: the resulting hull geometry displayed in the Rhinoceros viewport. The
parametric definition exposes 29 geometric variables controlling the hull shape;
Chine_stern_point_Y (the lateral chine position at the stern) is the optimization
parameter. The full parameter list is given in Appendix F.

3.1.2 Parametric Hull Generation with Grasshopper

The hull geometry is generated through a Grasshopper definition [22], a visual
programming environment within Rhinoceros 3D. The definition encodes the hull
form as a function of 29 geometric parameters controlling the hull geometry through
key control points, curves, and angles. The parametric hull form was provided
by Lumen Yachts; the contribution of this work is the closure of the hull surface
(transom and deck) required for watertight CFD meshing, and the automation
layer connecting the parametric model to the CFD pipeline. Parameters include
keel depth and curvature (Keel_middle_x, Keel_bow_X), stem angle (Stem_angle),
and mid-body form parameters. The chine is parameterized through three ded-
icated variables: Chine_stern_point_Y (lateral position at the stern, the opti-
mization parameter), Chine_side_entrance_angle (entry angle at the bow), and
Chine_side_exit_angle (exit angle at the stern). The Grasshopper definition gen-
erates a complete, closed hull surface including transom, which is a prerequisite for
watertight CFD meshing. This closure was implemented specifically for this project
and required non-trivial modifications to the original Grasshopper definition.

The hull generation is driven programmatically through Rhino.Compute [23],
a server-side API that exposes Rhinoceros geometry operations over HT'TP. This
allows Python scripts to submit parameter values and receive geometry files without

a graphical Rhino session, which is essential for automation.
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3.2 Computational Domain

A half-domain is used, exploiting the port-starboard symmetry of the hull and its
straight-ahead motion. The fluid domain is constructed around the hull using the
FreeCAD Python API and subsequently processed in ANSYS SpaceClaim for zone
labelling and format conversion.

Domain extents are specified as multiples of the waterline length L.,;:

2 Ly, upstream of the bow (inlet),

4 L, downstream of the stern (outlet),

2 Ly, from the centreline to the side (symmetry and far-field),

1.5 Ly below the waterline (bottom),

0.5 L, above the waterline (top / air domain).

For L,; = 7m, this gives a domain of approximately 49 x 14 x 14 m? (length x
width x height). The generous upstream extent ensures that the inlet boundary
condition does not interact with the bow wave system.

A body of influence (BOI) is placed around the free-surface region, extending
from the inlet to the outlet in the streamwise direction and from the symmetry
plane to the far-field wall in the lateral direction. Its extent is sized to encompass
the full wave deformation around the hull, serving three purposes: it ensures that
wave crests and troughs are captured on an adequately refined mesh, it provides
a smooth free-surface interface throughout the domain, and it avoids abrupt mesh
transitions near the inlet. Figure 3.2 shows the domain cross-section with the BOI

visible around the free surface.

3.2.1 Boundary Conditions

» Velocity inlet (upstream face): Flow enters at V = 6.6 m/s with open-
channel wave boundary conditions enabled. This imposes the correct free-
surface elevation at the inlet, avoiding numerical wave generation at the inflow

boundary [3].

« Pressure outlet (downstream face): Gauge pressure set to zero; backflow

is prevented.

o Top, bottom and side faces: Treated as stationary no-slip walls. The
quantitative impact on hull resistance is confirmed negligible in Section 5.3.2

via a blockage ratio analysis.
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0 5.000 10.000 (m)

2500 7.500

Figure 3.2: Lateral cross-section of the computational domain. The body of influence
(BOI) is visible as a refined zone around the free surface. The hull is at the right;
the inlet is at the far right, the outlet at the left.

o Symmetry plane: Zero normal gradient for all quantities.

e Hull surface: No-slip wall with scalable wall function treatment.

The velocity inlet imposes a flat free surface at z = 0, with water below and air
above, each phase moving at V' = 6.6 m/s in the positive z-direction. Fluent’s Open
Channel Wave BC option is used to prevent spurious wave generation at the inflow
boundary, which would otherwise introduce numerical waves that propagate into the
domain and interact with the hull wave system [3].

Gravity is applied in the negative z-direction with g = 9.81 m/s? and the Volume
of Fluid (VOF) method [9] is used with two phases (water and air) to capture the
free surface. Open Channel Flow and Open Channel Wave BC options are enabled

in Fluent to maintain a realistic air-water interface at the inlet and outlet.

3.3 Mesh Generation

Meshing is performed in ANSYS Fluent 23 using the Watertight Geometry workflow
[3]. The workflow is driven entirely by a Python journal file (.jou), generated
automatically for each hull geometry evaluated during optimization.

The mesh strategy follows these steps:

1. A body of influence (BOI) zone, sized at 0.13 m globally, is defined around the
hull-domain assembly to provide a locally refined region where free-surface and

near-hull flow gradients are highest.
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2. A face size of 0.03m (3 c¢m) is imposed on the hull surface. This corresponds
to Az/L,, = 0.0043.

3. Sixteen layers of structured boundary layer cells are extruded from the hull
surface, with a first-cell height of Ay; = 1 mm and uniform layer growth. This
targets y ~ 226 (log layer, consistent with scalable wall functions), although
local departures from this value occur near the free surface and at the chine,

as discussed in Section 5.3.

4. The volume mesh is filled with polyhedral cells, which offer lower numerical
diffusion and better orthogonality quality than tetrahedral cells for the same

element count.

Figure 3.3: Zoomed view of the boundary layer mesh near the hull surface. The 16
structured layers are clearly visible, with the first-cell height of Ay; = 1 mm at the
wall, transitioning to polyhedral cells in the far field.

The 3 cm hull face size is retained for all 10 optimization evaluations, yielding
approximately 967 000 polyhedral cells per run; the choice is validated by the mesh
sensitivity study in Chapter 5.

3.4 Solver Settings

The RANS solver in ANSYS Fluent is run in steady-state mode with the following

settings:
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e Turbulence model: Realizable k-¢ with scalable wall functions.

o Free-surface model: Volume of Fluid (VOF), two phases (water/air), open-

channel flow mode.

« Phase interaction: Surface tension neglected (Weber number much greater

than unity at this scale).

» Pressure-velocity coupling: Coupled scheme [3], which solves the pressure
and velocity equations simultaneously rather than sequentially. The coupled
scheme offers superior convergence for free-surface flows and complex geometry

compared to the segregated SIMPLE algorithm.

o Spatial discretization: Second-order upwind for momentum; first-order
upwind for turbulent kinetic energy k and dissipation rate £; PRESTO! for

pressure; compressive scheme for the VOF volume fraction.

« Convergence criteria: Scaled residuals below 1073 for all equations, plus
monitoring of drag, lift, and pitching moment to confirm asymptotic plateau

convergence.

The choice of first-order upwind for k and ¢ is deliberate: these equations are in-
herently more diffusive than the momentum equation, and second-order discretization
tends to produce negative values of k£ near sharp geometric features, causing solver
divergence. Using first-order discretization for the turbulence scalars is standard
practice for ship CFD [3,14].

3.5 Hull Position: Trim and Heave Equilibrium

A freely floating hull at speed assumes a trim angle « and a heave displacement
z determined by the balance of hydrodynamic forces and moments with gravity.
Figure 3.4 illustrates the forces and moments acting on the hull as modelled in
ANSYS Fluent, together with the motor thrust moment that must be accounted for
in the equilibrium.

At Fr = 0.796, trim and heave are not negligible: the dynamic lift modifies
the submerged volume and the pressure distribution significantly. The equilibrium
conditions are:

F.a,z) =W (vertical force balance), (3.3)
My(a,z) =0 (pitching moment balance), (3.4)

where F, is the total vertical force (lift plus buoyancy) and M, is the pitching moment
about the centre of gravity, both computed from the CFD solution.
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Figure 3.4: Forces and moments acting on the hull at speed. ANSYS Fluent computes
the hydrodynamic drag Frremee (longitudinal resistance), the vertical hydrodynamic
forces Farchimede a0d Fporance (lift plus buoyancy), and the pitching moment M,
about the centre of gravity. The motor thrust Fp,,ssce applied at the propeller shaft
introduces an additional pitching moment M otor = Fproussée * d-, Where d, is the
vertical offset between the thrust line and the centre of gravity.

Finding the («, z) pair that simultaneously satisfies equations (3.3) and (3.4)
requires an iterative procedure. This is detailed in Chapter 4, as it is a core component

of the automation pipeline.

3.6 Convergence Monitoring for Individual CFD

Evaluations

Each steady-state CFD simulation is monitored through two complementary conver-
gence indicators:

Residual convergence. ANSYS Fluent reports scaled residuals for each transported
quantity (continuity, 2-y-z momentum, k, £, and volume fraction). The scaled residual

for quantity ¢ at iteration n is:

> lap op) — > o) — by

R(n) — cells nb
(o] n )
S Jap o]

cells

(3.5)

where ap, a,,, bp are the discretization coefficients. Scaled residuals below 1073
indicate that the iterative correction is less than 0.1% of the current field magnitude,
which is the adopted stopping criterion.

Monitor point convergence. Residuals alone can reach 1072 while the drag and
lift are still drifting, particularly in free-surface simulations where the VOF interface
is still adjusting. To detect false convergence, the drag D, lift F,, and pitching

moment M, are monitored at every iteration.
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In practice, all 10 optimization evaluations reached the 1072 residual threshold; the
iteration count at which the plateau is reached varies by geometry, typically between
700 and 1000 iterations. A single steady-state CFD run requires approximately
7529 s (about 2 hours) on the available workstation (Intel Core i7, 16 GB RAM, 16
threads), dominated by the ANSYS Fluent solver.
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Chapter 4

Automated Optimization

Framework

4.1 Parameter Sensitivity Analysis

4.1.1 Motivation

The Grasshopper hull definition exposes 29 geometric parameters (listed in Ap-
pendix F). Running a full multi-dimensional optimization over all of them would
require thousands of CFD evaluations, far beyond the available computational budget
(each optimization evaluation, including trim equilibrium convergence, requires 11
to 45 sequential CFD runs, representing 22 to 90 hours of wall-clock time on the
available workstation). A preliminary screening step is therefore performed to identify
which parameters most strongly influence drag, so that resources can be concentrated

on the most impactful dimensions.

4.1.2 Pearson Correlation Analysis

A set of 50 steady-state CFD simulations is run with random hull geometries sampled
from the parameter space, each at a fixed (non-equilibrium) trim and heave. One
limitation of this approach is that it does not capture the coupling between hull
geometry and equilibrium trim: a parameter that strongly influences the trim angle
(and thus indirectly affects drag) may appear less correlated with drag in the fixed-
trim screening than it would be in a fully free-floating evaluation. This caveat applies
in particular to parameters controlling longitudinal volume distribution. The Pearson
correlation coefficient between each parameter p; and the resulting drag is computed

as: N _
X1 (piy — pi)(Dj — D)

- \/Ej-v:l(pz’,j - ﬁi)Z\/Zé‘V:l(Dj - D)2

r(pi, D) (4.1)
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where N = 50 simulations and bars denote sample means.
Table 4.1 reports the ten parameters with the highest absolute correlation. The

results are also illustrated in Figure 4.1.

Table 4.1: Top 10 Grasshopper parameters ranked by absolute Pearson correlation
with drag (50 preliminary simulations at fixed trim/heave). Physical interpretations
are given for the most influential parameters.

Rank Parameter |7] Physical role
1 Chine_stern_point_Y (p8) 0.55 Lateral position of chine at stern
2 Chine_side_entrance_angle (pl0) 0.43 Chine entry angle at bow
3 C2_middle_point_X_direction (p26) 0.30 Mid-body form control
4 Radius_X_start (pl6) 0.26 Bottom-to-side transition radius
5 Keel_middle_x (p3) 0.23 Longitudinal volume distribution
6 C2_middle_point_Z_direction (p28) 0.22 Mid-body vertical control
7 PB_Pt2_Y (p21) 0.21  Volume control
8 Chine_side_exit_angle (p9) 0.21 Chine exit angle at stern
9 Keel_bow_X (pl) 0.21 Bow keel longitudinal position
10  Stem_angle (p6) 0.20 Bow stem inclination angle

Parameter Sensitivity: Pearson Correlation with Drag
(50 preliminary CFD simulations at fixed trim/heave)

Chine_stern_point_Y (p8)
Chine_side_entrance_angle (p10)
C2_middle_X_direction (p26)
Radius_X_start (p16)
Keel_middle_x (p3)
C2_middle_Z_direction (p28)
PB_Pt2_Y (p21)

Chine_side_exit_angle (p9)

Keel_bow_X (p1)
Bl Selected parameter

Stem_angle (p6) I Other top-10 parameters

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Pearson correlation coefficient |r]|

Figure 4.1: Pearson correlation coefficients for the 29 hull parameters. The top 10
are labelled. Chine_stern_point_Y (p8) is clearly dominant.

The stern chine position (Chine_stern_point_Y) emerges as by far the most
influential parameter (r = 0.55), consistent with its direct effect on the underwater
wetted surface at the stern, where hydrodynamic pressure gradients are steepest in
the semi-planing regime. Four parameters exceed correlation above 0.25 (up to 0.43),
including the optimized parameter, indicating that a multi-parameter optimization
targeting this group would ultimately be desirable. The multi-parameter optimizer

described in Section 4.4.3 is designed for this purpose.
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4.1.3 Choice of Optimization Parameter

For the final optimization campaign, Chine stern_point_Y is selected as the sole
optimization variable. This choice is justified as follows: (i) it has the highest
individual correlation with drag; (ii) its physical interpretation is clear, allowing
results to be interpreted meaningfully; (iii) limiting the campaign to one parameter
allows convergence to be verified within the available computational budget; and
(iv) the result demonstrates the end-to-end functionality of the pipeline. A single-
parameter optimization provides a clear baseline against which future multi-parameter

campaigns can be compared.

4.2 Overview of the Pipeline

The optimization pipeline is fully automated: given a parameter value (or vector
of values), the system produces a drag coefficient without any manual intervention.

Figure 4.2 illustrates the six stages.

drag D, converged

il FreeCAD  STEP dorfain  SpaceClaim scdoct  ANSYS Meshing 4 &\t RESL”F
(domain + trim) (labelling) + Fluent Extraction
(Python)

update (a, z) if not converged

—

Optimizer hine_ Grasshopper ~ SfEP h
(Python) + Rhino.Compute

Figure 4.2: Automated optimization pipeline. Each block is one software tool; all
transitions are driven by Python scripts. The red dashed arrow shows the trim/heave
equilibrium iteration: if force and moment residuals exceed the threshold, the hull
position is updated and a new CFD simulation is launched. The green arrow returns
the converged drag to the optimizer.

1. Grasshopper / Rhino.Compute: The optimization algorithm proposes a
value for the chine parameter. A Python script sends this value to Rhino.Compute,
which evaluates the Grasshopper definition and returns a closed hull surface in
STEP format.

2. FreeCAD: A Python FreeCAD script reads the hull STEP file, applies the
initial trim angle and heave offset, and constructs the fluid domain solid

(Section 3.2). The domain geometry is exported as a STEP file.

3. ANSYS SpaceClaim: The domain STEP file is imported, boundary zones
are labelled (hull, inlet, outlet, symmetry, etc.), and the watertight geometry

is exported in SpaceClaim format (.scdocx) for Fluent meshing.
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4. ANSYS Meshing + Fluent: A Python journal file drives the watertight
meshing workflow and the CFD simulation. Drag, lift, pitching moment, and

maximum y* are written to output files at each iteration.

5. Trim equilibrium iteration: The Python trim optimizer reads the CFD
output, checks the equilibrium conditions (3.3)—(3.4), and if not satisfied,
updates (o, z) and triggers a new FreeCAD/SpaceClaim/Fluent sequence
(Section 4.3).

6. Optimization algorithm: Once equilibrium is reached, the converged drag
value is passed back to the optimizer, which proposes the next parameter
value. For the present 1D campaign, the Sobol initialization phase was used
throughout (Section 4.4.2); the GP-guided phase was not deployed.

An important advantage of this pipeline is that it functions as a general-purpose
optimization tool. Replacing the chine parameter with any other geometric parameter
(or set of parameters) requires only a change in the optimizer configuration: the

downstream CFD and equilibrium chain is entirely reusable.

4.3 Trim and Heave Equilibrium Algorithm

4.3.1 Equilibrium Solver: Newton-Raphson with Finite-

Difference Jacobian

For a given hull shape, trim angle a and heave z are unknowns. The CFD simulation
provides F(c, z) and My(a, z) as outputs, both of which are nonlinear functions of

the inputs. The equilibrium system is:

R(a, 2) = (F ](\j(zoi ;)W) —0. (4.2)

The solver uses a Newton-Raphson scheme. At iteration n, the state vector
x(™ = (o™, (") is updated by:

x( ) = x( _ JIR (x™), (4.3)

where the Jacobian J = OR/0x is estimated from a linear regression over the last
few CFD evaluations. This approach avoids dedicated finite-difference runs: the
Jacobian is built from the history of states and residuals accumulated during the
iteration.

Several robustness modifications are incorporated in the implementation (version

v6):

34



4.3. Trim and Heave Equilibrium Algorithm

« Line search on step size: the Newton step is tested with factors [1.0,0.7,0.4, 0.2]
and the first factor that reduces |R/| is accepted.

* Quasi-convergence memory: the best state found so far is stored and can

be reverted to if the iteration diverges.

e Warm start: the trim and heave predicted by a regression model trained on
previous hull evaluations provide a starting point for the Newton iteration,

substantially reducing the number of CFD calls required per hull.

o Trim freeze: when the moment residual is already small, the trim angle is

held fixed and only heave is updated, improving convergence stability.

Convergence is declared when |F,—W| < 50 N and |M,| < 50N - m simultaneously.
In practice, convergence is reached in 11 to 45 CFD evaluations per hull, with an

average of 26.2 across the 10 evaluations performed.

4.3.2 Warm Start Regression Model

Each hull evaluation provides, upon completion, a converged (o, z*) pair together
with the hull parameter vector p. These data are accumulated across evaluations

and used to train a simple linear regression model:

o ~a p+ b, (4.4)
s x~ap+b,, (4.5)

where a,,a, and b,, b, are fit by ordinary least squares on all previous converged
evaluations. When a new hull is submitted, the model predicts (&, 2) as the warm
starting point for the Newton iteration. The benefit is substantial: for evaluation
7 (the best hull, Chine Y = 0.071), the warm start predicted & = 5.56° and
Z = 165.0 mm, while the equilibrium found was at o* = 5.89° and z* = 156.6 mm, a
prediction error of 0.33° and 8.4 mm. Starting from a random initial guess instead
would have required significantly more Newton iterations to reach convergence.
The warm start model is particularly effective because the equilibrium trim and
heave vary smoothly and monotonically with the chine geometry parameter, making

them amenable to linear regression even with a small training set.
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4.4 Optimization Algorithms

4.4.1 Bayesian Optimization Principles

Bayesian optimization (BO) is a surrogate-based strategy for optimizing expensive
black-box functions where gradients are unavailable [24,26]. A probabilistic Gaussian
Process (GP) surrogate is built from all evaluations so far and used to select the next
evaluation point by maximizing an acquisition function that balances exploration of
uncertain regions with exploitation of promising ones. The acquisition function used

here is the Lower Confidence Bound (LCB):
LCB(x) = pu(x) = fo(z), (4.6)

where u(z) and o(z) are the GP posterior mean and standard deviation, and S
decreases from 2.0 to 0.5 linearly over the optimization. This analytic form is
particularly efficient for 1D problems, where the acquisition is maximized over a grid
of 500 candidate points.

The GP uses a Matérn 5/2 kernel, which assumes twice-differentiable functions

and is physically appropriate for drag as a function of hull geometry.

4.4.2 Initialization: Sobol Sequences

Before the GP is trained, an initialization phase samples the parameter space quasi-
uniformly using Sobol sequences [13]. These low-discrepancy sequences provide better
coverage of the input space than purely random sampling, ensuring the initial GP is
well-conditioned.

Parameter bounds. The exploration range was set to Chine_Y € [0.055, 0.150].
These bounds are dictated by the Grasshopper parametric definition: below 0.055 or
above 0.150, the definition fails to construct a valid spline joining the chine to the
hull faces, producing degenerate or non-physical geometries that cannot be meshed.

Adaptive exploration strategy. The campaign was conducted in three suc-
cessive phases at decreasing tolerance, progressively concentrating resources in the

promising region:

A first, coarse pass at 300 N tolerance spanned the full range [0.055, 0.150] to
map the global shape of the drag landscape.

o A second pass at 100N tolerance refined the picture.

o A final phase at the target 50N tolerance targeted the region where the

minimum was forming.
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During the coarser passes it became apparent that drag increases monotonically
for Chine Y > 0.116: no evaluation in the upper portion of the domain yielded
a competitive drag value. Consequently, no further evaluations were placed above
0.116; computational resources were reallocated to the lower-Chine Y region where
the minimum was forming. This progressive concentration of evaluations in the
promising direction is a practical form of adaptive sampling that complements the
quasi-uniform Sobol coverage.

The 10 completed evaluations all belong to this initialization and adaptive
refinement phase. The GP-guided exploitation phase was not pursued: the Sobol
phase revealed a flat minimum where drag differences are smaller than the numerical
noise floor of the trim solver, making further BO evaluations unlikely to identify a

meaningfully sharper optimum on this single parameter.

4.4.3 Multi-Parameter Bayesian Optimizer

A multi-parameter Bayesian optimizer has been developed and tested on prelim-
inary runs (up to 5 dimensions). It uses the BoTorch library [4] with the g¢-
LogNoisyExpectedlmprovement (qLogNEI) acquisition function, which is more
suitable than LCB for higher-dimensional problems due to its ability to handle
noise and batch proposals. A double convergence criterion is implemented: the
optimization terminates when either the maximum pairwise distance between recent
candidate proposals falls below a threshold (geometric convergence), or the coefficient
of variation of the objective function stabilizes (functional convergence).

This optimizer was not used for the final campaign for two reasons: a 4-parameter
Sobol initialization alone would have required 2* = 16 evaluations before any GP-
guided phase, exceeding the available budget; and for a single influential parameter,
the simpler LCB-based 1D optimizer is both more efficient and more interpretable.
The multi-parameter optimizer remains ready for a future campaign targeting the

four parameters above correlation above 0.25 from the Pearson analysis.

4.5 Development Path and Abandoned Approaches

The pipeline described above represents the final working implementation. Several

alternative approaches were explored and abandoned during development.

4.5.1 GMSH for Volume Mesh Generation

GMSH was initially used as the open-source mesher via its Python API. Three
compounding difficulties led to its abandonment. First, the native GMSH mesh

format (.msh) is not directly supported by Fluent: a custom conversion pipeline
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4. Automated Optimization Framework

had to be developed, mapping face names from an Abaqus (.inp) file that Fluent
could export for the same geometry and re-encoding the GMSH output in that
format so that boundary conditions could be assigned correctly. Second, generating
a structured boundary layer of the required quality proved unreliable with the
GMSH scripting interface for these hull geometries. Third, GMSH does not natively
produce the polyhedral cell types that the Fluent Watertight Geometry workflow
generates. These three issues together made the GMSH path significantly more
costly to maintain than switching to Fluent Meshing directly, which resolved all

three problems simultaneously and eliminated the format conversion entirely.

4.5.2 Transient Simulation with Free Hull Motion

A transient approach was explored as an alternative to the steady-state trim equilib-
rium loop. In this formulation, the hull is released as a floating body and allowed to
find its own pitch and heave equilibrium under the combined action of hydrodynamic
forces and gravity, driven by Fluent’s dynamic mesh capability. The approach has
two conceptual advantages: it eliminates the outer trim iteration loop entirely, since
the equilibrium position emerges naturally from the simulation, and it produces a
result free from any force or moment tolerance.

Two practical difficulties led to its abandonment. First, incorporating the motor
thrust moment, an offset force applied at the propeller shaft, would have required a
user-defined function (UDF) inside Fluent to update the applied moment at each
time step, adding significant implementation complexity. Second, and more decisively,
the simulation time proved prohibitive. The transient phase during which the hull
oscillates before settling to equilibrium is not of engineering interest, yet it must
be computed in full. This settling phase can be long, governed by the time scales
of hull pitch and heave dynamics and requiring small time steps to satisfy stability
(CFL) constraints. Since only the final steady-state resistance is needed, the trim
equilibrium algorithm developed here, which targets that state directly, proved
considerably faster in practice than waiting for a transient simulation to converge to
it.
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Chapter 5

Verification and Numerical

Assessment

5.1 Mesh Sensitivity Study

5.1.1 Context and Methodology

Grid convergence studies in CFD are traditionally based on Richardson extrapolation
[21]: by running systematically refined meshes with a consistent refinement ratio,
one estimates the observed order of accuracy p and extrapolates to the zero-mesh-
size limit. The Grid Convergence Index (GCI) [6] formalizes this into a numerical
uncertainty metric widely recommended by the ITTC [11].

However, this approach has a fundamental limitation when wall functions are
used. In standard practice, the first-cell height Ay, is kept fixed across mesh levels
so that ¥y and the wall treatment remain consistent; only the bulk mesh size Az
is refined. Wall functions replace the numerically resolved near-wall region with an
analytical log-law profile, which introduces a near-wall modelling error that remains
approximately constant regardless of bulk mesh refinement. The total numerical error
is therefore the sum of a bulk discretisation error (which decreases with refinement)
and a near-wall modelling error (which does not). The solution does not converge
toward the exact PDE solution but toward the wall-function-approximated solution,
and the apparent order of convergence p does not reflect the true discretisation
accuracy of the bulk scheme. This makes Richardson extrapolation unreliable for
wall-function-based simulations [7].

This limitation is not unique to the present work: it affects any wall-function-based
RANS simulation. Eca et al. [7] discuss this in detail for ship flow applications and
recommend that, for optimization purposes, a qualitative mesh sensitivity assessment
(demonstrating that the selected mesh is in the convergent region of the sensitivity

curve) is more meaningful than a formal GCI estimate. The present study follows
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5. Verification and Numerical Assessment

this recommendation.

5.1.2 Mesh Configurations

Six mesh configurations are evaluated, varying the hull face size from Ax = 1.5cm
(finest) to Az = 4cm (coarsest), with all other settings (boundary layer, solver,
boundary conditions) held constant.

Hydrodynamic forces are presented in dimensionless form following the Froude

convention [18], normalizing by the hull weight W = mg:

D F.
_E

M,

Chy =
M7 W Ly’

(5.1)

where D, F,, and M, are the CFD drag, vertical force, and pitching moment
respectively. This normalization is natural for semi-planing vessels, where the
dynamic lift F, approaches W at planing speed: Cp; — 1 indicates the hull is
fully supported by hydrodynamic lift. The ratio Cp represents the propulsive force
required as a fraction of vehicle weight, directly connected to energy consumption
and range.

Note that all mesh sensitivity simulations are run at fixed trim and heave
corresponding to the base hull at rest (a« = 0°, z = 0): this avoids the confounding
effect of geometry-dependent equilibrium trim and allows a fair comparison across
mesh levels. The equilibrium trim algorithm is applied only during the optimization
campaign (Chapter 4).

Table 5.1 reports the element count, computation time, and percentage deviations
from the finest mesh for each configuration. The full table including absolute

coefficients is given in Appendix E.

Table 5.1: Mesh sensitivity study: percentage deviation of dimensionless coefficients
relative to the finest mesh (1.5 cm reference). The selected mesh (Ax = 3cm) is
highlighted. Base hull at fixed trim (a = 0°).

Az (cm) Elements ACp (%) ACL (%) ACy (%) Time (s)

1.5 2229372 ref ref ref 13807
2.0 1506134 +2.11 +2.35 +4.01 8192
2.5 1329728 +1.72 +0.09 +0.38 7075
3.0 967971 +2.71 +1.35 +2.66 7529
3.5 874897 +5.37 +0.93 +2.06 3889
4.0 812985 +4.71 +0.91 +2.57 4184
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5.2. Boundary Layer Quality

5.1.3 Results and Selected Mesh

The drag coefficient C'p shows a general trend towards the finest mesh (Figure 5.1),
but the convergence is not strictly monotonic: the 4 cm mesh gives a slightly lower
deviation than the 3.5 cm mesh, and the 2.5 cm mesh lies between the 2 cm and 3 cm
meshes. This irregular behaviour is expected: as explained in Section 5.1.1, wall
functions impose a fixed near-wall length scale, so the apparent convergence order
is low and non-monotonic oscillations are normal. In this context, identifying the
"best" mesh from the sensitivity curve alone is not straightforward, and the results
should be read as a convergence assessment rather than a precise error estimate.

The 3 cm mesh was selected for the optimization campaign for two practical
reasons. First, it produces a relative deviation of 2.71% from the finest computed
reference (1.5 cm mesh), which is sufficient to distinguish meaningful drag differences
between hull variants while remaining in the convergent part of the sensitivity curve.
Second, the 3 cm mesh yields approximately 967 000 elements, within the 1000 000-
element ceiling of the ANSYS student licence, which was used for post-processing
and visualization; the next finer mesh (2.5 cm, ~1330000 elements) exceeds this
limit and would not be accessible for result inspection in that environment. CFD
simulations themselves were performed on the university ANSYS licence, which does
not carry this element restriction. The choice of the 3 cm mesh is therefore both
technically justified and compatible with the full toolchain.

It should be recalled that these sensitivity results correspond to the base hull at
fixed trim (o = 0°, z = 0). The absolute values of Cp, Cp, and C); in this study
are therefore not directly comparable to the optimization results, which use the full

equilibrium trim algorithm.

5.2 Boundary Layer Quality

5.2.1 y*" Distribution

Figure 5.2 shows the y™ distribution on the hull surface for the 3 cm mesh at the
reference trim and heave. On the wetted hull surface, values reach a maximum of
approximately 150, below the flat-plate estimate of y* ~ 226 derived in Section 2.4.
This discrepancy is expected: the ITTC 1957 friction line [18] is calibrated for a
flat plate at Reynolds number Re = V' L,,; /v, whereas in semi-planing condition the
bow rises and the effective wetted length is shorter than L., reducing the effective
Reynolds number and consequently the local wall shear stress and y*. In the air
domain above the waterline, y* drops to approximately 5 (air is less viscous and
flows more slowly over the emerged hull). All wetted-surface values lie within the

log-layer range appropriate for scalable wall functions (30 < y* < 300) [3,7]. No
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Mesh sensitivity — drag coefficient deviation
from the 1.5 cm reference mesh

=@— Computed meshes
1 @ sSelected mesh (Ax=3.0 cm, 2.71%)
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o
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Figure 5.1: Percentage deviation of drag coefficient Cp relative to the finest mesh
(1.5 cm reference) as a function of hull face size Az. The orange marker indicates
the selected mesh (Ax = 3 cm, +2.71% deviation). Richardson extrapolation is not
applied: scalable wall functions impose a fixed physical length scale at the wall that
does not reduce with bulk mesh refinement, making the observed convergence order
unreliable for extrapolation (see Section 5.3).

buffer-layer contamination is observed on the submerged surface.

5.2.2 Boundary Layer Profile: Comparison with the Law of
the Wall

The turbulent boundary layer near a smooth wall exhibits a universal structure in

inner units. In the viscous sublayer (y* < 5):

ut =yt (5.2)

1
ut = =In(y") + B, (5.3)

with von Karman constant x and intercept B. As noted in Section 2.4, ANSYS
Fluent uses k = 0.4187 and F = 9.793 (B =~ 5.45) [3]. Classical Coles values are
k= 0.41, B ~ 5.56 [20].

The velocity profile was extracted by tracing lines normal to the hull surface at a
mid-ship station, recording the intersection points with the mesh cell centroids to
obtain their wall-normal distance Ay and streamwise velocity u; the wall shear stress
T, Was read directly from the hull surface at the same location, giving u, = \/7,/p

and hence v™ = u/u, and y* = u,Ay/v.
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Figure 5.2: y* distribution on the hull surface for the selected mesh (3 cm face
size). Values on the wetted hull surface reach a maximum of approximately 150; low
values (y* & 5) appear in the air domain above the waterline. All submerged-surface
values fall within the log-layer range 30 < y* < 300, confirming correct scalable wall
function operation.

Figure 5.3 shows the resulting profile. Four data points fall in the log-law region
and follow it closely; the three subsequent points deviate above the log law, which is
characteristic of the outer (wake) region of the boundary layer where the velocity
is increasingly influenced by the free-stream and the log law no longer applies.
Interestingly, the best fit to the four log-layer points is obtained with the modern
constants kK = 0.383 and B = 4.25, which are considered more accurate than the
Coles values for high-Reynolds-number turbulent boundary layers. This is noteworthy
since Fluent’s wall function uses x = 0.4187: the wall function imposes 7, as a
boundary condition, but the velocity field at the cell centroids is determined by the
full RANS equations rather than the wall function formula. The resolved RANS
velocity profile can therefore follow a log law with constants that differ from those
assumed by the wall function, and the modern value x = 0.383 appears to describe

it more accurately.
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Non-dimensional Velocity Profile - Logarithmic Layer
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Figure 5.3: Boundary layer velocity profile extracted from CFD (symbols) compared
with the log law using modern constants k = 0.383, B = 4.25. Four points follow
the log law; the three outer points depart upward into the wake region.

5.3 Numerical Accuracy and Sensitivity Assess-

ment

5.3.1 Two Distinct Sources of Error: Discretization Impreci-

sion and Model Bias

It is important to distinguish two conceptually different sources of numerical error in
this study.

Discretization imprecision (also called numerical precision or consistency)
refers to how much the computed drag changes when the mesh is refined, with
everything else held constant. The mesh sensitivity results of Table 5.1 quantify this:
the 3 cm mesh produces a drag coefficient 2.71% higher than the finest computed
mesh (1.5 cm). This is a relative deviation between two points on the sensitivity
curve, not an absolute error estimate: the 1.5 cm mesh is itself not the true solution,
and the actual discretization error relative to the exact result is unknown. It is
a measure of internal consistency between two computations performed under the
same physical model, and does not indicate whether either result is close to the true
physical value.

This imprecision has a direct consequence for the interpretation of the optimization
results. When drag differences between hull variants are smaller than this noise level,
the observed ordering between designs cannot be considered physically meaningful:
apparent drag variations in that range are at least partly attributable to discretization
rather than genuine geometric differences, and the solver cannot reliably rank such

designs.
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Model bias refers to the systematic deviation of the CFD model from physical
reality, regardless of mesh resolution. Even with infinite mesh refinement, the
realizable k- model with scalable wall functions would still produce a result that
may deviate from a towing-tank measurement due to turbulence model assumptions,
wall function approximations, and the neglect of spray. This bias is not captured
by the mesh sensitivity study at all. No turbulence model sensitivity study was
performed; based on published comparisons for similar hull forms [7,14], replacing
realizable k-e with k-w SST typically shifts the predicted drag by 2-5%. Since all 10
evaluations use the same model, however, this bias is consistent across hull variants
and does not affect the relative drag ranking.

The absolute accuracy of RANS drag predictions for ship-like geometries has been
studied through international workshop comparisons. Larsson et al. [14] analyzed the
2010 Gothenburg workshop results: the scatter in drag predictions across different
RANS solvers and turbulence models typically spans 3-8% of experimental values.
For planing hulls at high Froude numbers, the scatter is generally larger. The 2.71%
relative deviation of the 3 cm mesh from the finest computed reference is thus of
the same order as the expected physical model bias, which limits the usefulness of a
formal GCI estimate. A comparison against towing-tank data for a geometrically
similar hull would be required to quantify this model bias; such a validation exercise
is identified as a priority for future work (Section 7.3).

From the perspective of optimization, model bias is less critical than the mesh-
level deviation: if the bias is approximately constant across hull variants (which
is expected, since all hulls share the same topology, speed regime, and turbulence
characteristics), then relative drag comparisons remain valid. The expected drag
improvement between hull variants in the optimal zone is substantially larger than
the 2.71% relative deviation between mesh levels, giving confidence that the drag

ranking between geometries with sufficiently different chine positions is reliable.

5.3.2 Sensitivity to Boundary Conditions

The domain extent choice — 2 L,,; upstream, 4 L,,, downstream, 2 L,,; lateral — fol-
lows the recommendations of the ITTC CFD guidelines [11] for open-water resistance
simulations. The upstream extent is particularly important for semi-planing hulls at
high Froude number, where the bow wave system propagates farther upstream than
for displacement hulls at moderate speed. No sensitivity study on domain size was
performed in the present work, which is a known limitation: domain blockage and
wave reflection at the outlet boundary could introduce systematic errors that are not

captured by the mesh sensitivity study alone.
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Blockage ratio. The impact of the stationary no-slip far-field walls on hull resis-
tance is assessed using the blockage ratio method of Guo et al. [8]. The blockage
ratio is defined as: BxT

m= s (5.4)
where B and T are the full beam and draft of the hull at its inclined equilibrium atti-
tude, and b x h is the cross-sectional area of the domain. The base hull (evaluation 4,
Chine_Y = 0.106) has the largest wetted cross-section and represents the worst
case: B = 2.154m (full beam, as measured on the CAD geometry), 7" = 0.259m
(maximum draught of the inclined hull), b = 28 m (full-domain equivalent, twice the

half-domain width), and A = 10.5m (domain height). This gives:

2154 x0.259  0.558
T 28x 105 294

~ 0.19%. (5.5)

Guo et al. [8] show, for towing-tank configurations with no-slip walls, that blockage
effects on resistance are negligible for m < 0.5% and remain below a 1.5% correction
factor even at m < 1.5%. The computed value of 0.19% falls well below the
negligibility threshold.

Boundary layer on far-field walls. A complementary argument concerns the
boundary layers developing on the no-slip side walls. The relevant length scale
is the full domain length L = 49m (the distance over which the wall boundary
layer develops), not the hull length. At V = 6.6m/s and kinematic viscosity
v = 1.004 x 107°m?/s, the Reynolds number based on domain length is Re =
6.6 x 49/v ~ 3.2 x 10®. The Prandtl power-law estimate gives:

_037L  0.37x49

5~ - ~ 0.36 m. 5.6
Re02 (3.2 x 108)02 o (5.6)

The lateral clearance between the hull surface and the side wall is 14 — B/2 =
14 — 1.08 ~ 12.9m, so the far-field boundary layer occupies only 0.36/12.9 =~ 2.8%
of this clearance and never interacts with the hull or its wake. Taken together, the
low blockage ratio and the thin far-field boundary layers confirm that the no-slip
wall treatment has no meaningful influence on the computed hull resistance, and the
drag comparisons between hull variants are unaffected by this modelling choice.
The open-channel flow boundary condition at the inlet, which imposes a sharp
horizontal free surface, was verified to remain stable over all 1000 solver iterations
for all 10 evaluations. No spurious inlet waves were observed in the a,, contour plots,

confirming the effectiveness of the open-channel wave BC.
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5.4 Comparison with Reference Literature

5.4.1 Order-of-Magnitude Comparison with Molland et al.
(2011)

Molland et al. [18] provide resistance data for a range of semi-planing hull series,
including the NPL high-speed round-bilge series and Series 62 hard-chine forms, at
Froude numbers spanning the semi-planing regime (Fr € [0.4, 1.0]). For hard-chine
semi-planing hulls operating around Fr ~ 0.8, their data shows total resistance-to-
weight ratios D /W typically in the range 0.10-0.18, depending on the beam-to-length
ratio, displacement-length ratio, and deadrise angle of the specific hull family.

The present result, D/W = 1359.8 N/9810N = 0.139 at Fr = 0.796, falls within
this range, confirming that the absolute level of the CFD predictions is physically
plausible for this class and speed regime.

Among the empirical methods compiled in [18], the WUMTIA regression (§10.3.4.2)
is the most applicable to the present case: it was developed specifically for hard-chine
and round-bilge small craft over F'ry € [0.50, 2.75] and Fry € [0.25, 1.2], both satis-
fied here (Fry = 2.12, Fryp = 0.796). Applying the C-factor regression for hard-chine
hulls [18] with L/V/? = 7.06 and L/B = 3.25, interpolated at Fry = 2.12, yields
Crac & 64, an effective power Pr ~ 6.85 kW, and a total resistance of approximately
1040 N, some 24% below the CFD result.

This gap has a clear methodological origin. First, the WUMTIA database covers
vessels of 10-70m: at L = 7m, the present hull falls below the stated validity range
and the prediction is an extrapolation. Second, the regression represents an average
effective power over a diverse fleet of hull forms, not an optimum. The intrinsic
uncertainty of such empirical methods in the semi-planing regime is typically £15-
25% [18]; a 24% gap is therefore within the expected scatter. The comparison confirms
that the CFD result is physically consistent with established empirical knowledge
while highlighting why numerical simulation, rather than empirical correlation, is
required for this specific hull geometry and operating condition [12].

The qualitative physical trends are also consistent with Molland’s analysis. He
shows that for semi-planing hulls in this Froude number range, resistance is sensitive
to chine geometry, deadrise angle, and the degree of transom ventilation, precisely the
quantities controlled by Chine_stern_ point__Y in the present optimization. The high
Pearson correlation (r = 0.55) found for this parameter is therefore not surprising
from a naval architecture perspective: Molland’s data confirm that the chine position

at the stern is a primary driver of resistance for this class of hull at F'r ~ 0.8.
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Chapter 6

Results and Discussion

6.1 Optimization Campaign

6.1.1 Evaluations Performed

Ten hull evaluations were completed within the available computational time. Each
evaluation consists of a trim equilibrium iteration (11 to 45 steady-state CFD
simulations per hull, 262 total) followed by a converged drag value. CFD drag
convergence histories for the best trim iteration of each evaluation are provided in
Appendix D; all evaluations reach a stable drag plateau, confirming that the recorded
values are not affected by insufficient solver iteration. Figure 6.1 summarises drag,
trim, and heave as functions of Chine stern_point_ Y and provides orientation for
the discussion that follows; Table 6.1 gives the numerical values.

The parameter range was set to Chine Y € [0.055,0.150] based on geometric
feasibility constraints in the Grasshopper definition (values outside this range produce
degenerate hull splines). Evaluations were progressively concentrated below 0.116
after early passes showed monotonically increasing drag above that value; the upper
portion of the domain received no further resources. The 10 evaluations correspond to
the Sobol initialization and adaptive refinement phase, which explores the parameter
space quasi-uniformly before concentrating on the promising region. The GP-guided
exploitation phase was not pursued: the Sobol phase revealed a flat minimum region
where the drag differences between neighbouring hull variants are smaller than the
numerical noise floor of the trim solver. A Gaussian Process operating in this regime
cannot distinguish between candidate points with statistical confidence, and further
evaluations on this single parameter would not identify a meaningfully sharper
optimum. The Sobol phase alone is therefore sufficient to characterize the 1D drag

landscape.
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6.1. Optimization Campaign

Chine_stern_point_Y optimization — 10 evaluations, all at 50 N tolerance
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Figure 6.1: Drag force (top), equilibrium trim angle (middle), and equilibrium heave
(bottom) as functions of Chine_stern_point_Y. All 10 evaluations converged to
the 50 N tolerance (circles). Each point is labelled with its evaluation index (el—ell
in chronological order; e8 is absent: it was excluded for the reasons detailed in
Section 6.2). The best hull (Chine Y = 0.071, D = 1359.8 N, evaluation 7) is shown
in orange; the base design (Chine_Y = 0.106, D = 1472.5N, evaluation 4) in red.
The green dashed box marks the ideal zone (Chine Y < 0.080, 6 evaluations), with
a mean drag of 1373.7 N, which is 6.7% below the base design. The same zone is
highlighted on the trim and heave subplots.
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6. Results and Discussion

Table 6.1: All 10 optimization evaluations, sorted by Chine Y (ascending). The
best result (lowest drag) is highlighted in bold; the base design (Chine Y = 0.106)
is in italics. All evaluations converged to the 50N / 50 N-m tolerance. ncpp is the
number of steady-state CFD simulations run for that evaluation. The evaluation
index is the chronological order of execution, not a rank.

Eval. index Chine Y Drag (N) « (°) 2z (mm) ncrp

11 0.058 1368.8 6.38  146.4 11
9 0.061 1388.0 6.29  150.8 30
10 0.063 1365.6 6.16  150.6 12
6 0.066 1385.2 6.11 154.7 30
7 0.071 1359.8 5.89 156.6 14

1 0.076 1375.0 5.71 158.8 17
2 0.086 1417.0 5.65 1723 26
3 0.096 1430.3 544 1778 38
4 0.106 1472.5 5837  186.5 49
) 0.116 1520.5 5.34  196.6 39

6.1.2 Drag as a Function of the Chine Parameter

The drag landscape, shown in Figure 6.1 at the opening of this chapter, exhibits a

clearly non-monotonic shape with a pronounced minimum near Chine Y = 0.071.

Three regions are identified:

 Ideal zone (Chine__Y < 0.080): the six evaluations in this range form a region
of low, flat drag. Their mean drag is D,gne = 1373.7 N, which is 6.7% below
the base design. Within this zone, the minimum observed is D = 1359.8 N at
Chine_Y = 0.071, only 1.0% below the zone mean. The spread across all six
points is 28.2 N, well within the estimated 2.7% mesh discretization uncertainty:
the drag differences between these six geometries are not statistically significant
at the present numerical resolution. Any design with Chine_Y € [0.058, 0.080]

can therefore be considered optimal within the limits of this study.

Best point found by the solver (Chine__Y = 0.071): lowest drag observed,
D = 1359.8 N. In this region, the chine width at the stern achieves the best
balance between generating sufficient hydrodynamic lift and limiting wetted

area.

« Wide chine (Chine__Y > 0.080): drag increases monotonically with Chine_ Y.
The widest chine evaluated (Chine Y = 0.116) produces the highest drag
observed (1520.5 N, an increase of 11.8% over the optimum). A wider stern

chine increases both wetted area and wave-making in this regime.

The trim angle decreases as Chine Y increases (from approximately 6.4° at

Chine_Y = 0.058 to 5.2° at Chine_Y = 0.116), and heave increases correspondingly.



6.2. Trim Equilibrium Summary

This is physically consistent: a wider chine generates more lift per unit of hull
immersion, allowing the hull to ride higher with a smaller trim angle. A regression
over the 10 evaluations confirms these visual trends: heave increases linearly with
Chine_Y (R? = 0.992), while the trim angle follows a quadratic trend (R* = 0.987),
flattening toward the edge of the explored range. The contrast is physically plausible:
heave is governed by the vertical force balance. A wider chine increases the submerged
volume at the stern; to restore equilibrium, the hull rises in proportion, producing a
near-linear heave response. Trim, by contrast, is governed by the moment balance,
which depends not only on the magnitude of the vertical force but also on where
it is applied along the hull. As the chine position changes, the centre of pressure
shifts in a way that is not simply proportional to the geometric change, introducing

additional curvature into the trim response.

6.2 Trim Equilibrium Summary

6.2.1 Statistics Across All Evaluations

Table 6.2 summarizes the convergence statistics for all 10 evaluations at the final
tolerance of 50N / 50 N - m. The number of CFD calls per evaluation (ncrp) varies
from 11 (evaluation 11) to 45 (evaluation 4, the base design, which proved difficult
to converge). The total of 262 CFD simulations to obtain 10 equilibrium drag values
represents a substantial computational investment; without the warm start, this

number would have been significantly higher.

Table 6.2: Trim equilibrium convergence statistics for all 10 evaluations.

Eval. index «a* (°) 2* (mm) ncpp Warm start Tol. reached

1 5.71 158.8 17 No 50 N
2 5.65 172.3 26 Yes 50 N
3 5.44 177.8 38 Yes 50 N
4 5.37 186.5 45 Yes 50 N
5 5.34 196.6 39 Yes 50 N
6 6.11 154.7 30 Yes 50 N
7 5.89 156.6 14 Yes 50 N
9 6.29 150.8 30 Yes 50 N
10 6.16 150.6 12 Yes 50 N
11 6.38 146.4 11 Yes 50 N
Mean 26.2

All ten evaluations converged to the 50N / 50N - m criterion. Evaluation 8
(Chine_Y = 0.088) is excluded from all analysis and does not appear in Figure 6.1 or

Table 6.1. It was proposed by the Bayesian optimizer and landed close to evaluation 2
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6. Results and Discussion

(Chine_Y = 0.086), making it largely redundant with an existing data point. When
it became necessary to re-run several evaluations to tighten the convergence tolerance
from 100 N to 50 N, the author chose not to allocate the corresponding computational
resources (approximately two days of wall-clock time) to evaluation 8, given its
proximity to evaluation 2 and the low additional information it would have provided.
It therefore remains at two trim iterations only and is not representative of a
converged drag value.

Figure 6.2 provides a visual summary of the final convergence state for each
evaluation: the magnitude of the force and moment residuals at the last trim iteration.
All evaluations satisfy both criteria, with the residuals distributed well below the
threshold.

Final trim equilibrium residuals — all 10 evaluations
Sorted by Chine\_Y ascending | Dashed line: 50 N / 50 N-m convergence threshold

60
=== Threshold 50 N /50 N'-m

. |F,—W|(N)

- M| (N-m) 8-

o
o

Final residual magnitude
w
o

104

E1l E09 EO6 EO7 EO3 EO4 EO5
Y=0.058 Y=0.061 Y=0.066 Y=0.071 Y=0.096 Y=0.106 Y=0.116
n=11 n=30 n=12 n=30 n=14 n=17 n=26 n=38 n=45 n=39

Figure 6.2: Final trim equilibrium residuals for all 10 evaluations, sorted by Chine Y
ascending. Blue bars: force residual |F,—W/| (N). Red bars: pitching moment residual
|M,| (N-m). The dashed line marks the 50N / 50 N-m convergence threshold. The
number of trim iterations n is indicated below each bar group. All evaluations satisfy
both criteria simultaneously.

Tightening the tolerance below 50 N was found to be counter-productive. The drag
force computed by Fluent fluctuates by approximately +20-50 N between successive
solver iterations due to pressure oscillations near the free surface. Consequently, the
Newton-Raphson Jacobian, estimated from the residual change between consecutive
CFD evaluations, becomes unreliable when the target tolerance falls below this
numerical noise floor. Attempting to push below 50 N causes the optimizer to chase
numerical noise, consuming many extra CFD evaluations without any meaningful

improvement in trim accuracy.

6.2.2 Example Convergence: Evaluation 7

Figure 6.3 shows the convergence of the trim equilibrium for evaluation 7 (Chine Y =
0.071, the best hull found). The warm start predicted o = 5.56° and z = 165.0 mm.
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6.3. Flow Field Analysis at the Optimal Configuration

The Newton-Raphson iteration corrects the trim angle progressively, navigating
through states with large force residuals (above 900N at iteration 1) as the hull is
initially far from equilibrium. After each CFD evaluation, the Jacobian is updated
and the step size is adjusted by line search. By iteration 14 both residuals are below

50 N, satisfying the convergence criterion. The converged drag is D = 1359.8 N.

Trim equilibrium convergence — Evaluation 7 (Chine_Y = 0.071, best hull)
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Figure 6.3: Trim equilibrium convergence for evaluation 7 (Chine Y = 0.071, best
hull). Top row: force residual |F, — W| (left) and pitching moment residual |M,|
(right); the green band marks the convergence zone below the 50N / 50 N-m threshold
(dashed line). Bottom row: evolution of the trim angle « (left) and heave z (right)
at each Newton-Raphson iteration, converging to a = 5.89° and z = 156.6 mm by
iteration 14.

6.3 Flow Field Analysis at the Optimal Configu-

ration

At Fr = 0.796, the VOF simulation captures a bow wave crest, a stern depression,
and a turbulent wake, all typical of the semi-planing regime. The velocity magnitude
peaks near the bow shoulder (= 1.1V') and decreases towards the stern where the
flow separates slightly at the chine; the y* distribution (Figure 5.2) follows the same
pattern and confirms that scalable wall functions operate within their valid range

throughout. A wider stern chine increases the wetted planing area at the stern,
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6. Results and Discussion

generating more hydrodynamic lift aft of the centre of gravity: this is the primary
mechanism behind the decreasing trim angle observed with increasing Chine_ Y. The
running trim angle results from moment equilibrium about the centre of gravity; a
narrower chine produces less lift aft, so the hull must adopt a larger bow-up angle to
rebalance the pitching moments, which simultaneously keeps the transom closer to
the waterline and reduces transom ventilation. This coupling between chine geometry,
trim, and drag underlines the importance of the free-floating equilibrium algorithm:
a fixed-trim comparison would systematically misrank hull variants.

Figures 6.4 and 6.5 show the VOF free-surface rendering of the optimal hull at
the computed equilibrium trim. These visualisations illustrate the physical realism of
the simulation: the free surface deforms continuously around the hull, the bow wave
propagates outward and rearward, and the water detaches cleanly from the transom

at the stern, leaving the characteristic low-pressure depression behind the hull.

Figure 6.4: VOF free-surface rendering of the optimal hull (eval 7, Chine_Y = 0.071)
at Fr = 0.796, quarter view from starboard. The bow wave, diverging wake, and
clean water detachment at the transom are clearly visible.
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6.4. Best Hull Geometry and Comparison with the Base. ..

Figure 6.5: Front view of the optimal hull at Fr = 0.796. The bow wave pushes
water outward on both sides.

6.4 Best Hull Geometry and Comparison with the

Base Design

Three flow field quantities illustrate the physical differences between the optimal and
base configurations: the free-surface elevation, the wall shear stress distribution, and

the static pressure on the hull surface.

6.4.1 Free-Surface Elevation

Figures 6.6 and 6.7 show the free-surface Z topology for both hulls viewed from
above. The colour scale represents the water surface elevation in metres relative to
the undisturbed free surface.

Both configurations exhibit the bow wave crest and diverging wake pattern
characteristic of the semi-planing regime. The base hull shows a marginally higher
bow wave crest (+0.391m vs. +0.383 m), while the optimal hull presents a deeper
stern trough (—0.273m vs. —0.225m). Part of this difference is explained by the
different equilibrium trim: the optimal hull runs at agp = 5.89° versus apase = 5.37°,
so the absolute vertical position of the hull surface differs and the minimum values
are not directly comparable without correcting for the hull reference position. The
marginally higher bow wave crest of the base hull is qualitatively consistent with a
larger wave-making energy input, which contributes to its higher total drag. The

deeper stern trough of the optimal hull is attributed to its larger equilibrium trim
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6. Results and Discussion

Figure 6.6: Free-surface Z elevation at F'r = 0.796 — optimal hull (eval 7, Chine_ Y =
0.071): range —0.273 to +0.383 m.

Figure 6.7: Free-surface Z elevation at F'r = 0.796 — base hull (eval 4, Chine_Y =
0.106): range —0.225 to +0.391 m.
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6.4. Best Hull Geometry and Comparison with the Base. ..

angle (5.89° vs. 5.37°), which lowers the stern relative to the undisturbed waterline,

and is therefore not indicative of greater wave-making.

6.4.2 Wall Shear Stress

Figure 6.8 shows the wall shear stress 7, on the hull surface for both configurations.

Wall Shear
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4.547e+01

(a) Optimal hull (eval 7): peak 7, =~ (b) Base hull (eval 4): peak 7, ~ 98.2 Pa.
88.8 Pa.

Figure 6.8: Wall shear stress 7,, [Pa] on the hull surface. Left: optimal configuration.
Right: base configuration. The high-shear region is concentrated at the bow shoulder
in both cases.

The base hull exhibits a higher peak wall shear stress (~ 98.2 Pa vs. 88.8 Pa for
the optimal). Beyond this localised peak at the bow shoulder, the wider chine of the
base hull increases the total wetted area of the planing bottom, raising the integrated
viscous force over the entire hull surface. The force decomposition confirms this:
the viscous drag of the base hull (~ 32.9% of 1472.5 N = 484.5 N) exceeds that of
the optimal hull (=~ 30.3% of 1359.8 N = 412.0N) by 72.5N, which accounts for
64% of the total drag reduction of 112.7N. Viscous drag is therefore the dominant

mechanism behind the improvement.

6.4.3 Pressure Distribution on the Hull Surface

Figure 6.9 compares the static pressure field on the wetted hull surface. Positive

values indicate stagnation-like pressure regions; negative values indicate suction.
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Pressure
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Figure 6.9: Static pressure [Pa] on the hull surface. Left: optimal configuration.
Right: base configuration.

The base hull reaches a more negative minimum pressure (—8 682 Pa vs. —7427 Pa
for the optimal), indicating stronger suction regions on its surface that increase form
drag. The pressure drag of the base hull (~ 67.1% of 1472.5N = 988.0N) exceeds
that of the optimal hull (= 69.7% of 1359.8 N = 947.8 N) by 40.2 N, accounting for
the remaining 36% of the total drag reduction. Taken together, the two mechanisms
fully explain the 112.7 N improvement: viscous drag contributes 64% and pressure
drag 36%, with the narrower stern chine acting on both simultaneously by reducing

the wetted planing area and moderating the suction field at the stern.

6.4.4 Comparison with the Original Lumen Yachts Hull

Evaluation 4 corresponds to the original stern chine width of the Lumen Yachts
hull. The present campaign operates at F'r = 0.796 (2x hull speed), a semi-planing
regime where the optimal chine geometry differs substantially from that suitable
for displacement speed. At the tighter 50N tolerance, the base design drag is
Dyase = 1472.5N. The minimum-drag hull achieves Dy, = 1359.8 N, representing a

drag reduction of:

 Dhase — Dopy  1472.5 — 1359.8
Dhase N 1472.5

~T7.7%. (6.1)

This improvement is achieved by narrowing the stern chine from Chine Y = 0.106

to Chine_ Y = 0.071, a 33% reduction in the chine lateral position. The equilibrium
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6.5. Discussion

trim also changes: from apase = 5.37° (base) to agpe = 5.89° (optimum), reflecting
the different lift-drag trade-off at the narrower chine.

All six evaluations in the ideal zone (Chine Y < 0.080, Figure 6.1) span only
28.2 N around a mean of 1373.7 N, well within the estimated 2.7% mesh discretization
uncertainty. This indicates a flat minimum: the individual drag differences within
the zone are smaller than the numerical resolution of the simulation, so no single
point can be identified as uniquely optimal. All six designs in this range offer a
meaningful improvement over the base hull, from —5.7% (eval 9, Chine Y = 0.061)
to —7.7% (eval 7, Chine_ Y = 0.071), with a zone mean of —6.7%.

This improvement in drag has a direct impact on electric range. For a battery of
fixed energy, range scales inversely with drag at constant speed (R oc D™!), so the

range gain is not equal to the drag reduction but to:

AR _ Diwe | _ 14725

Riase  Dop 13598

— 1~ 8.3%. (6.2)

The optimized hull therefore extends the cruising range at design speed by approxi-
mately 8.3%, a meaningful engineering gain achieved with zero change in hull length

Or 1mass.

6.5 Discussion

6.5.1 Physical Interpretation

The flat minimum in drag around Chine Y =~ 0.058-0.071 reflects the classical
trade-off in semi-planing hull design between wave-making resistance and friction
drag. At F'r = 0.796, the hull is in the transition between displacement and fully
planing regimes. A narrow chine at the stern (small Chine Y') reduces wetted area
and friction, but the stern becomes unable to generate sufficient dynamic lift, the hull
sinks deeper (larger displacement), and wave-making resistance increases. A wide
chine (large Chine Y) provides lift but increases friction and generates a stronger
stern vortex system, both of which add to total resistance.

Fluent provides a native decomposition of total drag into pressure drag and
viscous drag. Post-processing of the two reference configurations (obtained with

ANSYS student edition 2025 and expressed as percentages) gives:

« Optimal hull (eval 7, Chine__Y = 0.071): pressure drag ~ 69.7%, viscous
drag ~ 30.3%.

« Base hull (eval 4, Chine__Y = 0.106): pressure drag ~ 67.1%, viscous drag
~ 32.9%.
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6. Results and Discussion

The optimal hull shows a slightly higher pressure-drag fraction and a lower viscous-
drag fraction than the base hull. This is consistent with the physical interpretation:
the narrower stern chine primarily acts on friction through a reduced wetted area,
while the pressure drag also decreases but to a lesser extent. As a result, the pressure-
drag fraction increases in relative terms, even though both components decrease in
absolute terms. The total drag is nevertheless lower in absolute terms, confirming
that the friction reduction dominates.

The strong dependence on trim angle observed in Table 6.1 is also notable. The
equilibrium trim varies from 5.36° to 6.38° across the parameter range, a significant
spread. This highlights the importance of accounting for free-floating trim in CFD-
based optimization: a simulation at a fixed trim would assign incorrect drag values
to hull variants that naturally trim differently, potentially misidentifying the optimal

geometry.

6.5.2 Comparison to Bretscher (2017)

Bretscher [5] reported drag reductions of 10-15% over his baseline hull through
multi-parameter non-linear optimization of a round-bilge displacement craft. The
most meaningful comparison with the present campaign is against the Lumen Yachts
base hull (Chine_ Y = 0.106, eval 4, D = 1472.5 N), which was itself derived from the
Bretscher reference geometry optimized for displacement speed. The minimum-drag
configuration (Chine Y = 0.071, eval 7, D = 1359.8N) achieves a 7.7% drag
reduction relative to this baseline — a meaningful result considering that only
a single geometric parameter was varied. The improvement relative to the first
randomly sampled Sobol point (eval 1, Chine_Y = 0.076, D = 1375.0N) is a more
modest 1.1%, because this initial point happened to land close to the optimal region
by chance. In contrast to Bretscher, the present improvement is achieved within a
fully automated pipeline requiring no manual intervention between evaluations, and

the framework is immediately deployable for a multi-parameter campaign.

6.5.3 Limitations and Sources of Uncertainty

The key limitations of this work are discussed in Section 5.3 (numerical accuracy) and
Chapter 7 (scope and modelling choices). The campaign covers a single geometric
parameter out of four with correlation above 0.25; all simulations assume calm
water; and the turbulence model (realizable k-¢) may underpredict stern separation
compared to SST. The 7.7% drag improvement over the base design is substantially
larger than the 2.7% discretization uncertainty, so the optimum region is reliable

despite these limitations.
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Chapter 7

Conclusion

7.1 Summary and Scientific Perspective

Titled Hull Optimization for Fast and Efficient Semi-Planing Craft using RANS
CFD combined with the Volume of Fluid Method, this thesis builds and validates a
fully automated CFD-based optimization pipeline for a semi-planing hull and uses
it to identify the drag-optimal stern chine geometry at Fr = 0.796. The pipeline
integrates parametric geometry generation (Grasshopper, Rhino.Compute), fluid
domain construction (FreeCAD, SpaceClaim), mesh generation and flow simulation
(ANSYS Meshing and Fluent), and result extraction and optimization (Python),
running from parameter specification to converged drag output without manual
intervention.

The automation is the primary scientific contribution. By closing the loop between
the parametric geometry tool and the CFD solver through Python orchestration, the
per-evaluation overhead (geometry modelling, mesh generation, solver configuration,
and result extraction) is fully automated, removing the bottleneck that would
otherwise make iterative optimization impractical. The trim equilibrium algorithm, a
Newton-Raphson scheme with warm start, line search, and quasi-convergence memory;,
proved particularly essential: at Fr = 0.796, hull variants with different chine
geometries trim at different angles. A fixed-trim comparison would systematically
misrank them, as confirmed by the spread of equilibrium angles from 5.37° to 6.38°
across the parameter range explored. This finding confirms the importance of free-
floating equilibrium identified in the literature [16] and extends it to an automated
multi-evaluation context.

The Pearson sensitivity study, conducted on 50 preliminary simulations, iden-
tified the stern chine position (Chine_stern_point_Y) as the dominant geometric
parameter controlling drag at this Froude number, with » = 0.55. The subsequent
1D Sobol exploration revealed a flat optimal zone (Chine Y € [0.058, 0.080]) with
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a mean drag 6.7% below the base design. The flatness of this minimum is itself a
physically informative result: within the optimal zone, drag is insensitive to small
perturbations in the chine position, implying robustness to manufacturing variation.

A result that deserves explicit discussion is the trade-off between hydrodynamic
efficiency and transverse stability. A narrower stern chine reduces drag at cruising
speed but also reduces the hydrodynamic righting force. The hull that minimizes
resistance is not necessarily the hull that provides the most comfortable or safe sea-
keeping behaviour. This tension between fineness and stability is a classical constraint
in semi-planing hull design: the chine range identified here (Chine Y € [0.058, 0.080])
provides the best drag performance, but a final design choice should be validated

against stability criteria appropriate for the intended operating conditions.

7.2 Limitations

The primary limitation is the single-parameter scope of the optimization campaign.
The Pearson study identified four parameters with correlation above 0.25; optimizing
only one leaves most of the design space unexplored. With 262 CFD simulations
already performed (including trim equilibrium iterations), the computational invest-
ment was substantial for a single parameter; extending to all four parameters requires
a proportionally larger effort.

A secondary limitation is the turbulence model: realizable k-¢ with scalable wall
functions is computationally efficient but less accurate than SST for stern separation.
In the absence of experimental towing-tank validation data for this hull, the model
bias remains unquantified. Results should be interpreted as comparative numerical
trends within the investigated setup, not as fully validated predictions of real-world
performance.

Finally, all simulations assume calm water and steady state. The dynamic
response of a semi-planing hull in waves involves coupled heave, pitch, and roll

motions that are beyond the scope of steady RANS.

7.3 Perspectives

The automated framework is the principal lasting contribution of this thesis. With a

larger computational budget, it enables:

o A multi-parameter optimization campaign over the four parameters with correla-
tion above 0.25 identified by the Pearson analysis; the infrastructure, comprising
the parametric model, automation pipeline, and multi-parameter Bayesian

optimizer, is already in place and tested.
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7.3. Perspectives

o Extension to free-surface seakeeping simulations using overset mesh techniques,

for which the Fluent infrastructure is available.

o Higher-fidelity verification using the SST turbulence model, and quantitative
validation against towing-tank measurements for a geometrically comparable
hull.

o Transfer of the pipeline to other hull forms under development by Lumen
Yachts, since the automation layer is geometry-agnostic and the Grasshopper

definition is parametric.

What began as a proof-of-concept for a fast and efficient semi-planing craft has
produced something more durable: a shift from manual, sequential simulation to an
automated loop where engineering judgment operates at the level of design decisions
rather than execution steps. Drag was reduced, the geometry was optimized, and
the method was validated on a real engineering problem. The pipeline is ready for

the next campaign.
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Appendix A

Nomenclature and Constants

Table A.1: Symbols and physical constants used throughout this thesis.

Symbol  Definition Value Unit
L. Waterline length 7.0 m

m Hull mass 1000 kg
W =mg Hull weight 9810 N

g Gravitational acceleration 9.81 m/s?
) Seawater density 1025 kg/m3
v Seawater kinematic viscosity 1.0 x 1076 m? /s
Vv Operating speed 6.6 m/s
Fr Froude number = V/\/g L. 0.796 —

Re Reynolds number = V L, /v 4.6 x 107 -

q Dynamic pressure = 3pV? 22331 Pa
\% Displaced volume = m/p 0.976 m?
Uy Friction velocity = \/7,/p ~ 0.226 m/s
YT Dimensionless wall distance 5-150 (hull surface) —

K Von Kéarméan constant 0.4187 (Fluent) / 0.41 (Coles) -

E Log-law constant 9.793 -

Cy Turbulence model constant (realizable) variable -

C, Turbulence model constant (standard) 0.09 -

o Trim angle at equilibrium 5.2-6.4 °

z Heave at equilibrium 146-197 mm
Cr Flat-plate friction coefficient (ITTC 1957) - -
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Appendix B

Optimization Results Summary

Table B.1: Complete optimization results in chronological order (evaluation index).
All values correspond to the 50 N convergence criterion. Evaluation 8 is excluded
(terminated prematurely, not representative of equilibrium).

Eval Chine Y Drag (N) « (°) 2z (mm) ncpp

1 0.076 1375.0 5.71  158.8 17
2 0.086 1417.0 5.65 1723 26
3 0.096 1430.3 5.44 1778 38
4 0.106 1472.5 5.37  186.5 45
) 0.116 1520.5 5.34  196.6 39
6
7
9

0.066 1385.2 6.11 154.7 30
0.071 1359.8 5.89  156.6 14
0.061 1388.0 6.29  150.8 30
10 0.063 1365.6 6.16  150.6 12
11 0.058 1368.8 6.38  146.4 11

Total CFD simulations 262
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Appendix C

Trim Equilibrium Convergence —
All Evaluations

The following figures show the trim equilibrium convergence (force residual |F, — W|
and pitching moment residual |M,|) for all 10 optimization evaluations, ordered by
Chine Y ascending. The 50N / 50 N-m convergence threshold is shown as a dashed
line; the green band marks the convergence zone. All evaluations reach both criteria

within their allotted trim iterations. Generated by codes_et_resultats/plot_residus_all eval
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C. Trim Equilibrium Convergence — All Evaluations

Trim equilibrium convergence — all evaluations (evals 11, 9, 10, 6, 7 — Chine_Y = 0.058 to 0.071)
Dashed line: 50 N / 50 N-m threshold. Green band: convergence zone.
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Figure C.1: Trim equilibrium convergence — evaluations 11, 9, 10, 6, 7 (Chine_ Y =
0.058 to 0.071). Left column: force residual |F, — W/| (N). Right column: pitching
moment residual |M,| (N-m). Dashed line: 50N / 50 N-m threshold. Green band:

convergence zone.
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Trim equilibrium convergence — all evaluations (evals 1, 2, 3, 4,5 — Chine_Y = 0.076 to 0.116)
Dashed line: 50 N / 50 N-m threshold. Green band: convergence zone.
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Figure C.2: Trim equilibrium convergence — evaluations 1, 2, 3, 4, 5 (Chine_Y =
0.076 to 0.116). Same layout as Figure C.1.
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Appendix D

CFD Solver Convergence Histories

Figure D.1 shows the drag convergence history for the best trim iteration of each
of the 10 optimization evaluations. Each panel corresponds to one hull geometry
(Chine Y value indicated). The Fluent solver reaches a stable drag plateau in
all cases, confirming that the recorded drag values are not affected by insufficient
CFD iteration. The dashed line in each panel marks the converged drag reported
in Table 6.1. The consistent convergence behaviour across evaluations with very
different hull geometries validates the robustness of the CFD setup and boundary

CFD drag convergence history — best trim iteration for each evaluation
Dashed line: recorded converged drag (Table~5.1)
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Figure D.1: CFD drag convergence history for the last trim iteration of each of the
10 optimization evaluations (eval 8 excluded). Each panel shows one hull (Chine Y
value indicated); the dashed line marks the recorded converged drag (Table 6.1). The
colour scale maps Chine_Y from narrow chine (dark, purple) to wide chine (light,
yellow). Note: for evaluations 5, 6, and 9, which were re-run to the 50 N criterion on
a separate workstation, the figure shows the last locally available trim iteration; the
converged drag values in Table 6.1 were taken from the completed re-run.
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Appendix E

Full Mesh Sensitivity Table

Table E.1 extends Table 5.1 with absolute dimensionless coefficients. All coefficients
use the Froude normalisation: Cp = D/W, Cp, = F,/W, Cy = M, /(W Ly,;), where
W = mg = 9810N and L,; = 7m. Results are for the base hull at fixed trim
(a =0°, z =0) and are not directly comparable to the optimisation results (which
use equilibrium trim). The percentage deviations are relative to the finest mesh
(1.5 cm).

Table E.1: Full mesh sensitivity table: absolute dimensionless coefficients and
percentage deviation from the finest mesh (1.5 cm reference). The selected mesh
(Az = 3cm) is highlighted. Base hull at fixed trim (a = 0°).

Az (cm) Elements Cp x 1072 ACp (%) Crx 1072 ACL (%) Cu x 1072 ACy (%) Time (s)

1.5 2229372 6.815 ref 54.80 ref —23.69 ref 13807
2.0 1506 134 6.959 +2.11 56.09 +2.35 —24.64 +4.01 8192
2.5 1329728 6.932 +1.72 54.85 -+0.09 —23.78 +0.38 7075
3.0 967971 7.000 +2.71 55.54 +1.35 —24.32 +2.66 7529
3.5 874897 7.181 +5.37 55.31 +0.93 —24.18 +2.06 3889
4.0 812985 7.136 +4.71 55.30 +0.91 —24.30 +2.57 4184
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Appendix F

Grasshopper Hull Parameters

Table F.1 lists the 29 geometric parameters (pp—pog) exposed as Grasshopper sliders
in the parametric hull model. Each parameter controls one aspect of the hull shape.
Parameter pg (Chine_stern_point_Y) is the variable optimised in this work; the
remaining parameters are held at their base values throughout the optimisation
campaign. In a future multi-parameter campaign, any subset of these sliders could

be released as free variables.
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Table F.1: Grasshopper hull parameters (po—ps2s). The optimised parameter (pg) is

highlighted in bold.

Index

Parameter name

Po
p1
p2
p3
y2
2
Pe
b7
P8
D9
P10
P11
b12
Pp13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
D26
ba7
P28

Keel_run_start_Xrel

Keel bow_X

Keel_depth_Z

Keel middle_x
Transom_depth_Z
Bow_height_Z

Stem_angle
Chine_stern_bow_point_Z
Chine_stern_point_Y
Chine_side_exit_angle
Chine_side_entrance_angle
Chine_stern_Width
Side_bulkness

Rad_size

Rad_min_Z

Rad_max_Z

Radius_X_start

PB_Pt1 X

PB_Pt1 Y

PB_Ptl1_Z

PB_Pt2_X

PB_Pt2_Y

PB_Pt2_Z
C1_Y_middle_point_X_position
CiY
Stern_point_Y_direction
C2_middle_point_X_direction
C2_middle_point_Y_direction
C2_middle_point_Z_direction
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Appendix G

Velocity Streamlines — Base Hull
(Evaluation 4)

Figure G.1 shows the velocity streamline field for the base hull configuration (eval-
uation 4, Chine_Y = 0.106), viewed from above. The velocity magnitude reaches
7.04m/s (= 1.07V) locally near the bow shoulder, while the turbulent wake is clearly
visible as a region of reduced velocity behind the stern. The diverging wake pattern
and the bow shoulder acceleration are characteristic features of the semi-planing
regime at F'r = 0.796.

Velocit
streamlines

7.036e+00
I 5.277e+00
3.518e+00
I 1.759e+00
0.000e+00

[m s?-1]

Figure G.1: Velocity streamlines on the free surface for the base hull (evaluation 4,

Chine_Y = 0.106). Colour scale: velocity magnitude in ms™.
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Appendix H

Declaration of Use of Artificial

Intelligence Tools

In accordance with the EPL guidelines for the responsible use of generative artificial
intelligence, the following declaration is provided regarding the use of Al tools in the

preparation of this thesis.

Writing assistance

An AT assistant was used as an aid in drafting and revising this manuscript, including
assistance with phrasing, structure, and writing fluency in English. The author is
responsible for all technical content, interpretations, and conclusions presented in
this thesis.

Code development

An AT assistant was used as an aid during the development of the Python scripts
implementing the automation and optimization pipeline (Chapter 4). The author is
responsible for the overall workflow design and the validation of all results against

the simulations.

General statement

The author affirms that this use of Al tools has been conducted in accordance with
the principles of responsibility, authenticity, and transparency established by the
EPL guidelines.
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