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Abstract

Accurately predicting wave-induced forces plays an important role in ship design. Currently, pressure
integration is the standard method for calculating wave-induced forces from panel methods. For Com-
putational Fluid Dynamics (CFD) and experiments, it is not even possible to separate the wave-induced
forces from the viscous forces. Pressure integration is limited by discretization, which can compromise
the accuracy of the results. Wave pattern analysis offers an alternative by calculating wave-induced
forces from the far-field wave elevation, thereby reducing the influence of discretization.

The transverse wave cut method (TWC) uses wave elevation measured along a single line perpendic-
ular to the ship’s path. Previous research has demonstrated that wave resistance can be determined
using this method. Since only wave elevation data is necessary, wave resistance could even be calcu-
lated from experimental data.

No effort has been made yet to extend this method to calculate wave-induced side forces. This research
investigates whether side forces can be accurately determined using the TWC method and evaluates
its performance against conventional pressure integration in panel methods and CFD simulations.

The TWC method is derived from the conservation of momentum around the ship hull. The method
applies a Fourier transform to the measured wave elevation to determine the free wave spectrum, which
describes the wave field as a superposition of individual wave components. By reformulating the final
expression, it is shown that the same spectral coefficients used to calculate the wave resistance can
also be used to determine the wave-induced side force, without requiring any additional measurements
or calculations.

The TWC method was compared with pressure integration results for a submerged spheroid using a
panel method. Multiple test cases were considered, all of which showed good agreement between the
two approaches. The TWC method was therefore successfully validated for calculating wave-induced
side forces.

By plotting the free wave spectrum, the contributions of individual wave components at different prop-
agation angles can be observed. As expected, the wave resistance was found to be dominated by the
transverse wave components, while the side force was caused almost entirely by the diverging wave
system.

In CFD simulations, the cell size strongly influences the quality of the simulated wave pattern. Coarser
meshes introduce more numerical damping, causing the wave pattern to decay faster than physically
expected. This was confirmed by evaluating the TWC method at multiple longitudinal locations, where
the decay rate was extracted and compared across refinement levels. The numerical damping pre-
vented accurate force predictions. However, the TWC method proved to be a useful diagnostic tool,
providing a quantitative measure of wave decay and indicating the quality of the simulation.

Overall, the TWC method can accurately predict wave-induced side forces from a simulated wave field,
showing good agreement with pressure integration for panel method results. In CFD simulations, its
accuracy is limited by mesh resolution and numerical dissipation, but it can still be used as a diagnostic
tool.
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Nomenclature

Abbreviations
Abbreviation Definition
CFD Computational Fluid Dynamics
LCB Lengthwise Center of Buoyancy
LWC Longitudinal wave cut
PS, SB Port side, Starboard
RANS Reynolds-averaged Navier-Stokes
TWC Transverse wave cut
VOF Volume of Fluids
WASP Wind Assisted Ship Propulsion

Symbols
Symbol Definition Unit
A(0), B(9) Free wave spectrum coefficients LWC []
b Width of wave cut 1
c Wave speed [m/s]
Cq Wave energy speed [m/s]
c1, €2, C3 Constants for asymptotic extension LWC [-]
C(u,x), S(u,z)  Cosine and sine component of Fourier transform []
Cu Non-dimensional wave resistance [-]
Cy Non-dimensional wave-induced side force [-]
dx Distance between wave cuts [m]
£(6), g() Free wave spectrum coefficients as function of 6 (.  [-]

and , denote odd and even parts)
f Stress acting on the volume of a fluid [N/m3]
F(u), G(u) Free wave spectrum coefficients TWC as function of  [-]
0 (. and , denote odd and even parts)

Fn Froude number [-]
g Gravitational acceleration [m/s?]
h Water depth [m]
k Wave number [m—1]
ko Fundamental wave number [m~1]
Ly, Length between perpendiculars [m]
n Surface normal [-]
P Pressure [Pa]
Ry Total ship resistance [N]
R, Viscous resistance [N]
Ry Wave resistance [N]
Rn Reynolds number [-]
s Longitudinal wave number [m—1]
S Wetted surface [m?]
t Time [s]
t Stress acting on surface of a fluid [Pa]
T Wave period [s]
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Introduction

1.1. Background

In the design and engineering of a ship, the process is highly reliant on an accurate estimation of the
hydrodynamic forces acting on the hull. For the early design phase, a good estimate is helpful for
getting a general layout and specification for the ship. Also, for designing the hull, it is convenient
to have a quick but accurate impression of how it will perform in real life. This makes it possible to
properly adjust the hull to keep the ship’s resistance as low as possible. Later in the design process,
it can influence the technical specs of the vessel, such as the main engine and propeller. Contractual
agreements have been made between the buyer and the shipyard. If the resistance prediction turns out
wrong, the ship might not be able to sail at the speed agreed in the contract. Therefore, it is important
to know the ship’s resistance.

In 1870, W. Froude started using model tests to determine ship resistance. He found out that the resis-
tance could be subdivided into skin frictional resistance and residuary resistance. With the residuary
mainly consisting of wave resistance [20]. He also introduced the scaling laws (named after himself),
which made it possible to convert model-size results to real-size results. Nowadays, model tests are
still widely used for their accuracy. However, they are quite expensive.

Other methods in use include numerical and empirical methods. A well-known empirical method was
developed by Holtrop and Mennen [11]. Especially in early ship design, these methods are useful
because they are very simple, fast and inexpensive. It can be used when only the ship’s main param-
eters are known. However, the result is relatively imprecise. These methods rely on conventional hull
shapes; therefore, innovative designs will give inaccurate results.

Numerical methods are another way to predict the hydrodynamic forces acting on the ship. This can be
subdivided into volume flow methods and boundary element methods. Volume methods like RANS take
viscosity into account. They can be quite accurate, but are computationally expensive. Here, forces
are calculated by integrating pressures and shear forces over the hull. Boundary element methods are
based on potential flow (inviscid) and are much faster than volume methods, but they do not include
friction. In the boundary element method, forces are calculated by integrating only the pressures, re-
sulting in wave-induced forces. It turns out that the discretization has a large influence on the outcome.
Therefore, this method can be imprecise.

Another way to calculate the forces acting on a ship is to use wave pattern analysis. The force is
calculated from the far-field wave system, so this method should be less susceptible to the problems
arising from pressure integration. It is based on momentum conservation analysis around the ship.
This results in an expression for the wave resistance, which consists of a double integral of the local
velocities in a plane behind or alongside the ship. For calculated wave fields, this integral can be used.
For experiments, it can be difficult to obtain perturbation velocities below the surface. With the help of
a Fourier transform, this can be rewritten such that only wave elevation data must be known for a line
transverse or longitudinal to the hull. This makes it possible to calculate wave resistance from wave
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elevation data from model tests or numerical methods.

1.2. Problem statement

In previous research on wave pattern analysis, the focus has been on calculating the force’s resistance
component. It is also of interest to determine side forces on a ship. Side forces can, for example,
occur for ships with an asymmetrical hull (a sailboat under heel) or for ships sailing with wind-assisted
propulsion (WASP). Wind-assisted propulsion is now being increasingly investigated as a way to reduce
ship emissions. This makes the accurate prediction of side forces a relevant topic.

In a publication by Sharma (1964) [24], an expression for calculating the side force from wave pattern
analysis can be found. No further research has been found on the testing of this expression.

1.3. Objective

The objective of this research is to use wave pattern analysis to determine the side force acting on a
ship. To reach the goal, the following main research question will be answered:

Main:

» To what extent can side forces acting on a ship be accurately determined from a calculated wave
field using the transverse wave cut method?

Sub-questions will be addressed to help answer the main question:
Sub:

1. How can a Fourier transform of the transverse wave cut be used to obtain the side force?

2. How does the side force obtained from the transverse wave cut method compare to that obtained
from pressure integration under varying location, angle, speed, and grid size?

3. What insights can wave spectrum analysis provide for side forces?
4. To what extent can the transverse wave cut method be used in CFD simulations?

1.4. Approach and Scope

To answer the research question, a literature review on wave pattern analysis will be done. After this,
a method for calculating the side force from a transverse wave cut will be developed. This method will
be tested with results from two numerical simulations.

First, a panel method based on Neumann-Kelvin source panels written in the programming language
Julia by Gabe Weymouth will be used. This is a linear solver using only source panels. The advantage
of this method is that it is designed to be fast and flexible, so that different parameters of the wave cut
method can be changed easily. This method will mostly be used for validation.

The next step will be to test the wave cut method in RANS CFD simulations. Results for the wave
pattern will be obtained using the open-source software OpenFOAM. The results will show whether the
method is valid for this application.

Two different test bodies will be considered. The flow field will be calculated using a panel method.
Different drift angles and speeds can be used. Validation will be done using pressure integration and
experimental results. The bodies used for testing are:

» Spheroid

A non-surface-piercing spheroid has two key advantages: its simple shape and its fully sub-
merged condition, which together reduce the factors influencing the flow.

* Ecoliner

This ship has been designed to move under wind-assisted propulsion. It is a relevant test case,
as side forces are often present under wind-assisted conditions.

The scope of this research is defined by the following limitations. This ensures that the research is
concise and stays on topic. The limitations are:
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» Only transverse wave cut

Longitudinal wave cut will not be considered, because a transverse wave cut is considered more
suitable for calculated wave fields.

+ Steady flow

Steady flow simulations will only be used. No time dependencies will be researched.
* Infinite depth

Infinite depth will be assumed for all derivations.
* Forward sailing

Reverse sailing or manoeuvring will not be taken into consideration. Only sailing under a drift
angle will be investigated.

* No incoming waves or channel effects

The ship is sailing in a uniform, homogeneous flow without waves and effects from walls.
* No propeller effects

No propeller is simulated in the panel methods.
* No wind effect

Effects due to wind will not be taken into consideration.

1.5. Thesis outline

The thesis will be structured as follows: First, the general theory of wave resistance and potential flow
will be explained in chapter 2 as well as the momentum analysis of the wave pattern. After this, previous
work on wave analysis methods will be explained in chapter 3. In chapter 4, the methodology is shown,
and the method of the transverse wave cut is validated. Results for the testing of the transverse wave
cut method on the wave field generated by a panel method or a CFD simulation will be given and
discussed in chapter 5. Finally, chapter 6 presents the conclusion and recommendations for further
research are given in chapter 7.



General theory

The theory behind wave pattern analysis will be explained in this chapter. This knowledge forms the
foundation for the various techniques used to determine the forces acting on a ship. First, general
comments and observations on wave resistance will be made, as the decomposition of forces is relevant
to this subject. After this, an explanation of panel methods will be given. Linear wave theory will be
discussed in the next section. VOF CFD methods will be explained after this. In the last section, a
momentum-conservation analysis of a ship flow will be performed.

2.1. Wave resistance

When a ship is sailing at constant speed through the water, the following observations can be made. A
region of turbulent flow can be seen along the ship and in the wake, and there is a wave pattern moving
with the hull. These phenomena both cause drag on the hull and absorb energy. Total resistance of
the hull is created by the shear and normal stresses on the hull’s surface. This can be subdivided into
wave and viscous resistance. Wave resistance is the subject of this literature review. It turns out that
wave waking is rather insensitive to viscous effects [18]. With this in mind, the total resistance can be
decomposed as:

Ry (Fn,Rn) = Ry, (Fn) + R,(Rn) (2.1)

Wave resistance will be defined as the energy that flows from the ship to the wave pattern, divided by
the ship’s speed [17].

energy transfer (ship — waves)
Rw = ;
ship speed

(2.2)

The wave resistance coefficient is used to compare the wave resistance for different sizes and shapes.
This is obtained by dividing the wave resistance by the product of the density, the square of the speed,
and the wetted surface. This results in a non-dimensional coefficient:

Ry

Cp =
$pU%S

(2.3)

Wave resistance can be determined using numerical methods, empirical data, and experimental re-
sults. Most numerical methods, such as CFD and potential flow methods, use pressure integration to
determine wave resistance.
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2.2. Panel methods

Wave resistance can be determined using numerical or experimental methods. In this thesis, a Bound-
ary Element Method (BEM) will be used to determine the wave pattern and flow around a ship’s hull.
These results can be used to obtain the wave-induced forces and validate the results of the wave cut
method. BEM is a tool that uses potential flow. It is therefore important to have a theoretical under-
standing of potential flow. This section will explain potential flow. After this, BEM will be explained.

2.2.1. Potential theory
Potential flow theory is based on several assumptions. It assumes a fluid thatis incompressible, inviscid,
and irrotational. With these assumptions, the Navier-Stokes equation reduces to Laplace’s equation.

V2 =0 (2.4)

The velocity potential (scalar) is given by ¢ and describes the velocity field as follows:

u=Vo (2.5)
The pressure in the flow can be found using the Bernoulli equation:

%(w Vo) + ’;’ tgz=C (2.6)

Introducing U as the ship’s speed, calculating C at the water surface (z=0) gives the following equation
for the entire flow field:

p=—pgz+ 3p(U? ~ V- V) (2.7)

Potential flow is a linear model. Therefore, superposition can be used to obtain a desired flow field.
Singularities, such as sources, sinks, vortices, and dipoles, can be used to create a flow field. Combi-
nations of these singularities can create a flow field that resembles a real flow around closed surfaces.
This makes it possible to simulate inviscid flows analytically. For more complex shapes, numerical
methods can be used.

Potential flow represents a flow at an infinite Reynolds number. A typical ship has a length-based
Reynolds number of 10°. This means that potential flow can provide a reasonable representation of
the flow around a ship’s hull. For wave patterns, viscous effects are usually very low [18]. Especially in
the far-field propagation of waves, the viscous effects are negligible. For this inviscid flow model, the
wave resistance is often the largest resistance component. This is because most of the energy leaves
the system by traveling waves moving away from the ship.

2.2.2. BEM

Boundary Element Methods (BEM), or panel methods, use potential flow to calculate flow numerically.
A discretization of the hull is created, and source panels are placed at each grid point. Each panel, like
a point source, induces a velocity and potential field. Using a panel source instead of a point source
has the advantage that the panel source does not tend to infinity near the center. The panel source
tends to a constant velocity.

Only the panel source strengths are unknown. The use of a Green’s function that includes the free-
surface boundary condition will give a solution such that the boundary conditions will be satisfied. For
a flow around a body, it cannot pass through the body. Therefore, the velocity normal to the surface
should always be zero. This is the kinematic boundary condition.

o¢ _

on

0 (2.8)
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Another important boundary condition is the dynamic free surface condition. This ensures that the
pressure at the surface equals atmospheric pressure. This can be done by filling in Equation 2.6 far
upstream at z = ¢ and V¢ = U. With this, the wave elevation can be calculated if the potential is
known on the free surface. This gives the following condition:

1
(=5 (U~ Vo-V9) (2.9)
g
After linearizing, this results in:
U
(= _;(bw (2.10)

The kinematic boundary condition ensures that the flow near the free surface remains along the surface.

a¢ a¢ _ _
¢$8—+q§ya—y—¢z—03t2—(j (2.11)

X

Other relations are the bottom boundary condition (no flow through the sea floor) and the radiation
condition. The radiation condition requires that all generated waves remain behind the ship, ensuring
that the ship advances into calm, undisturbed water.

It is possible to add viscosity effects with empirical formulas to estimate the full resistance of a ship
using, for example, the ITTC 1957 correlation line [18]. This gives the frictional resistance as:

0.75

Cr = (logipRe — 2)?

(2.12)

BEM uses surface discretization and therefore the resolution scales with N2. This makes it less compu-
tationally expensive than CFD methods, for example, RANS calculations. These methods use volume
discretization and scale with N3. Since the Reynolds number for ships is typically very high, BEM pro-
vides an accurate description of the flow field, making it a useful and fast tool in ship hydrodynamics.

2.2.3. Pressure integration

The most common method for determining the forces acting on the body using CFD is to integrate the
pressure over the hull. This gives the forces in x, y, and z directions. The pressures will be calculated
using Bernoulli’s equation as stated previously in Equation 2.7. For the wave resistance, the x-direction
is needed. The formula for each direction is:

Fi:—//sp-ﬁdS (2.13)

It turns out that pressure integration is not very accurate when a large bow wave exists. Similarly,
negative wave resistance can occur when the stern wave is overestimated. This can occur for canoe-
like stern hulls sailing at low speeds. [1]

2.3. Linear wave theory

A single mathematical solution for wave patterns does not exist in most cases. To understand complex
wave systems, it is necessary to understand a single wave. These can be described as a sine or cosine
function. This model assumes that the flow is inviscid, irrotational, homogeneous, and incompressible.
This is justified, as the viscous effects on the wave propagation are entirely negligible for ship scales.
[18]. A linear representation of the wave can be given as:

¢ =C(yco8(sx 4+ uy —wt +¢) (2.14)
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Here, s = kcos(f) and u = ksin(0), with k being the wave number. Since the flow is both irrotational
and incompressible, the velocity potential should satisfy the Laplace equation V2¢ = 0. Together
with the dynamic boundary condition at the surface and the boundary condition at the bottom, the
velocity potential can be determined. The dynamic boundary condition at the surface uses the linearized
Bernoulli equation. Quadratic velocity terms are omitted, which can be done for waves with minor
steepness. This results in the following expression for the velocity potential:

Cag C()Sh(k(h + Z)) .
(b = oS (kh) sm(sm + uy wt E) ( 5)
For deep water 7%1};(5];((2@2)) reduces to ¢¥*. This approximation holds when kh > 1.

o= Ca—gekz sin(sz + uy — wt + ) (2.16)
w

With these potentials, the velocity at every point in the flow can be calculated by the derivatives of the
potential in x, y, and z directions.

The relation between the frequency (w) and the wave number (k) can be found from the kinematic
boundary condition near the free surface. After linearizing the condition and filling in the wave potential,
the following expression is obtained.

w? = kgtanh (kh) (2.17)

Using Bernoulli’'s equation (2.6), the pressures in the flow can be determined on and below the surface.
Other important relations for wave number, frequency, phase speed, and group speed are:

27 27 lg 1 2kh
= — = — =4/= h =—c|l4+ —1— .
k \ w c 3 tanh (kh) Cq 20 ( " (2kh)> (2.18)

Linear wave theory is based on the assumption that the waves have a small amplitude relative to the
wavelength. Under these conditions, the equations can be linearized, and the superposition principle
holds. This makes it possible to represent irregular wave fields as a sum of regular waves. With this,
the potential of the entire field can be determined, which makes it possible to find the local velocities
and pressures. This decomposition into regular components forms the basis of wave pattern analysis.

Limitations of Linear Wave Theory Near the Ship Hull

Near the ship, non-linear effects are often present. The geometry of the hull influences the flow, locally
amplifying waves and increasing their steepness, violating the small-steepness assumption. In more
extreme cases, it can lead to wave breaking and spray. Both the kinematic and dynamic boundary con-
ditions were linearized and applied at the mean water surface z = 0. For steep waves, this assumption
also breaks.

Finally, near the bilge and stern, the flow can separate from the hull, generating vorticity and directly
violating the irrotational flow assumption that underlies the velocity potential formulation. Together,
these effects mean that the quadratic terms dropped in the linearization of the governing equations are
no longer small near the ship, and higher-order methods are required to accurately capture near-field
flow. Superposition of linear waves to capture the wave field near the hull is therefore not possible.

2.4. CFD methods

In this study, CFD methods will also be used to calculate the wave field. Wave pattern analysis can be
applied to the generated wave pattern. Unlike potential flow methods, CFD solves the Navier—Stokes
equations, so it accounts for viscous effects. This makes it possible to produce more physically realistic
wave patterns and force predictions. However, this increased fidelity comes at the cost of greater
complexity and calculation time. Some basic background on CFD methods for ship hydrodynamics will
be presented in this section.
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2.4.1. Navier-Stokes equations

CFD methods solve the Navier-Stokes equations. The Navier-Stokes equations consist of general
conservation laws on mass and momentum, given at a single point. For ship applications, the flow is
assumed to be incompressible, which is a reasonable assumption for liquid substances. Mass conser-
vation is given as:

dp
“F . = 2.1
g TV (pu) =0 (2.19)
The momentum equation is given as:
du 9
p(a—ku-Vu) = -Vp+ uViu+f (2.20)

This is a vector equation in x, y and z direction. The vectors are given in bold. p(‘fl—‘; + u-Vu) is the
inertial term, consisting of a time-dependent term and a non-linear term. u - Vu) is the only non-linear
term in the equation. This term physically relates to the convection of velocity gradients through the
flow due to the velocity. In this term, a small perturbation in the velocity can cause a small perturbation
in the velocity gradient, which affects the other terms in the equation, and a change in time can be
found. These changes can cause more change in perturbation velocity, and the cycle continues. This
can result in chaos, i.e., turbulence. This term makes the equation difficult to solve, as it is infinitely
sensitive to initial or boundary conditions. For steady flows, which will be the case for this study, the
time-dependent term will vanish, as the wave pattern moves steadily with the ship.

On the right-hand side, the equation consists of a pressure term (—Vp), a viscous term (1V2u), and
the force term (f). The force term can be any body force acting on the flow. For ship applications, this
is the gravity force.

2.4.2. Simulation methods

In order to capture all turbulence effects, the method requires the use of a mesh and time step that are
able to resolve the smallest dissipative length scale, the Kolmogorov scale. This approach is called
Direct Numerical Simulation (DNS), and it solves the equations exactly without any turbulence models.
It requires a very fine mesh and a small time step, which is not feasible for ship applications. Therefore,
different models are developed to model turbulent effects.

Large-Eddy Simulation (LES) is a mathematical model for turbulence. LES reduces the computational
costs by filtering out the smallest length scales. The large Eddies, containing more energy, are resolved
directly, while the smaller Eddies are modeled. This significantly reduces costs compared with DNS.
For simulating at ship scale, this is often still too expensive to compute.

RANS

Reynolds-Averaged Navier-Stokes (RANS) is another mathematical model with lower fidelity than DNS
and LES. The flow motions are being decomposed into mean components u and fluctuating u’ compo-
nent, which is called the Reynolds decomposition and is given as:

u=u+u (2.21)

Substituting this in the momentum equation and averaging over time gives:

-
p(d—‘t1 4T V) = —Vp+ pV2+ £ — V(pu't!) (2.22)

This introduces the Reynolds stress tensor, given as V(pu'u’) on the right side of the equation. This
term introduces six more terms, resulting in more unknowns than equations. To close the system, a
turbulence model is required.
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2.4.3. Turbulence model

The turbulence model is introduced to close the system of equations. Multiple models are available,
but no universal model has been developed. The best model varies by application. Most models are
based on the Boussinesq hypotheses, which introduce a turbulent (or eddy) viscosity to represent the
influence of turbulent motion on the mean flow. A complete overview of different turbulence models can
be found in Wilcox (2006) [28]. For ships, the k-w turbulence model is by far the most applied model.
This is a two-equation model; one equation solves for the turbulence kinetic energy (k), the other for
its specific dissipation rate (w). It has been shown that these models give accurate predictions for ship
hydrodynamics. [12]

2.4.4. Generic transport equation
The RANS equations and the turbulence model equations (k-w) can be written into a generic differential
equation [18]:

0

107(725 +pV-(up) =V-(ITVe)+ S (2.23)
at w_/ N , v
~ Convection Diffusion Source

Transient

Here, ¢ is the general dependent variable, such as u, k or w. The physical interpretation of each term
is given below. The transient term is relevant for unsteady problems. When computing the calm water
resistance of a ship, the flow may be considered steady. The convection term represents the transport
of the variable by the velocity of the fluid. The first term on the right side represents the rate of increase
due to diffusion, which is related to viscosity and damping. The source term accounts for anything that
creates or destroys the quantity.

2.4.5. Numerical Schemes

Numerical schemes in CFD are used to discretize the governing equations in space and time. The
choice of the method can strongly affect accuracy and stability. Different numerical schemes can be
used for different aspects of the simulation.

All terms in Equation 2.23 need a numerical discretization scheme. The source term has no derivatives,
so it does not need a discretization scheme. For steady flow, the transient term is assumed to be zero
for a ship simulated in still water. Diffusion terms are naturally stabilizing. In most CFD codes, these
terms are discretized using a second-order (central-difference) scheme. Spatial accuracy is therefore
mostly determined by the discretization of convective terms.

The convective term is the only non-linear term in the equation. Therefore, it can cause oscillations
and instability. This makes it highly sensitive to the choice of discretization. Different order schemes
can be chosen. Lower-order schemes are very stable but introduce large numerical diffusion, while
higher-order schemes provide less numerical diffusion but can be unstable. The majority today are
second order with an upwind bias [12]. Upwind bias means that more weight is given to values in the
upstream direction. Every CFD needs some numerical dissipation in order to obtain a stable result.

2.4.6. Free surface

A ship is always sailing on the interface between air and water. Therefore, special treatment is required
to simulate this interface. The free surface (interface) can be modeled using a Volume of Fluid (VOF)
method. A scalar («) defines how much of each cell is water or air. If o = 0, the cell is filled with air,
and if o = 1, the cell is filled with water. At the interface, the cell is partially filled with water, and the
scalar can be used to find the average density and viscosity in the cell.

2.4.7. Turbulence near the wall

Near the wall, flow variables have large normal gradients. Turbulent fluctuations are suppressed by
viscous effects and dominate the momentum transfer. Proper modeling is required for this region. Two
methods are available:

* Near wall turbulence model: Using near-wall turbulence models that can resolve the flow down
to the wall
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» Wall functions: Use semi-empirical formulae to model the flow that is closest to the wall.

The non-dimensional wall distance can be introduced to further analyze the methods as:

yt =414 (2.24)
14
Here, u; is the friction velocity, v is the kinematic viscosity, and y is the dimensional distance from the
wall. For the near-wall turbulence model, the first cell height should be at y™ < 1. Only then can
the simulation fully resolve the flow in the wall region. It leads to high aspect ratios, which can cause
numerical instability.

A reduction in cell count is observed when the flow is modeled using wall functions. For this approach,
the y* value is usually between 30 < y™ < 100. This reduces the extreme refinements near the wall at
the cost of being less accurate, as wall functions are an estimate of actual flow in the boundary layer.
If possible, it is better to avoid wall functions; they should be handled with care.

2.4.8. Meshing

Meshing is an important part of any CFD simulation. In general, a fine mesh can more accurately
simulate the flow. Large cells are more prone to wave damping. Since it is not feasible to use a very
fine mesh everywhere in the domain due to excessive computational time, it is important to refine the
mesh in important regions. This can be done by defining refinement regions, which provide refinement
where it is necessary but use a coarser mesh elsewhere. Often, refinement regions are generated near
the bow and stern of the ship, as the flow is usually more complex in these locations (large pressure
gradients). For free-surface simulations, it is advised to make a refinement region to limit the numerical
errors in the free surface. This can require around 50 cells per wavelength. This ensures that wave
damping is minimized, and the interface stays sharp [18].

Near the surface of the hull, the mesh must be aligned parallel to the hull to resolve the large wall
normal gradients. The mesh here consists of several layers of hexahedral cells that grow in thickness
away from the hull. The height of the first cell is defined by the y* value of the turbulence model.

At the edges of the domain, the mesh can be very coarse, which serves two purposes. Firstly, the flow
near the boundary is undisturbed, so no fine mesh is needed, which reduces the computational time.
Secondly, the coarser cells introduce more numerical diffusion, which absorbs the waves before they
reach the boundary and reflect back into the domain.

Meshing affects numerical dissipation in CFD through three main factors: resolution, alignment, and
quality. A coarse mesh cannot properly resolve flow features such as waves or turbulence, leading
to artificial damping, whereas a finer mesh reduces this effect by better capturing the solution. If the
mesh is not aligned with the flow direction, the solution must be reconstructed across multiple direc-
tions, introducing diffusion. In addition, poor mesh quality, such as skewness, non-orthogonality, or
abrupt changes in cell size, introduces additional errors that often behave like artificial diffusion. In
general, coarse, misaligned, or low-quality meshes increase numerical dissipation, whereas fine and
well-structured meshes minimize it.

2.4.9. Postprocessing

After the simulation is complete, postprocessing can be used to extract relevant physical quantities from
the CFD results, including forces, flow properties, and pressure distributions. All forces and moments
can be computed by integrating the pressure and viscous stresses over the hull surface. Flow properties
can be used to gain information about the wave pattern and other flow components. These results are
often visualized using contour plots or vector fields and can be compared with experimental or reference
data.

2.4.10. Wave pattern
For this study, the primary focus is on the wave pattern generated by the ship, as it is the subject of
analysis. Accurate prediction of the free surface is therefore important. This requires a free-surface
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simulation method. Special care must be taken to minimize numerical damping, as excessive diffusion
can lead to an underprediction of wave amplitudes.

The choice of mesh and discretization plays an important role in this respect. Hexahedral cells are
preferred, as they introduce less numerical damping than more irregular cell types. In addition, sufficient
spatial resolution is required. It is recommended to use about 50 cells per wavelength. [18] Mesh
refinement within the Kelvin wake is also recommended to better capture wave patterns.

Turbulence modeling is of secondary importance for wave prediction, since surface waves are generally
only weakly affected by turbulence. Nevertheless, within a RANS framework, it is known that while the
wave profile along the hull is typically predicted with reasonable accuracy, waves further away tend to
be overly damped due to numerical and modeling effects [18].

2.5. Momentum conservation

To find the resulting wave forces of a ship via wave pattern analysis, information about the wave pattern
must be known. This can be obtained either by experimental tests or numerical results. Wave cut
methods are based on momentum conservation in a control volume box around the hull. Conservation
will be derived for a transverse and longitudinal wave cut. For this analysis, a right-handed ship-fixed
coordinate system will be defined with x in the flow direction and z in the upward direction. The flow is
assumed to be steady, inviscid, irrotational, and incompressible. The ship will be traveling at constant
speed U. Total momentum balance for a control volume is given by:

i/// pudV—F# ,ouu-ndS:/// de—&—# tdS (2.25)
dt Jl)ev cs cv cs

Since it is a steady flow, % = 0. The left side of the equation leaves only the momentum flux term. The

right side consists of the forces acting on the fluid. Since there is no gravitational force in the x or y
direction, the first term is zero. This leaves:

[# puu - 7 dS = tdS] & (2.26)
CcSs (o)

2.5.1. Transverse wave cut

In Figure 2.1, the ship-fixed control volume can be seen. Due to the Kelvin angle, the wave pattern
spreads out at a constant angle relative to the ship. The control volume should be chosen so that the
waves generated by the ship only exit the system on the face behind the ship. This way, only the front
and back faces need to be considered in the momentum balance.
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Figure 2.1: Control volume for momentum conservation

Since there is no flow through the top, sides, and bottom, only the in- and out-planes need to be
considered for continuity of flow. Conservation of mass gives the following equation:

b/2 [Cout
Ubh = / / (U + ¢a) dzdy (2.27)
h

b/2J—

The momentum flux (left part of Equation 2.26) through the in-plane is given by:

b/2 0 -1 1
/ / p 10| dzdy|-|0| =—pU?-b-h (2.28)
b/2J—h 0 0
Substituting for U - b - h from Equation 2.27 gives:

b/2 Cout
M= [ [0+ dzay (2.29)
h

b2 J -

0

The momentum flux through the out-plane is given by:
b/2 com Ut o.| |1 b/2 rCout
My = v - |0] dzdy] - = p/ / (U + ¢,)? dzdy (2.30)
0 b/2

U+¢x

—b/2 w

For the side, top, and bottom plane, this part of the equation results in zero as no flow passes through
these surfaces, so uu - » = 0. Adding each surface (in and out) together gives a total for the left side
of Equation 2.26:

b/2

Cout
/ 6o(U + 6 dz dy (2.31)
h

Mm + ]\/Iout - p/

b/2J -
The right part of Equation 2.26 consists of the forces acting on the fluid. Again, the side, top, and bottom
faces are zero because they do not contribute to a momentum in the x direction. Therefore, the right-
hand side consists of the integrated pressure forces on the in- and out-plane and the resistance force of
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the hull. Bernoulli’'s equation is used to calculate pressures in the flow. The use of the Bernoulli equation
in the following form is only valid for a flow that is steady, inviscid, irrotational, and incompressible. The
assumption is justified, as the edges of the control volume faces are placed far from the hull.

L (V¢ - Vo) + gz = constant (2.32)

l\')\»—l

At the undisturbed surface, pu;,, =0, z = 0and V¢ - Vo = U2. This gives the pressures for the in- and
out-plane as:

Din = —pgz (2.33)
Pout = —plgz + = (2U¢I + @2+ ¢ + ¢2)) (2.34)
Resulting in:
b/2 0 b/2 (0 1 b/2 1
Fun / / Pin - Prdzdy = —pg / / 2dzdy = =pg / B2 dy = Spgbh?  (2.35)
b/2J—h b/2J —h 277 )2 2

b/2 Cout b/2 Cout 1
Fou= [ [ poidzdy=p [ g+ G200+ 02 4 6+ o dy
h

b/2 b/2J—
b/2 b/2  rCout
5o | Gyt 5 o/ / [ R0+ 4 6+ ey (2.36)
b/2 b/2

1 b/2 b/2 Cout
500 [ Gudy— oo+ [ [ U6, 624 6+ 62 ddy
—b/2 b/2J—h

The last contribution is the ship’s resistance (R, ) exerted on the flow. It can be entered directly into

the equation, as it is already modeled as a force. Now that each contribution has been calculated, the
total momentum equation can be filled in as:

Min + Mout = an + Fout - Rw (237)

This gives:

b/2 Cn'uf 1 b/2
/ / (U + ¢z) dzdy = *pgth +5p9 / Cour dy — *pgth
b2

b/2  rCout
ey / / UG, + ¢ + &+ ¢?dzdy — R, (2.38)
h

b/2
Rewritten and simplified, this results in:
1 b/2 b/2 Cout 9 9 9
Ro=gos [ Gudvrgof [0ty (2:39)
b/2 J —h

This derivation is equal to the one presented in the book Ship Resistance and Propulsion by Molland,
Turnock, and Hudson [20], and the result is equal to the one Eggers presented [4].
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A similar concept in aerodynamics is known as the Treffz plane. It uses a similar momentum-conservation
approach in a transverse plane in the far field downstream of a lifting body. The main difference is that
the body is fully submerged in the fluid (air), thus no wave patterns exist. A derivation of the Treffz
plane can be found in Katz (1991) [15].

The most straightforward way to evaluate the wave resistance from a flow field is to directly evaluate
Equation 2.39. For this, local velocities and wave elevations must be computed using the panel method.
The velocities and elevations should be calculated at a vertical plane behind the ship. The plane should
be wide enough to capture all the waves and be sufficiently far away from the hull so that non-linear
effects are minimized. Not much research has been done on this. Kémpe (2015) [17] used the direct
integral. Contrary to expectations, direct integration was not consistent across different x-locations
of the wave cut. Taking the average of multiple wave cuts was sufficient to solve this. This method
technically cannot be regarded as a wave cut method, as the required input includes not only wave
elevation data but also perturbation velocity data beneath the free surface.

2.5.2. Longitudinal wave cut
Similarly to a transverse wave cut, a longitudinal wave cut formula can also be derived. In this case, the
control volume block will be chosen so that all momentum flux only transfers through the sides of the
box. This results in infinitely long side boundaries. A full derivation of this can be found in Appendix A.
This results in the following formula:

o G
R, = 2p/ / Pey dzdx (2.40)
—oo J—h

In the paper by Eggers [4], this result was also shown. As can be seen in Equation 2.40, the side
boundaries must be very long to ensure that all the momentum is contained within this barrier. In
practice, this is difficult to realize.

2.5.3. Transverse wave cut side force

In section 2.5.1, it has been shown that the drag force can be calculated by using a transverse wave
cut using momentum conservation in the x-direction. This project aims to determine the side force from
the wave pattern. The first step is to perform the momentum conservation analysis in the y-direction
for a transverse wave cut. The aim is to obtain the side force on a ship. The derivation again starts
with the general (reduced) moment equation, now in the y-direction:

[ﬂ puu-ndS = tdS] g (2.41)
cs cs

First, the left side will be solved. The sides, top, bottom, and in-plane all result in 0 as uu -7 = 0. For
the out-plane, the following result is found:

b2 pCowe |U+@z| U+ s 1 0 b2 plout
My = - (0| dzdy| - |1]| = U - dz d
¢ b/2/hp zy zy ’ z dy : p/bp/h(ﬂb)cbyZy

(2.42)

For the right side of the equation, the top, bottom, in, and out planes are zero, as the pressure force acts
in the x-direction. The SB and PS planes are far enough away to have undisturbed flow. Therefore, the
pressures are equal but in opposite directions. This results in a net zero force from the sides. The force
exerted in the y-direction by the hull is the only component for the right-hand side from Equation 2.41.

5_[]5 tdS = F, (2.43)
cs

In total, this results in:
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b/2 ¢
F, = p/ /7h(U + ¢g) 0y dz dy (2.44)

—b/2

Via this simple equation, it is possible to determine the side force on a ship’s hull when velocities behind
the ship are known. This result corresponds to the result given by Sharma (1964) [24]. However, no
derivation was given. This was the only work found that considered calculating the side force from a
transverse wave cut.



Previous work

In the previous chapter, the basic theory necessary for wave pattern analysis was discussed. In this
chapter, further explanation of the different approaches of wave pattern analysis is presented.

3.1. Havelock

Havelock was among the first to investigate wave resistance by analyzing the wave pattern. In his
paper from 1927 [8], he shows how to obtain wave resistance by examining the flow of energy in the
wave motion. Later in 1934, the method was extended to three-dimensional problems [7]. Again, a
steady potential flow is assumed. He proposes to describe the wave elevation in the far-field as:

(= : f(0)sin (ko sec? § (z cosf + ysinf — ctcosf)) db (3.1)

M)

He assumes that the pattern is symmetric about the x-axis and extends infinitely deep. This results in
the following formula with =’ = z — ¢t:
3
(=2 / £(0) sin (ko' sec 0) cos (koy sin @ sec? §) db (3.2)
0
And:

¢ =2c / ’ () ehozsec® 0 oo (ko sec ) cos (koy sin @ sec? 0) cos 6 df (3.3)
0

With these formulas, he calculates the rate of energy flow at a fixed vertical plate at = constant. The
total flow of energy across this plane is:

10 [ 796\  [06\> (06>
e oo () + (5)+ (3)
This equation is already very similar to Equation 2.39 that has been derived in chapter 2 for the transver-

sal wave cut. The only difference is that this formula has been multiplied by a factor ¢, which represents
the ship speed. This is because it is the rate of energy and not momentum.

1 o0
dy + 5090/ ¢ dy (3.4)

The variable part of the fluid is the pressure. The work done across the plane is:
0 0o 2
pc/ dz/ (8(?) dy (3.5)
oo oo \ O

16
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Filling in these equations with the previous description of the wave height and potential gives the fol-
lowing result for the flow of energy:

z 3
mpcd / [£(0))% [(3 — sin? 0) sin? (koz’ sec @) + (1 + sin? §) cos? (ko' sec 9)]% (3.6)
0 1+ sin“ 0
And for the rate of work:
E 5
2mpc? /0 [£(0)]? sin? (koz' sec e)lcj—ssiiengw& (3.7)

These results are independent of the plane’s position and time. Subtracting the two results gives the
rate at which energy is being propagated. Two vertical planes are considered. One plane is located far
upstream, and the other is located behind the ship. The difference must be equal to the flow of energy
across the vertical planes, which is equal to R,,c. Combining these results in:

™

R, = mpc? / ’ [£(0)]* cos® 0 db (3.8)
0

This formula can also be rewritten in terms of sine and cosine components [18]:

1 fud
Ru = e / " LA(0) + B(0)2] cos® 0 do (3.9)

-3
By integrating over the wave spectrum, the wave resistance can be obtained. This expression shows
that the wave resistance depends quadratically on amplitude and that the phase does not influence the
resistance. The factor cos® § shows that transversal (small #) waves have a much larger influence on

the wave resistance than diverging waves (large 6).

In the same paper from 1934 [7], Havelock derives the expression for finite depth. This results in the
following equation:

1, [ , [ coshkh kh 5
R, = 5Tpe /7 [f(9)] (sinh i kh) cos” 6 df (3.10)

usy
2

In this paper, Havelock presents a method to describe the flow and wave pattern. From this, he shows
how to obtain wave resistance. He doesn’t show how to obtain the wave constants f(#). However, it
can still give physical insight into the wave resistance.

3.2. Wave cut methods

The problem with using the momentum derivation results from chapter 2 is that the velocities of the
entire plane must be known. With an experimental setup, this is very difficult to measure. It is often
only feasible to obtain wave elevation data from measurements. However, with linear wave theory, it is
still possible to obtain these velocities using a Fourier transformation. This section explains the working
of wave cut methods.

The entire wave field can be composed of a sum of singular waves, called the free wave spectrum.
The mathematical representation and corresponding assumptions of these waves can be found in sec-
tion 2.3. Havelock described a formula for determining the wave resistance from this decomposition,
but did not show how to obtain the parameters of the free wave spectrum. A transverse or longitudinal
wave cut method can be used to determine the free wave spectrum. Each method is based on its
momentum derivations previously described (as given in chapter 2).

Eggers proposed a method in 1962 [4] to determine the wave resistance from a wave cut. This paper
was later translated for the International Seminar on Theoretical Wave Resistance [3]. It can also
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be found in state-of-the-art papers from Eggers, Sharma, and Ward (1967) [5] and Eggers (1975) [2].
The following derivations mostly follow Eggers, Sharma, and Ward (1967) [5] and use the same axis
orientation and notation.

3.2.1. Foundation
Before the derivations can be made, some general remarks are needed that lay the foundation for the
transverse and longitudinal wave cut methods.

A steady flow is considered, and infinite water depth is assumed. A right hand Cartesian coordinate
system is used, fixed to the ship. The x-axis is defined pointing upstream, and z points upward. A
non-dimensional form is used for all parameters in this derivation. Length-related quantities will be
normalized by the fundamental wavenumber.

ko = % (3.11)

Wave resistance will be made non-dimensional by:

k2
R, = prﬁ (3.12)

Where R, gives the dimensional wave resistance. Using the dispersion relation, the wave number &
can be expressed as a function of the angle () relative to the x-axis. For deep water, the dispersion
relation gives ¢? = 4. The wave should have the same speed as the model in the x direction, which
gives ¢ = U cos . This gives the (non-dimensional) relation:

k() = sec* 0 (3.13)

The wave numbers in longitudinal (s) and transverse (u) direction can be given as:
s(0) = k(0) cos§ = secd (3.14)
u(f) = k(0)sinf = tanfsect (3.15)

It is also possible to write s as a function of u, using the fact that u? + s> = k? and that k = s2. This
results in:

1+ vV14+4u?

5 (3.16)

s(u) =

From section 2.3, the linear wave elevation can be rewritten as a sum of multiple waves to represent
the entire wave pattern:

((z,y) = % /_OO F(u)sin(sz + uy) + G(u) cos(sx + uy) du (3.17)

Here, F(u) and G(u) are defined as the free wave spectrum and are only dependent on the transverse
wave number wu.

3.2.2. Transverse wave cut method

For a transverse wave cut, the wave elevation should be measured perpendicular to the ship’s motion.
It should be wide enough to capture all momentum flux. Therefore, it should extend outside the Kelvin
wedge. The longitudinal position should not be too close to the hull, as near-field disturbance violates
the linear assumptions of the analysis [22].
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The first step in calculating wave resistance from wave elevation data is to determine the coefficients
from the free wave spectrum. The transverse wave cut aims to obtain the coefficients F' and G from
two or more transverse wave cuts. F' and G are needed for calculating the wave resistance as:

1 e V14 4u?

= —— F 2 21 v =m0
R, Tom 700[ (u)? + G(u)?] 1+mdu

(3.18)

For the transverse wave cut, the wave pattern representation from Equation 3.17 will be written as:

C(z,y) :% /Ooo [F.(u)sin(sz) + Ge(u) cos(sx)] cos(uy) du (3.19)
—|—% 000 [Fo(u) cos(sx) — Go(u) sin(sz)] sin(uy) du (3.20)

Here, the subscripts e and o denote the even and odd parts of F' and G, respectively. For a wave cut
¢(z,y), where 2 = const, the Fourier transform is defined as:

C(u,z) +iS(u,z) = /;00 C(x,y) e™dy (3.21)

Using the Fourier inversion theorem, it can be seen that:

F.(u)sin(sz) + G (u) cos(sx) = 2C (u, x)
F,(u) cos(sz) — Go(u)sin(sz) = 25 (u, z) (3.22)

This is a pair of linear equations with four unknowns. Using two wave cuts (¢(x1,y) and {(z2, y)), makes
it possible to solve for F' and G. The solution is given as:

20 (u, z1) €172 — 2C (u, z2) €521
sin (s(z1 — z2))
—28(u, 1) €¥%2 + 25 (u, z9) '3

sin (s(x1 — x2))

Fe(u) — iGe(u) =

(3.23)
Fy(u) +1Go(u) =

Numerical difficulties can arise when the denominator s(x; —x2) approaches a multiple of . As s varies
from 1 < s < o0, this is almost unavoidable. There are two ways to circumvent this. The first method
is to use wave elevation and wave slope ((,) for the same cut. Using the Fourier transform for both
results in the following formula, where C, and S, are the Fourier constants of the wave slope:

s C(u,z) €' 4+ iCyp(u, z) ¥®
s
s S(u,z) e’ + i8S, (u, z) e'*®

S

iFe(u) + Ge(u) =2 (3.24)

Fo(u) —iGo(u) =2 (3.25)

For experiments, obtaining wave slope data is more difficult. The second method is to use more than
two wave cuts. The system becomes overdetermined and can be solved using a least-squares solution.
Another advantage of this method is that the effect of experimental error is reduced. In experimental
setups, the number of wave cuts is limited by how many wave cuts can be measured. For calculated
wave fields, Raven et al. (1998) [22] showed that using eight wave cuts worked well.

When the coefficients F,, F,, G., and G, have been determined, the wave resistance can be calculated.
Equation 3.18 can be rewritten to:



3.2. Wave cut methods 20

1 [ V14 4u?
w — 5 Fe 2 Fo 2 Ge 2 Go 2 —d
g | (W) Fo(w)® £ Ge(u)® + Go(u)®] T——e=rrdu

This expression can be expanded for discrete values of the transverse wave number « for a wave cut
with a finite width . Forn =0,1,2, ...

(3.26)

uy =0 (3.27)
b
Then the wave resistance formula is given in the following formula:
1 — V1+4u2
szi €n Fe Un, 2+F0 Un 2+Ge Un 2+Go Un ) 3.28
S 2 & [Felun)” 4 Fofun)® & Gelun)” + Colun)) -5 (3.28)

Here, ¢, is Neumann’s factor and is defined as % for n = 0 an 1 otherwise. This factor arises from the
symmetry of the original integral. The full integral for R, runs from —co to oo, which is folded to 0 to co
by exploiting symmetry. The value for n = 0 is half on the positive and half on the negative side of the
bounds. To calculate only the positive contribution, a factor of 1/2 is introduced.

The wave resistance formula can also be rewritten in terms of 6. This results in a formula equivalent to
that shown by Havelock (1934) [7]. A derivation of how this can be rewritten can be found in Appendix B.

Most subsequent research on transverse wave cut methods has been built on this method presented
by Eggers, Sharma, and Ward (1967) [5]. This method has also been used by Mizuno and Wehausen
(1966) [19] where they experimented with using stereophotographs for measuring the wave pattern.

Dependence of parameters

The process is dependent on a couple of parameters. One of these is the number of Fourier coefficients
calculated. This depends on the resolution of the wave elevation data, since it only makes sense to
include as many frequencies as there are data points. Increasing the sample size of the wave cut
should add more wave components, thereby increasing accuracy.

Another parameter is the longitudinal location of the wave cut. Varying this should not matter, as the
boundary of the momentum conservation should not affect the outcome. However, the width of the
wave cut should be adjusted so that the entire wake is contained within the wave cut. For calculated
wave fields, numerical damping can cause the wave resistance calculated by the wave cut method to
decrease when the wave cut is located further behind. Prins and Raven (1998) [22] investigated how
to circumvent this. They found that near-field disturbances from the hull are mostly negligible from 0.3
to 0.5 L,, behind the stern.

The distance between the transverse wave cuts is also a parameter that can be varied in the analysis.
Not much has been found in the literature about this.

3.2.3. Longitudinal wave cut method

This method uses a wave cut parallel to the flow direction. A longitudinal wave cut can easily be
measured in experiments. A fixed probe can be placed in the water and measure the wave elevation
as the ship passes.

The location of the wave cut depends mainly on three factors. The lateral distance, the usable length
of the signal, and the speed or wave number. The first two influence each other in opposite directions.
When the cut is close to the hull, the usable length is large, and the truncation is small. However, when
the cut is too close to the hull, local wave effects have an effect. The location should therefore be as
close as possible to the hull but far enough away so that local effects are reduced. Heimann (2000) [9]
shows that stable results can be expected from y/L,,, ~ 0.2.

There are several publications about longitudinal wave cut (LWC) analysis. The most recent publication
is by Heimann (2005) [10]. In this publication, a longitudinal wave cut is used, along with results from
a panel method. He uses the method to optimize a hull. The longitudinal wave cut method [9] follows
Sharma [23] and Eggers [5]. The method presented here follows Heimann and is applicable to deep



3.2. Wave cut methods 21

water. For more information on obtaining the wave elevation from experiments, Ward (1968) [26] can be
consulted. ITTC guidelines for wave profile measurement (especially for longitudinal wave cut analysis)
are also available [13].

The total wave field can be described as a function of the angle (0).
/2
C(x,y) = / [A(0) cos(sz + uy) — B(0) sin(sx + uy)] db (3.29)
0
It can also be written as a function of the longitudinal wave number £, .

C(x,y) = /1Oo [A(s) cos(sz 4+ uy) — B(s) sin(sx + uy)] fl—i ds (3.30)

Rearranging the terms gives:

Cla,y) = / " I(A(s) cos(uy) + B(s) sin(uy)) cos(s2)

" (3.31)
+ (B(s) cos(uy) — A(s) sin(uy)) sin(sx)]% ds
Now the Fourier transforms can be introduced as:
S(s) = /Oo C(x,y)sin(sz) dx (3.32)
C(s) = /OO ¢(z,y) cos(sx) dx (3.33)

Here, S and C are the sine and cosine components of the Fourier transform. These can be filled in the
following equation to obtain the full wave spectrum:

C(z,y) = 1 /:O [S(s)sin(sz) + C(s) cos(sx)] ds (3.34)

™

The non-dimensional wave resistance can be calculated using the Fourier components:

Ry =+ /1 T [57(s) + €2)]

1 1
7r s

1— — ds (3.35)
S

It is possible to use the separated variables from Equation 3.31 and compare them with Equation 3.34.
With this, a correlation between the components of the free wave spectrum and the Fourier transform
can be found.

S(s) = 7 (B(0) cos(uy) + A(0) sin(uy)) %
. 10 (3.36)
C(s) = w (A(0) cos(uy) — B(0) sin(uy)) o
Rearranging these for A(#) and B(0) gives:
A(9) = % (C(s) cos(uy) + S(s)sin(uy)) %,
) g (3.37)
B(0) = — (S(s) cos(uy) — C(s) sin(uy)) 7

This can be used to calculate the (non-dimensional) wave resistance using the formula from Havelock.

w/2
Ry=m / [A%(0) + B*(0)] cos®(0) do (3.38)
0
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In reality, the wave cut is limited by reflections of the tank wall or limited computer resources. Therefore,
it needs to be truncated at a finite distance downstream. Upstream, this is not necessary because the
wave effects decay fast enough. Far downstream, the wave pattern is largely dominated by transverse
waves. Eggers et al. (1967) [5] suggested compensating for the error using an analytical asymptotic
extension.

€1 COSxT — CoSinw

VC3+x

Coefficients c; 23 are determined by fitting Equation 3.39 to the end of the wave cut signal zg. A
weighted Fourier transform can be used for determining the coefficients for the wave resistance for the
domain zg <z < oo as:

¢~ (3.39)

S'(s) = /jE V(8)2 =1 ¢ (z) sin(sx) do + /OO V(8)2 =1 ¢(x,y) sin(sz) dz (3.40)
C'(s) = /fE V(8)2 =1 ¢ (z) cos(sz) dx + /00 V(s)2 =1 ((x,y)cos(sx) dx (3.41)

This can again be rewritten as components of the free wave spectrum:
A(9) = s (C'(s) cos(uy) — S’(s) sin(uy)) (3.42)
i

S

B(0) (S'(s) cos(uy) + C'(s) sin(uy)) (3.43)

s
In Heimann (2000) [9], he shows that wave pattern analysis from a calculated wave field is an appro-
priate tool because results correspond well with pressure integration. A spectral analysis as a function
of § can be made. The wave spectrum can give more information about the effect of the hull form on
the wave field than pressure integration.

3.3. Spectral analysis

It is also possible to visualize the results of the wave pattern analysis. The integrand of the wave
resistance formula can be plotted as a function of the transverse wave number. This way, the magnitude
of each contribution for different transverse wave numbers can be visualized. It can be helpful to rewrite
u as the wave angle (0). It can be used to determine which wave angle contributes most to the wave
resistance. This can give valuable insight into the cause of the wave resistance. It must be noted that
it is not the amplitude of the wave that is obtained, but rather a degree of contribution to the wave
resistance.

To obtain the wave angle from the transverse wave number (for a TWC), the relation given in Equa-
tion 3.15 between the transverse wave number and the wave angle can be rewritten as:

0(u) = arctan <:|:\/; + % 1+ 4u2> (3.44)

For the transverse wave cut, the wave angle can range from —90° < 6 < 90°. As u ranges from 0
to N, the direction ¢ can be positive or negative. Therefore, the + sign is applicable for this formula.
For more information on this and on how to use it for longitudinal wave cuts, see the work of Heimann
(2005) [10].

3.4. Side force

From the same coefficients of the free wave spectrum, the side force can be calculated. Sharma (1964)
[24] showed, following a similar procedure as Havelock (1934) [7], that the side force can be found as:
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™

=" /_ " 172(6) + ¢2(6)) cos*(0) sin(6) db (3.45)

[SE]

For the transverse wave cut, where f(6) and g(6) consist of an odd and an even part, the formula can
be rewritten as:

Fy=2n / " 1£.(0)£o(6) + 9.(0)90(6)] cos?(0) sin(0) df (3.46)

This expression is written in terms of 6. To use this formula, the coefficients of the free wave spectrum
should be calculated in terms of 6, or the equation should be rewritten in terms of the transverse wave
number wu.

Wave resistance is defined as the energy that flows from the ship to the waves (in longitudinal direction),
divided by the speed at which the ship is sailing. Using the method described, the side force is defined
the same way. It calculates the force acting on a ship due to the energy transfer to the waves in the
transverse direction.

The publication of Sharma (1664) [24] was the only literature that has been found on the calculation of
the side force. In this publication, no testing or validation has been done.

3.5. Comparison of transverse and longitudinal wave cut

Both methods have their advantages and disadvantages. Therefore, a comparison between the trans-
verse and longitudinal wave cut methods will be made.

Starting with the integration bounds of both cuts. The advantage of a transverse wave cut is that
the bounds are finite, as outside the Kelvin angle, the wave elevation quickly decays. To capture all
momentum flux for a longitudinal cut, the cut should be infinite. In practice, this is not possible for
experimental and computational methods. This is solved by using an error term to estimate this effect.
If this term is used improperly, errors in the result can occur. In any case, the surface domain for the
longitudinal wave cut is generally larger to capture most of the wave pattern.

The longitudinal wave cut can be measured more easily than a transverse wave cut. Probes fixed to
a carriage must be used instead of a single stationary probe for the longitudinal wave cut. However,
for calculated wave fields, this is no longer valid, because wave elevation data can be obtained in any
direction.

As wave cut methods are based on a linear model, errors can be introduced when non-linear effects
due to the viscous effects in the wake are measured. The transverse wave cut method uses wave
elevation from this turbulent region. The longitudinal wave cut measures wave elevation outside the
turbulent wake.

A minimum of two wave cuts is necessary for determining wave resistance with a transverse cut. For
longitudinal wave cuts, one is sufficient (for symmetric flows). However, in most cases, multiple wave
cuts will be used to reduce experimental error.

For calculated wave fields, especially with panel methods, the stern wave can be over-predicted. This
error does not affect a longitudinal wave cut as much as it would affect a transverse wave cut.

3.6. Validity of the wave cut method

The wave-cut method is built on a linear wave model, which carries a number of underlying assumptions.
The flow is assumed to be steady, inviscid, incompressible, and irrotational, allowing the use of a
velocity potential. Additionally, the wave amplitude is assumed to be small relative to the wavelength,
such that the free surface boundary conditions can be linearized and applied at z = 0 rather than at
the true free surface z = {. The upper integration bounds in the momentum integrals are also taken to
z = 0 rather than z = (. These simplifications are consistent in both models.



3.7. X-Y method 24

A direct consequence of the assumptions is that the method is not valid in the near-field region close
to the hull. As discussed earlier in this report, the wave field in this region is dominated by nonlinear
effects that linear wave theory cannot capture. Since the wave cut method is built on the assumptions
of the linear wave model, it is equally invalid there. This is why it is required to measure the wave
elevation sufficiently far from the hull for the wave cut, in a region where the flow is well described by
linear wave theory.

The validity of the method also depends on the wave steepness of the generated wave pattern. When
waves become too steep, for instance, at high ship speeds, the small amplitude assumption breaks
down, and the linear model no longer accurately represents the physical wave field. Similarly, phenom-
ena such as wave breaking and spray generation involve strongly nonlinear and viscous processes
that fall entirely outside the scope of the method. Placing the transverse cut at a greater lateral dis-
tance from the hull can help reduce these effects, as the wave pattern has more space to spread and
steepness is reduced, but in some cases, it does not eliminate the issue entirely. Care should be taken
to verify that the wave field at the chosen cut location is consistent with the linearity assumption.

Finally, it is worth noting that a linear panel method is founded on the same set of assumptions as the
linear wave model. Therefore, applying the transverse wave cut method to the results obtained from a
linear panel code is consistent. So, as long as the ship and speed being simulated are reasonable for
simulating with the panel method, the output is a valid input for the wave cut method. This consistency
does not hold in general for CFD, where the flow is not assumed to be irrotational and inviscid, meaning
the wave field may contain effects that fall outside the assumptions of the wave cut method. Results
should be carefully inspected before applying the wave cut methods.

3.7. X-Y method

The 'X-Y’ method is another way to determine wave resistance. It can be seen as a combined trans-
verse and longitudinal method. It uses the horizontal force (X and Y) measurements from a long sta-
tionary cylinder placed in the flow off the tank centerline. This should represent the wave energy flux
out of a control volume around the moving model.

Tank side
L /L /L /L L L L LSS S S S S S LSS S S S S S

Reflected wave

r/r /7777777777777 7777777777777 777777777777

Figure 3.1: X-Y method setup

In Figure 3.1, a drawing of the setup for this method is shown. The cylinder moves across the line B-C
and measures transverse and longitudinal forces. The forces acting on the cylinder are proportional to
the wave height. By integrating the product of X and Y, a measure of energy flux across the line B-C is
given. In the figure, the ship’s path is placed off the centerline to enlarge the possible line B-C before
the wave is reflected off the tank wall. The integral from the longitudinal wave cut will be:

1

// Gy dz dx = = XY dx (3.47)
BC 2 BC

The line A-B 'closes’ the control box so that the reflection of the tank walls does not interfere. In region A-

B, the wave is assumed to be a single component in the direction of the ship. This will be approximated

by:
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L

2 JaB

¢*(x) dy + //AB b2 — b dy dz = %c& (3.48)

Here, (, is the average amplitude, and y is the transverse location of the cut B-C. The expression for
the wave resistance will be:

Ry, = %gg v XYda (3.49)

For all quantities, a non-dimensional representation shall be used. The advantage of this method is
that it is very simple, and it is not necessary to evaluate Fourier transforms. This method works for
symmetric and asymmetric flows, but for asymmetric flows, a cylinder needs to be placed on each side.
The disadvantage is that the X-Y forces on the cylinder need to be calibrated, and that it is less accurate
than previously described methods. The explanation can be found in papers from Eggers ([5] and [2]).
A more complete explanation could be found in Ward (1963) [25].



Methodology

This chapter describes how the transverse wave cut used to obtain the side force is implemented and
tested. First, the implementation of the transverse wave cut is given. After this, the numerical setup is
presented, and the test subjects are given. Finally, validation of the transverse wave cut method will
be presented.

4.1. Transverse wave cut method for determining side force

A transverse wave cut will be used to calculate the side force acting on the body in a uniform flow, and
is chosen over a longitudinal wave cut method, as this is considered more suitable for this purpose.

The transverse wave cut is preferred mainly because it has finite integration boundaries, in contrast to
the longitudinal wave cut. No error term is needed for the extension of the signal. It is expected that the
integral form of the longitudinal wave cut is a subtraction of the momentum of the port side boundary
from the starboard boundary. This was also the case for the wave resistance from a longitudinal wave
cut from the momentum analysis in Appendix A. As the bounds are infinite, it can create difficulties
when the information about the wave pattern is only finite.

The longitudinal wave cut has the advantage that only one wave cut is required, but for asymmetric wave
fields, wave cuts on both sides are needed. Although longitudinal wave cuts are easier to measure, this
advantage disappears for calculated wave fields, as wave elevation can be obtained in any direction.

From the literature, two main methods emerged for calculating the side force from a transverse wave
cut. The first method is to evaluate the integral formula from the momentum conservation. This requires
perturbation velocities obtained from a numerical fluid analysis. The second method is to use a Fourier
transform method, which makes it possible to calculate the side force using only wave elevation data.

For both methods, it is important to use the transverse wave cut with an appropriate width. This is
because the entire wave pattern should be contained in the wave cut. Waves spread outward behind
a moving vessel at the characteristic Kelvin wake angle. The Kelvin angle can be used to calculate the
minimum width required for different longitudinal wave cut locations.

4.1.1. Integral formula

In subsection 2.5.3, an expression for the side force from a transverse cut was derived. This is shown
below and forms the foundation of the Fourier transform method. It is also possible to directly evaluate
it using perturbation velocities obtained from a computational fluid model.

b2 ¢
= 2)by dz d 4.1
F, p/w/hww.m > dy @.1)

This method has been implemented in the panel method based on the Neumann-Kelvin source panel.
In this environment, it is possible to calculate velocities at any point in the field. The double integral is

26
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evaluated using a double Gaussian quadrature method.

Results for this method are not as expected. The results are generally much lower than the pressure
integration results. The direct integration of the wave resistance formula yields results similar to pres-
sure integration. An explanation for why the side force gave incorrect results, while the resistance was
calculated correctly, was not found. Therefore, this method will not be tested further. The results can
be found in Appendix D.

4.1.2. Fourier method

In subsection 3.2.2, it was shown how the coefficients from the free wave spectrum can be calculated.
After this, the coefficient can be used to determine the wave resistance or the side force. The side
force formula that was given in a publication from Sharma [24] was given in the wave angle (6) domain.
Using the relations between the transverse wave number u and the wave angle, it was rewritten in the
u-domain. It is based on a similar transformation of the wave resistance formula from the Fourier trans-
form method, which can be read in Appendix B. By rewriting it, it can be used with the same coefficients
of the free wave spectrum. The transformation of the side force formula is shown in Appendix C. The
result is as follows:

1 © V1 + 4u? 2
[F2(u) + G2 ()] Y2 H 20 du
14+ vV1+4u?\ 1 ++1+4u?

For a transverse wave cut, the coefficients F' and G consist of an odd and even component, noted with
subscripts e and o. Writing out the coefficients gives:

F

Y7 16w o

(4.2)

F%(u) + G*(u) = F2(u) + 2F,(u)F,(u) + F2(u) + G*(u) 4 2G.(u)G,(u) + G*(u) (4.3)

Integrating an odd function over a symmetric domain gives zero as an answer. The factor after the coef-
ficients is an odd function. Therefore, when it is multiplied with the even functions F?(u), F2(u), G%(u)
and G2 (u), it results in zero. For the multiplication of the odd functions 2F, (u)F,(u) and 2G.(u)G,(u),
an even function will be obtained. All this will result in the following formula for the side force.

T uV1 + 4u? 2
y = E 0 [Ge(u)Go(u) + Fe(u)Go(u)] 1+ \/m 1+ \/W du (44)

For a discrete set of transverse wave numbers u,,, the formula can be written as:

14 1 +4u2 \ 14 /1 +4u2 '

Here ¢ is (just as with the resistance) defined as % for n = 0 and 1 otherwise. To obtain the dimensional
side force (Fy,), it should be scaled back to dimensional numbers:

Fy, = 4%) Z €n [Ge(un)Go(un) + Fe(un)Go(un)]
n=0

2
Py =5l (4.6)
0
Now that the force formula has been derived, only the coefficients of the free wave spectrum need to
be determined. This has been done following the paper by Eggers, Sharma, and Ward (1967) [5], and
can be read in subsection 3.2.2. The derivations are based on non-dimensional values. A short, more
specifically tailored version will be given here.

The Fourier coefficients C' and S for each wave cut at z; are determined by using a Simpson integration
technique. Discrete values of the transverse wave number « will be used for each integration. u will
be given as u,, = 5*, forn =0,1,2.... The number of frequencies, n, depends on the grid points.

b2 4
C(tn, ;) + 1S (Un, ;) = / C(zi,y) e ¥dy 4.7)
—b)2
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The longitudinal wave number s(u) is written as a function of v and is given as:

1+ vV14+4u?

5 (4.8)

s(u) =

For each u,,, the following pair of linear equations can be solved to obtain the F' and G coefficients. It
must be noted that this system has four unknowns and two equations. Therefore, at least two wave
cuts are needed to solve the system of equations.

F,(up)sin(sx;) + Ge(uy) cos(sz;) = 2C (up, x;)

4.9
Fy(up,) cos(sx;) — Go(uy) sin(sz;) = 25 (un, x;) (4.9)
Solving this system can be done using a numerical solver, or using these expressions:
Falun) = G, ) = 20t 2 22 o2l
e (4.10)

—25(Un, 1) €572 + 25 (up, T2) €451

sin (s(x1 — x2))

Fo(upn) +1iGo(un) =

For this TWC method, three different parameters can be varied. First, the number of Fourier coefficients
can be changed if more or fewer grid points are available. The longitudinal location of the wave cut can
also be varied. It should be sufficiently far away from the hull to reduce near-field effects. The location
of the wave cut should, in theory, not have an influence on the outcome of the result as long as it is
located sufficiently far away from the hull and the cut is wide enough to capture the full width of the
wave pattern. The distance between the wave cuts is also a parameter that can influence the outcome.
The effect of this needs to be studied.

4.1.3. Matrix method

When more than two wave cut methods are used, the system of equations becomes Equation 4.9
overdetermined. The system can then be written as Equation 4.11. In that case, the system can be
solved using a least squares method. In the literature, this is often referred to as a matrix method.
From Equation 4.10, it can be seen that certain numerical difficulty arises when s(x; — x2) approaches
a multiple of 7. This can be circumvented by using the least squares method. Another advantage is
that it can reduce experimental error.

sin(sxy) cos(sxq) 0 0 2C (tp, x1)
0 0 cos(sxy) —sin(sxy) gE((un)) 25 (up, x1)
elUn _ .
: _ Folu) | = : (4.11)
sin(sz;) cos(sz;) 0 0 Go(un) 2C (un, x;)
0 0 cos(sx;) —sin(sz;) 25 (up, ;)

4.1.4. Spectral analysis

In section 3.3, spectral analysis for the wave resistance is discussed. For the side force, the same
analysis can be done by plotting the integrand of the side force formula as a function of the wave angle.
As seen previously, the integrand is calculated as follows:

1 Upr/1 4+ 4u? 2
= F, n 412
Cy(up) gy €n [Ge(tun)Go(tn) + Fe(un)Go(un)] a1 i ( )

For each u,,, the contribution to the side force can be calculated. When each contribution is multiplied
by du = 7, the total force can be found. It would make more physical sense to use the wave angle
instead of the wave number. Equation 3.44 can be used to transform the wave number to the wave
angle.
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For the resistance force, a similar analysis can be done. In that case, it proved to be a very useful
tool, providing a chart of wave directions that shows the contribution to the wave resistance. This can
be used to help make alterations to a hull design to minimize the resistance. For the side force, the
goal is not always to minimize the force, but rather to calculate it accurately. Results will show if wave
spectrum analysis is a useful tool in this case. In any case, something can be learned by comparing
the wave resistance spectrum with the side force spectrum.

4.2. Test cases
Two different test bodies were tested. The results were validated using pressure integration.

4.2.1. Submerged Spheroid

The first test body is a submerged prolate spheroid. This is considered the simplest case. The shape
can easily be parametrized, and it does not pierce the free surface. The body must be close to the
surface, as otherwise no waves are generated. This reduces the total error that can come from a linear
panel method. When not specified, the Froude number at which it will be tested is 0.5. The main
dimensions and the Froude number are given in Table 4.1. With the spheroid at a depth of 1/8, and
radius of 1/12, a 1/24 m gap exists between the free surface and the body.

Main parameters

L 1 m
Beam 1/6 m
Z (z-translation) | —1/8 | m

Table 4.1: Main parameters of the spheroid

4.2.2. Ecoliner

The next step is to test a surface-piercing hull. A wind-assisted ship is a relevant test case because
side forces are often present under wind-assisted conditions. Therefore, a ship from the Delft Wind
Assist series is used. The Delft Wind Assist series is a set of 60 hulls developed at the TU Delft. These
are based on the design of the Ecoliner by Dykstra Naval Architects [27]. The 138 meter long Ecoliner
parent hull is used for testing. An advantage of this hull is that it has no gondola stern, which makes
meshing easier. The main parameters of the ship can be found in Table 4.2.

Main parameters | Full scale | Model scale (1 : 50)

Lpp 138 2.76 m
Beam 18 0.36 m
Draft 6.5 0.13 m
Displacement 11597 0.09278 m>
LCB 50.13 50.13 %

Table 4.2: Main parameters of the Ecoliner
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Figure 4.1: Ecoliner parent hull [27]

For the CFD-simulation of the Ecoliner, the ship has been tested at 5 = 3°. This is considered a realistic
angle at which the ship will operate. In previous research regarding the Ecoliner [16], three velocities
were considered: Fn =0.128, 0.168, and 0.210. This corresponds to 9, 12, and 15 knots at full scale.
The highest speed was chosen for testing in this study because it would cause higher waves.

4.3. Numerical setup

Numerical calculations must be done to obtain the wave elevation. Both volume-flow methods and
panel methods have been considered. Two numerical methods were available for this project. Firstly,
a panel method is used because it is not as computationally expensive. The Fourier method previously
described is based on linear frictionless waves, while panel methods are also based on frictionless
potential flow; this makes it suitable to work with. After this, results from a volume-flow method will be
used to further test the method. For this, the open-source CFD program OpenFOAM is used.

For both methods, sinkage and trim are not considered, and deep water is assumed. Symmetry planes
can often be used to speed up calculations. For asymmetric flow, this is not possible, so this cannot be
used. The x-axis is defined positive in the direction of travel, the y-axis is defined positive to the port
side, and the z-axis is pointing upwards. This is consistent with the orientation of Eggers, Sharma, and
Ward (1967) [5].

4.3.1. Julia - NeumannKelvin

This panel method is based on Neumann-Kelvin source panels and is written in the programming lan-
guage Julia by Gabe Weymouth. This is a linear method using only source panels on the body. The
Neumann-Kelvin source panels automatically satisfy the free surface boundary condition. Therefore,
no free surface panels are needed. As there are fewer panels (no surface panels), flow properties
can be calculated very fast anywhere in the field using the influence of all of the panels. This makes
it possible to be flexible in the calculation of the wave elevation data and choose the grid points and
spacing. This also makes it possible to compute the perturbation velocities needed to evaluate the
integral equation for the side force.

For surface piercing hulls, the Neumann-Kelvin method is less accurate. This is due to the nature of
the panel. Near the free surface, the panel generates waves with A — 0, while the amplitude remains
constant, creating infinite slope waves. These can not be integrated accurately, and the solution is to
neglect small wavelengths. One of the originators (F. Noblesse) of the Green'’s function of this method
admitted that this is still an open problem. Therefore, a fully submerged spheroid will be used for testing.

The panel method calculates the forces acting on the hull by integrating pressure. This value repre-
sents the wave resistance, since no viscous forces are involved. Therefore, the result of the pressure
integration can be used to verify the wave cut method.
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4.3.2. OpenFoam

OpenFOAM is used to test the TWC method for wave fields obtained by volume methods. OpenFOAM
is a free, open-source CFD software. It is very versatile and can be used for many applications. In
this case, the method InterFOAM is used to account for the air-water surface interface. The turbulent
flow is modeled by solving the Reynolds-Averaged Navier-Stokes (RANS) equations. The ship will be
sailing through undisturbed water, so a steady flow is simulated. No sinkage and trim is considered.

This method also calculates the forces on the hull. The pressure and viscous components are inte-
grated over the hull, and the total force can be obtained from the method. It must be noted that the
pressure force includes viscous pressure effects. The calculated pressure force is therefore not the
same as the wave resistance.

CFD simulations generally take much longer to compute than panel methods. To reduce computation
time, the supercomputer DelftBlue is used to speed up calculations. The TU Delft designs Delftblue for
research purposes.

In most CFD cases, important flow components are close to the hull. For the calculation of forces
by integration, only near-field effects are considered. Also, for propeller wake analysis, flow near the
propeller or close to the hull is of interest. For a transverse wave cut, the interest is more in the far field.
Measures must be taken to ensure that the wave does not damp out more quickly than in reality.

Meshing is an important aspect in every CFD simulation, and it is also important in this case. First, a
simulation will be done using some standard settings for ship hydrodynamics. Results for this will be
shown, and the TWC method will be tested on this result. Most simulations are set up for calculating
near-field forces or visualizing flow near the hull. The wave field behind the ship is usually of less
interest. It will be interesting to see how the TWC method behaves for this case when no adjustments
have been made. A second simulation will be done to determine whether certain adjustments can be
made to better suit the CFD simulation for a TWC analysis. Version 2 will aim to optimize the CFD
parameters to create a result that more accurately describes the wave pattern behind the ship. The
parameters of the two versions will be given in the next sections.

Version 1

The steady-state simulation is solved using the interFoam solver in OpenFOAM. This enables simula-
tion of the interface between two fluids using the PIMPLE algorithm. The LocalEuler time scheme was
used. As for steady-state simulation, this method is considered to efficiently converge to the solution.
The k-w Shear Stress Transport (SST) RAS turbulence model is used. This model has proven to give
accurate predictions for ship hydrodynamics and is the most widely used model in this field [12]. For
the near-wall modeling, a wall function is used. This eliminates the need for very fine refinements near
the wall. The y* value is put at 60.

The ship’s meshing is performed using OpenFOAM’s SnappyHexMesh utility. Hexahedral cells are
mostly used, and a structured mesh is generated. The mesh is aligned with the undisturbed flow, and a
mesh check is performed to filter out poor mesh quality. All this is done to reduce the numerical diffusion
induced by the discretization. In the mesh, different refinement regions are inserted for accuracy in
certain areas:

* Bow

» Stern

» Transom

+ Kelvin wake
» Free Surface

The Ecoliner will be used for the CFD simulations. Figures of the mesh are shown in Figure 4.2. In
the figures, the different refinement regions can clearly be identified. Furthest away from the hull, the
mesh is the largest. This is to ensure that the disturbances dampen out, as larger cell sizes introduce
more wave damping. It is important to mesh the Kelvin angle with a finer cell resolution to ensure
that the wave field is accurately simulated and that numerical damping is minimized. In Figure 4.2b,
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the boundary layer can be seen. It shows that the boundary layer is parallel to the ship and that the
distance between cells gradually increases. In total, the mesh has 1.9 million cells.

Ik N Ny NN

(a) Mesh overview (b) Mesh behind the ship

(c) Mesh refinement on the bow (d) Mesh refinement on the stern

Figure 4.2: Meshing of the Ecoliner version 1

Version 2

Most of the parameters of version 1 have not been changed. The parameters that have been changed
will be discussed here. Each adjustment aims to improve the quality of the wave pattern behind the
ship.

Firstly, the localEuler time scheme replaces the Euler method. Both time schemes are first order. lo-
calEuler uses a pseudo time stepping scheme and is designed to achieve fast convergence for steady
flow cases. The Euler time scheme uses a physically accurate timestep. This method was found to
give more detail (for example, in the turbulent wake area) [14]. Switching to this method will hopefully
help describe the wave pattern more accurately.

The refinement regions have also been changed. The Kelvin angle has been extended, resulting in a
slower decay of the wave pattern. This is helpful for the TWC method, as the longitudinal location of the
TWC can be evaluated at a further distance away from the hull. In version 1, the Kelvin wake refinement
ended at 0.3L,,, behind the hull. This has been elongated to 0.6L,,. Expanding this further caused the
computation to exceed the supercomputer’s maximum allowed runtime. The kelvin refinement region
can be seen in Figure 4.3. A turbulent wake refinement region has been added to better simulate
the area near the ship. This would not have much effect on the wave damping, but would give an
improvement in the generation of the waves. These adjustments increased the number of cells. In
version 1, 1.9 million cells are used; in version 2, 3.8 million cells are used. The Euler time scheme
converged more slowly than the localEuler scheme. Combined with the increase in cells, this increases
the duration of the simulation.
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Figure 4.3: Kelvin wake refinement of version 2

Postprocessing

After the simulation is complete, the results can be viewed in ParaView. For the wave cut method, the
wave field is exported from ParaView and saved as a CSV file. This is read using a Python file. As
wave elevation data is not equally spaced, a 2D-linear interpolation will be used to obtain the wave field
at equally spaced intervals. This also makes it possible to choose the distance between the wave cuts
and the number of wave cuts.

4.4. Validation

The method for obtaining the side force is essentially calculating the force due to the transfer of energy
from the ship to the waves in the transverse direction. For inviscid flow, this force should be similar
to the force obtained from pressure integration. In this section, the previously described method is
validated by comparing it with the pressure integration results from the Neumann-Kelvin panel method.

The submerged spheroid test case is used, as this is the most basic test case. Other test cases may
introduce errors induced by circulation or surface-piercing effects. The main parameters are described
in Table 4.1 and for this case the drift angle 8 = 10°, unless specified otherwise. The resulting wave
field for the submerged spheroid can be seen in Figure 4.4.

For all results, the non-dimensional force coefficient is used for comparison. Here, S denotes the wetted
surface area in the stationary and floating positions.
F;

Ci= m (4.13)
2

Two transverse wave cuts (TWC) are used, so no least squares approximation is used. The Neumann-
Kelvin Julia panel method is used, which allows choosing the spacing between grid points. This also
determines how many wave components are included. When unspecified, 80 wave components are
included. A relatively fine grid is used, consisting of 624 panels. The distance between the wave cuts
is set at 0.2 m.
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Figure 4.4: Wave elevation

4.4.1. Validation of the panel method

The pressure integration from the panel method should be validated before the calculated side force is
compared to the results obtained from pressure integration. For the spheroid under drift, no data has
been found to compare the results and validate the method. However, an analytical solution for the
spheroid with no drift angle is available and was presented by Farell (1973). This result can be used to
validate the pressure integration of the panel method. In Figure 4.5, the wave resistance coefficients
are compared with the pressure integration and TWC results for different Froude numbers.

@ TwC
@ Pressure
Farell's exact solution

15

10

1000 x Cw [-]

O 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8

Fn [-]

Figure 4.5: Wave resistance compared with Farell's exact solution [6]

It can be seen that the pressure integration result corresponds accurately with Farrell’s exact solution.
From this, it can be assumed that the results from this panel method are valid. Secondly, the results
show that the wave resistance calculated by the wave cut method is very close to both solutions. The
TWC method is largely the same for the side force, as the calculation of the Fourier coefficients is the
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same. Therefore, it can be concluded that the calculation of the coefficients is correct.

4.4.2. Longitudinal position of TWC

A first check to confirm the validity of the method is to vary the longitudinal position of the wave cut. As
long as the wave cut is wide enough, this should result in the same force. Only very close to the hull,
non-linear near-field effects can be expected, which can cause errors in a linear model. In Figure 4.6,
the side force for the different x-locations can be seen. The pressure integration result has also been
plotted.

12

10

1000 Cy [-]
o

@ TwWC
Pressure

O 1 1 1 1
-4 -3 -2 -1

Longitudinal location [m]

Figure 4.6: Side force for different longitudinal positions of the TWC

The side force calculated by the TWC is very consistent for different locations. The only difference
is when the location is right behind the hull. At x = —0.5, a small deviation can be seen. This is
probably the case, as near-field effects influence the wave pattern. Here, the wave pattern cannot be
captured with a sum of linear regular waves. Prins and Raven (1998) [22] found that near-field effects
are negligible from 0.3 to 0.5 L,, behind the stern. In this case, the near-field effects are negligible
even closer to the stern.

The pressure integration results are constant, as they do not depend on location. Overall, the results
from the pressure integration are only slightly lower than the transverse wave cut.

4.4.3. Grid convergence

To assess whether the transverse wave cut method converges with more panels, a quick grid-convergence
study can be conducted. In Figure 4.7, the side force calculated by the TWC and pressure integration
for an increasing number of panels can be seen. Note that the x-axis is showing a logarithmic scale.

For increasingly fine grids, it can be seen that both methods converge to the same value. This means
that the TWC is consistent with the side force obtained from pressure integration. As a result of the
longitudinal position of the TWC, it could be seen that the pressure integration was slightly lower than
the TWC method. The differences were most likely caused by using too few panels, as this result
shows that increasing the resolution reduces the difference.
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Figure 4.7: Grid convergence

4.4.4. Number of frequencies

The next test is to determine whether the method converges when more frequencies of u,, = %* are
added. The number of frequencies depends directly on the free surface grid spacing. The number of
grid points can easily be adjusted in the Neumann-Kelvin panel method. It is expected that the side
force converges as the number of frequencies increases. In Figure 4.8, the relation can be seen.

After roughly 60 frequencies, the side force stabilizes. Beyond this, adding more frequencies does not
give notable changes to the side force. Overall, it shows a clear convergence. It converges to a value
that is slightly higher than the pressure integration. Again, the differences are most likely caused by
using too few panels, which was shown in the grid convergence study.
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Figure 4.8: Side force for number of frequencies

4.45. Velocity
Increasing the spheroid’s velocity will change the side force. The result for the wave resistance was
already shown, but for the side force, it can be seen in this section. In Figure 4.9, it can be seen that
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the force corresponds very well to the pressure integration. The plot shows only Froude numbers from
0.3 onward, as no waves are generated below that speed, resulting in no wave forces.
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Figure 4.9: Side force for different Fn
4.4.6. Angle

The final plot for validation shows how the side force varies with different leeway angles 5. The angle
ranges from 0° to —90°. In Figure 4.10, the result can be seen. The side force is expected to be zero
at 5 = 0° and 8 = 90°, because the spheroid is symmetric to the xz-plane. Overall, both methods
correspond really well, even for very large angles.
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Figure 4.10: Side force at different leeway angles

4.4.7. Conclusion

The TWC method was validated with several checks. First, it was shown that the panel method correctly
calculates the force on the Spheroid using Farell’s exact solution. It was demonstrated that the wave
cut is consistent for different longitudinal locations. After this, the grid convergence study showed that
for high panel density, the pressure integration and TWC methods converge to the same value. Next,
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it was confirmed that the method converges when more wave components are added. Finally, it was
shown that both forces are equal across different Froude numbers and drift angles. For the simple
non-surface-piercing spheroid, it can be concluded that the implementation of the TWC is consistent
with pressure integration and is numerically stable.



Results and Discussion

In this section, the results will be displayed and discussed. Results will be generated according to
the methodology. First, some results for the submerged spheroid simulation using the panel method
will be discussed in section 5.1. After this, the results of the Ecoliner simulation in OpenFOAM will be
discussed and presented in section 5.2.

5.1. Submerged Spheroid - Panel Method

In the validation case, results for the submerged spheroid model have been given for different speeds,
panel sizes, angles, and the number of frequencies. However, two variables that are embedded in
the TWC method have not yet been shown. This is because it is not so much a validation case, but
more a result of how the method behaves for different parameters. In this section, some results for the
submerged spheroid are presented.

5.1.1. Wave cuts properties

Up to now, only two wave cuts have been used to obtain the side force on the submerged spheroid.
The distance between the cuts can be changed. Figure 5.1 has been made to see how this changes
the result.

10 F ° ®

1000 Cy [-]
o

@ TwWC
Pressure

O 1 1 1 1
0.5 1.0 1.5 2.0

Distance between TWC's [m]

Figure 5.1: Side force plotted over the distance between the wave cuts

It can be seen that for values lower than 0.3, the results are relatively constant. After this, the results

39
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vary widely. Inconsistencies in the outcome can also be found in other papers. This is because the
denominator of Equation 4.10 tends to zero, leading to peaks when calculating the coefficients. The
literature showed a way to solve this: to solve the system 4.9 using a least-squares approximation with
more than two wave cuts.

Number of wave cuts

The largest error is for a distance of 0.5 m between the wave cuts. Using the flexibility of the Neumann-
Kelvin panel method in Julia once more, it is possible to calculate multiple wave cuts at chosen intervals.
For the worst case (dz = 0.5 m), the influence of using more wave cuts is investigated in Figure 5.2.
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Figure 5.2: Side force plotted over the number of wave cuts

For two wave cuts, the result is the same as in Figure 5.1. After this, the side force converges to the
pressure integration value, indicating that using more wave cuts gives more stable results.

To confirm this, the distance between the wave cuts can be replotted for 8 wave cuts. This number
has been chosen as it is recommended by Prins and Raven (1998) [22]. The result can be seen in
Figure 5.3. The distance between the first and last wave cuts has remained similar, so more wave cuts
are added at equal spacing in between. The figure clearly shows that the results are very stable up to
around 1.7 m. Thus, adding more wave cuts results in a more stable outcome, even for numerically
calculated wave fields, where measurement error plays no role.
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Figure 5.3: Side force plotted over the distance between first and last wave cut for 8 wave cuts

5.1.2. Width of TWC

The width of the transverse wave cut is a parameter that affects the calculation of the side force. First,
the width must be large enough to capture the entire wave field. The wave field is confined within the
Kelvin angle of 19.47°, so the minimum required width follows from the Kelvin angle multiplied by the
distance to the last wave cut. For this case, it results in a width of 1.556 meters.

The width also directly influences the spacing between the discrete transverse wave numbers, since
u, = %*. A larger width reduces the spacing, resulting in a finer discretization of the wave spectrum.
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Figure 5.4: Side force plotted over the width of the TWC

The effect of varying width on the side force is shown in Figure 5.4. For widths below the minimum
criterion, the results deviate significantly from the pressure integration. This is expected, since part
of the wave field is not captured. At the exact minimum width, the results are still not fully converged
because the waves at the Kelvin line are at their peak and have not yet decayed. A slightly larger width
is therefore needed to allow the waves to fully dampen out before the cut is applied.
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From approximately b = 2.5, the side force results are stable and show good agreement with the
pressure integration, indicating sufficient convergence. It seems that the width of the wave cut does
not influence the result much beyond this point. It can be concluded from this point that the spacing
between the transverse wave numbers u,, does not matter much for the result. In this analysis, 80 wave
numbers have been used for the determination of the coefficients. For the highest wave numbers, no
contribution is found anymore, and the side force result is converged. If the spacing decreases too
much, the higher modes fall outside the evaluated range, so more wave numbers would need to be
included.

5.1.3. Wave spectrum

The wave spectrum consists of the contribution to the force for each wave number. The results for
the resistance and the side force are shown in Figure 5.5. The spacing between the points is evenly
spaced as u increases with 7. Here, b is made non-dimensional with the basic wave number £, and
therefore, u is also non-dimensional. The integral of the force component over the wave number is the
total (non-dimensional) force on the hull.

The wave resistance distribution peaks at the lowest wave numbers. Low wave numbers correspond
to transverse waves, i.e., the waves are traveling in the direction of the ship. This means that for this
case, the transverse waves contribute the most to the wave resistance. The side force starts at zero
and peaks at higher wave numbers. It is expected that purely transverse waves don’t contribute to the
side force. Both methods converge to zero for large wave numbers. The resistance force converges
faster than the side force, meaning that the side force needs more wave components to converge.

For the resistance force, the first value at u = 0 is not the largest, whereas a purely transverse wave
(v = 0) is expected to have the largest contribution to the wave resistance. This is a direct consequence
of Neumann'’s factor ¢ = % Without this factor, the first point would indeed be the highest, consistent
with physical expectation.

The Neumann factor is purely a mathematical correction from the discretization of the force integral.
The original integral runs from —oo to co and is folded to 0 to co by symmetry, such that each discrete
mode n > 1 represents a full interval Au = 7 centered around u,,. For the first value n = 0, the mode,
however, sits exactly on the boundary, and therefore only has half an interval on the positive side, giving
it an effective width of 1 Au. The factor ¢y = 1 accounts for this. In the graph, the smaller value should
therefore not be interpreted as a low contribution of the « = 0 wave, but simply that this mode only
represents half of the integration domain compared to the other waves. The same is the case for the
side force integral, but as the contribution of « = 0 is so small, no effect can be seen.
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Figure 5.5: Side force wave spectrum using the transverse wave number u
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By using the relation between the wave angle 6 and the transverse wave number «, a similar figure can
be created, which has more physical sense. In Figure 5.6, the y-axis shows the contribution to the force,
but on the x-axis, the wave number has been changed for the wave angle. It is now possible to see
the contribution of each angle in the decomposed wave field. The wave angle is given in degrees. The
decomposition includes odd and even parts, so the angle for each wave could be negative or positive,
thus propagating in the starboard or port side direction. The spacing between the points is not equal, as
the transformation asymptotically converges to 90 degrees as the wave number increases. Therefore,
the integral is not equal to the total force. Nevertheless, it can provide insight into the origin of the force.
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Figure 5.6: Side force wave spectrum using the wave angle 6

Here, the difference between the two force components is even more apparent. The peak of the wave
resistance force is around 20 degrees, while the side force peak is at 65 degrees.

The spacing does not give ideal visualization for lower wave angles. This could be changed by calculat-
ing the force components for a uniformly distributed set of angles (3) rather than using the transverse
wave number w. It would, however, require changing a large part of the method.

The general Kelvin wake pattern can be seen in Figure 5.7. The general wake consists of transverse
and diverging waves. Right behind the ship, the waves travel in the same direction as the ship (6 = 0).
The wave angle increases further away from the midline. On the boundaries, the value of the transverse
wave reaches a value of 35°. Larger values of ¢ are considered diverging waves. At the Kelvin angle,
the transverse and diverging waves meet with a common angle of 35°.
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Figure 5.7: Kelvin-ship wave pattern (Newman, 2017 [21])

The side force formula from Sharma (1964) [24] was given as:

F, = g [ : [£2(0) + g*(0)] cos®(0) sin(6) db (6.1)

us
2

f and g are parameters defined by the wave pattern. These are then multiplied by the factor cos?(6) sin(#).
This has been plotted, and the result can be seen in Figure 5.8. The peaks correspond to the same
angles of 35°.
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Figure 5.8: cos?(0) sin(6) plotted

In the wave spectrum plot, the largest contribution to the side force is around 65°. This does not corre-
spond to the (strongest) wave angle of 35°, stated previously. It turns out that the largest contribution
to the side force occurs at larger wave angles. As the peak exceeds 35°, it can be concluded that
divergent waves dominate the contribution to the side force.

For the resistance, this is not the case. Most contribution is given by the transverse wave numbers, but
a little contribution is also made by diverging waves. While for the side force, almost all contributions
were only from diverging waves.
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A submerged spheroid has a relatively simple wave spectrum compared with ships. For ships, the
wave pattern is more complex due to their geometry and the surface-piercing effects. For a ship, it can
aid in design and give valuable insights into wave forces.

5.2. Ecoliner - RANSE

The Ecoliner has been tested in the numerical towing tank of OpenFOAM. Two versions of the sim-
ulation will be performed. The first case simulates the flow using the standard settings. The second
iteration has changes to the settings to enhance the result of the wave pattern, aiming to be more
suitable for a TWC analysis.

The vessel has been scaled (1 : 50) and will be tested for a Froude number of F'n = 0.210 and a drift
angle of g = 3°. The velocity and drift angle have been chosen because they are realistic operating
conditions for the vessel. Four wave cuts are used, as it is found that the results are more stable
than two wave cuts. The matrix method is therefore used to obtain a least squares solution to the
overdetermined system. The distance between the cuts is set at 0.05 m, and 300 frequencies are
included in the Fourier transform.

5.2.1. Version 1 simulation

The results of the simulation with no changes will be discussed in this section. The simulation has been
performed as written in the methodology. The wave field can be extracted from the data. The result in
Figure 5.9 shows the wave pattern of the Ecoliner. From the figure, the Kelvin wake refinement region
can be identified. After some distance to the stern, the wave pattern suddenly disappears. Outside the
refinement region, the cell size increases, which causes wave damping.

Figure 5.9: Wave pattern of the Ecoliner from version 1

The TWC method will be applied to the obtained wave pattern. The first sanity check is to verify that
the TWC method returns the same outcome across different longitudinal locations. It is expected that
the result varies very little across the location of the wave cut, which would indicate a successful im-
plementation of the method. Exceptions are close to the hull and outside the Kelvin wake refinement
region. Near the hull, near-field effects are present. Here, some deviations are expected, as the wave
pattern cannot be reconstructed from a superposition of linear waves. Outside the Kelvin wake refine-
ment region, the wave elevation is expected to decay rapidly. This will cause the wave-induced forces
to decay. In the Figure 5.10, the result can be seen.
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Figure 5.10: Force for different longitudinal positions of the TWC

For the wave resistance, the three regions are clearly visible. First, the near-field region can be seen,
showing the largest values for the wave-induced forces. The influence of the hull amplifies the flow
in such a way that the assumptions of the linearized waves do not hold. The waves can be steep,
which breaks the low steepness assumption, and the flow can be rotational. The quadratic terms in the
derivations and the boundary conditions can therefore not be omitted.

This near-field region decays rapidly, and the wave resistance stabilizes slightly. Here, the wave pattern
should be valid to apply the TWC, as itis inside the refinement region and outside the near-field affected
area. For this simulation, this region is only 0.3 meters long. Further back outside the area, the fine
grid region ends, and the wave resistance decays rapidly to zero. The side force also shows the same
three regions. The big difference is that the force values are much lower than the resistance force. This
is to be expected, as the ship has a small drift angle.

Extending the wake refinement region

The region where the forces can, in theory, be calculated correctly is very much dependent on the
length of the Kelvin wake refinement. In this simulation, this region is very short, and a part cannot be
used due to near-field effects. It is difficult to draw conclusions from this. To enlarge this region, the
same simulation was run, except that the Kelvin wake refinement was extended to 0.6L,,,. This should
increase the suitable region by 0.83 m. The expansion of the wave cut has increased the number of
cells to 2.1 million. The result of the TWC result can be seen in Figure 5.11.
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Figure 5.11: Force for different longitudinal positions of the TWC

The results are quite similar to the previous version, except that the valid region where the TWC can
be evaluated is larger. The forces show slower decay for a longer distance behind the hull. The extra
length of the refinement region makes it possible to estimate the decay rate of the wave resistance. It
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is expected that the wave resistance decays exponentially. An exponential curve is fitted to the data,
and from this, the decay per wave length can be calculated. The curve will be fitted in the region where
the wave cut method is considered valid, excluding the near-field effects and inside the fine mesh area.
It is difficult to find the exact boundary where the near-field effects end. From the literature, it has been
found that near-field effects are observed up to 0.3L,, — 0.5L,, [22]. The refined Kelvin wake has the
length of 0.6L,,,, so it has been chosen to consider the near field effects reduced from 0.3L,,. The
curve will be fitted from 0.3L,,, till 0.6L,,. From the curve, it is possible to calculate the decay per
fundamental wavelength \ = i—:

The fitted exponent can be seen in Figure 5.12. It has been zoomed in on the region of interest, omitting
the near-field affected region. The region between has been marked with the red lines, and the number
of wave cuts and the distance between the wave cuts have been taken into account, so that when the
calculations are made, all wave cuts fall within this region. The y-axis has been showing a log scale,
so that it is possible to view the x and y forces in the same plot and compare them directly. On a log
scale, exponential decay appears as a linear slope.

Both the wave resistance and side force decay in an oscillatory manner. Both follow roughly the same
path, but the wave resistance is 10 times larger. The wave resistance decays with a rate of 51.7 % per
wave. The rate is similar for the side force, as this force decays with 48.0 %. This is expected, as both
of the wave-induced forces scale with the wave elevation squared, F,, o (2.
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Figure 5.12: Exponential fit for the decay of the wave forces

The decay for the wave-induced forces is very large for this CFD simulation. A real wave pattern would
show some decay due to the friction in the water. However, this is usually very low and would not cause
it to dampen out more than 50 % in a single wave. It is likely that only the stern wave has a contribution,
as the bow wave has damped out almost completely.

It can be concluded that the wave pattern behind the ship is not accurately represented by the CFD
simulation. The effect of numerical damping is large and unrealistic. In this case, the TWC method
was not really used to calculate the wave resistance due to the errors in the simulation. However, it still
gave insight into the effect of the mesh and the quality of the simulation.

5.2.2. Version 2 simulation
A second iteration of the simulation has been conducted to improve the wave pattern behind the hull.
This method uses the Euler time scheme instead of the localEuler time scheme. For the first simulation,
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this is the only difference. After the result has been reviewed, different refinement levels for the Kelvin
wake region are tested. The duration of the simulation was much longer. Version 1 took about 2 hours
for the full simulation, while this version took about 18 hours. It is expected that this will result in a more

accurate wake simulation.

Evaluation of TWC-location
The resulting wave field from the second iteration can be seen in Figure 5.13. The wave field shows

more color than the first simulation, especially near the boundary for the Kelvin angle, meaning that the
wave shows less decay.

Figure 5.13: Wave pattern of the Ecoliner from version 2

The same plot as shown in Figure 5.12 can be made for this simulation, to check if the damping is
indeed less than the first version. Again, an exponential fit has been fitted to the two forces, and the
decay rate per wave has been calculated. The result can be seen in Figure 5.14.
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Figure 5.14: Exponential fit for the decay of the wave forces

The forces show similar behavior. It can be seen that the slope of the decay is less steep, and this is
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confirmed by the calculated decay rate. The decay for the resistance and side force are respectively,
32.9 % and 27.6 %. The biggest difference is that both forces are overall almost ten times larger than
in the previous version. The wave pattern consists of contributions from the stern and the bow of the
vessel. The stern wave travels only a short distance to reach the measurement location and is therefore
less affected by numerical damping. The bow waves travel a considerably longer distance along the
hull before reaching the TWC location. This would make the bow wave more susceptible to numerical
damping. It is likely that the representation of the bow wave has had the biggest improvement with this
simulation, which would explain the significant increase in the predicted forces.

It is interesting to see that changing the time scheme leads to a significant improvement in the quality
of the simulation. It turns out that for far-field effects, the localEuler time scheme is not the appropriate
method.

Mesh refinement effects

For version 2, different refinement regions have been simulated. By varying the mesh of the Kelvin
wake refinement region, it can be investigated how large the effect on wave damping is. The results
shown have a refinement value of 5. Two additional simulations will be performed with refinement
values of 4 and 6. An increase or decrease of 1 level will result in a cell size that is twice as large
or small as the original mesh size. For the simulation with refinement level 6, it was not possible to
expand the mesh refinement region to 0.6L,,. The number of cells turned out to be too large because
the supercomputer’s runtime limit was exceeded. Therefore, the end of the refinement region was
set to 0.5L,,. This reduced the number of cells just enough to run the simulation. The result of the
simulation for the different refinement regions can be seen in Figure 5.15.

Overall, the wave resistance increases with higher refinement. The distance between the refinement
levels 5 and 6 is still quite big. The decay level decreases with each refinement level, consistent with
expectations. The highest refinement level shows a 3.3% decay. This is already quite low. However,
as the distance between refinement levels remains significant, it cannot be concluded that the results
are near convergence.

The length of the near field region (the peak near the ship) stays the same for different refinement
regions. This suggests that the boundary could be moved slightly toward the ship to enlarge the valid
region. The wave resistance shows a less oscillatory behavior at higher refinement levels, which would
also indicate a more accurately simulated wave field.

For the side force, the oscillatory behavior is larger for a higher refinement. The highest refinement
shows a negative decay rate, suggesting that the wave elevation increases. For this refinement, the
region is up to 0.5L,, = 1.38 m. Therefore, the valid region for the exponential curve fitting is rather
small. The force has an oscillatory behavior, and the region contains only half a wavelength, which
causes inaccuracies in the result of the decay. Shifting the near-field boundary more to the stern would
reduce the error. The other mesh refinement plots also produce ambiguous fitting results. The lowest
mesh shows results below zero and shows a slow decay of 4.4%, while the highest decay rate would
be expected. The results from the fitting process can not be deemed reliable due to the wavy and
unexpected decay rate.
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Figure 5.15: Exponential fit for the decay of the wave forces

The wave resistance yields results more in line with expectations, whereas the side force shows oscil-
lations and a negative value. To further investigate the cause of this, some information can be taken
from the previous wave spectrum analysis. From this, it was found that wave resistance is primarily
caused by transverse waves. For the side force, diverging waves are dominant. For the submerged
spheroid, the dominant waves were at around 65°. It is possible to write the wavelength as a function
of the wave angle relative to the ship:

B 212

AO) =—

cos?() (5.2)

This relation shows that the wavelength is smaller for diverging waves. A finer mesh is required to
accurately describe waves with a shorter wavelength. For the submerged spheroid, waves with an
angle of 65° showed the most contribution to the side force. A quick calculation can give the wavelength
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relative to the wavelength of purely transverse waves. cos? (65°) ~ 0.18, therefore, the wavelength is
only about 18% to that of purely transverse waves. To maintain the same resolution for the diverging
waves, the mesh should be increased by a similar factor. In practice, this would require an additional
level of refinement, which is not feasible within the current computational constraints. This could be
one of the reasons why the side force shows a highly oscillatory result for the highest grid refinement.

The mesh of the simulation is mostly built with hexahedral cells, aligned with the undisturbed flow direc-
tion. From the literature, it was found that the mesh should be aligned with the flow to reduce numerical
damping. For transverse waves, contributing to the resistance force, the cells in the simulation are in
line with the flow direction. For diverging waves, contributing the most to the side force, the cells are not
aligned with the direction of the flow. This causes the waves to cross cell faces diagonally, increasing
the numerical dissipation.

The wave resistance is calculated from the total wave energy in the transverse wave cut. Each individ-
ual wave’s contribution has a positive effect on the force, regardless of direction or magnitude. The side
force, however, depends on the difference between the waves traveling port and the waves traveling to
the starboard. For small drift angles, the magnitude of these contributions can be close to each other.
The side force is essentially the (small) difference between the contributions. Therefore, small errors
in the wave elevation can have a large effect on the computed side force. This would be the reason
that computing the side force is, in essence, more sensitive to errors than the wave resistance.

These three factors combined can explain why the wave resistance is predicted more reliably than
the side force. The transverse waves dominating the wave resistance have a longer wavelength, are
better resolved on the current mesh, and propagate in line with the cell alignment. The diverging waves
dominating the side force are shorter, cross the mesh diagonally, and their contribution depends on the
small difference between port and starboard components, making it more sensitive to numerical errors.

Wave investigation

To investigate further into these results, a step back can be taken, and the wave pattern can be inves-
tigated. For this, two wave cuts have been made, and the results have been plotted. Both cuts can be
seen in Figure 5.16. The first wave cut is along the x-axis. With this, the wave elevation right behind
the ship can be seen. The second cut follows the Kelvin angle, starting at the bow wave. This shows
the wave propagation over a much longer domain.

Figure 5.16: Wave cut location

In Figure 5.17a, the wave elevation along the x-axis right behind the ship can be seen. The highest
peak is located near the stern, where the hull ends and the stern wave is generated. After this peak,
the wave elevation decreases as the wave propagates downstream. This peak explains why the wave-
induced forces show higher values in the near-field region close to the stern. The wave elevation is very
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similar for the three different refinement regions. The similarity between refinement levels suggests that
this region is less sensitive to mesh resolution.
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Figure 5.17: Wave cuts for different refinement levels

The wave elevation along the Kelvin angle is shown in Figure 5.17b. A peak can be seen at the bow
wave, where the wave elevation rises sharply. Moving away from the bow, the wave elevation decays
at a rate that is strongly dependent on the mesh refinement level. At the lowest refinement level, the
wave has almost completely damped out before reaching the wave cut evaluation location. At the
highest refinement level, the wave amplitude is preserved significantly better over the same distance,
demonstrating that the mesh can resolve and propagate the wave with much less numerical diffusion.
This clearly shows the strong influence of mesh refinement on numerical wave damping.

The Kelvin wave cut is much more affected by numerical damping than the longitudinal cut behind the
stern. At the lowest refinement level, the wave has almost fully damped out before reaching the TWC
measurement location. The stern wave is much less affected by the refinement level. The reason for
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this is most likely because the wave has to travel less far to reach the TWC. The wave passes through
fewer cells, and since each cell contributes a small amount of numerical diffusion, the cumulative effect
is much smaller over this shorter distance.

To make a quantitative analysis of the decay of the wave, again, an exponential function can be fitted to
the wave pattern. The wave is approximated by a sine function with an exponential decay. A function
can be written as:

f(x) = ae™ " sin (wx + ¢) (5.3)

The analytical function was fitted to the wave pattern in the refined mesh region, excluding the area
close to the bow where strong nonlinear effects may introduce inconsistencies. Through this fitting
procedure, the coefficients of the function were determined. Using the exponential decay coefficient (b)
and the angular frequency (w), the decay rate per wavelength can be evaluated as:

Decay per wavelength =1 — oWt (5.4)

In Figure 5.18, the fitted function is plotted over the Kelvin angle wave. It can be seen that the curve
follows the wave accurately. The bounds of the fitting process can also be seen. The fit begins on
the second wave after the bow wave peak, and ends when the fine mesh ends. Here, the result for
the simulation with refinement level 5 is shown. A similar analysis has been performed for the other
refinement levels. These results of the decay rate per wavelength can be seen in Table 5.1. The fitting
process for the longitudinal wave behind the stern was not performed because it proved unreliable due
to the very short domain.
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Figure 5.18: Function fitted to the Kelvin wave

Refinement level | Decay wave per wave length [7%] | Decay of TWC per wave length [%]
4 57.0 64.0

5 23.5 32.9

6 75 3.3

Table 5.1: Decay for different refinement levels

The results show a strong reduction in decay rate with increasing refinement level, dropping from 57.0%
per wavelength at refinement level 4 to 7.5% at refinement level 6. This confirms that mesh refinement
has a significant effect on numerical wave damping.
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The third column shows the corresponding decay rates obtained from the wave resistance calculated
by the transverse wave cut method. These differences in the decay rate may be attributed to the fact
that the two methods measure different aspects of the wave field. The Kelvin cut follows the wave
along a specific angle, while the transverse wave cut integrates the full wave pattern across the entire
wave field.

5.2.3. Assessment of simulation quality

In this study, the TWC method could not be used reliably to calculate the wave forces due to the poor
quality of the CFD simulation. It was found that the mesh refinement in the Kelvin wake should be very
fine and should be enlarged for the TWC method. Outside the refinement region and close to the hull
are areas where the TWC method is not valid. Increasing mesh refinement improved the quality of the
simulation.

While the TWC method did not give the intended results, it still provided valuable insight into the effect
of mesh resolution and the quality of the simulated wave pattern. By extracting the decay rate from the
transverse wave cut, the method was used to quantitatively assess numerical dissipation in the CFD
method. The method can therefore serve a dual purpose. Beyond its intended use as a wave-induced
force calculation method, it can also be used as a diagnostic tool to assess the quality of the simulation.



Conclusion

In this research, the goal was to answer the main research question:

To what extent can side forces acting on a ship be accurately determined from a calculated wave
field using the transverse wave cut method?

The main question has been split into sub-questions to help answer it. They will be answered based
on the simulation results. After this, the main question will be answered.

6.1. Fourier transform
How can a Fourier transform of the transverse wave cut be used to obtain the side force?

The side force approach follows the same procedure as used for the calculation of wave resistance.
The only difference is in the final formulation of the force. The formula for the side force was given by
Sharma [24]. However, this approach has not been tested before, thereby defining the research gap.
To be consistent with the wave resistance method, the equation was rewritten from the angular domain
(0) to the transverse wave number domain (u). Once this transformation was performed, the same
Fourier coefficients could be used. As a result, most of the methodology remains unchanged, as only
the final force expression differs. When using wave pattern analysis from a TWC, the wave-induced
side force can be directly obtained with no extra effort.

6.2. Varying conditions

How does the side force obtained from the transverse wave cut method compare to that obtained from
pressure integration under varying location, angle, speed, and grid size?

For the simple case of a submerged spheroid simulated with a panel method, the results are close
to the results from the validated pressure integration. For different yaw angles and speeds, the wave
cut method produced results that were almost similar. For different longitudinal wave cut locations,
the results remain constant and correspond with pressure integration. Only very close to the hull, an
expected deviation was noticed, caused by near-field effects. A grid resolution study also showed that
the wave pattern converges to the same value as the pressure integration. All these results demonstrate
that the method is valid.

6.3. Wave spectrum analysis

What insights can wave spectrum analysis provide for side forces?

Wave spectrum analysis uses the same coefficients as the transverse wave cut formulation, so it does
not add computational time. For each transverse wave number, the contribution to the relevant force

can be examined. Even more insight can be gained by converting the wave number to the wave angle.
Now the contribution to the wave force can be visualized for different wave angles, giving insight into
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the causes of wave-induced forces.

For wave resistance, the analysis showed that the main contribution comes from transverse waves,
while diverging waves contribute little. In contrast, only diverging waves contribute to the side force.
The largest contribution occurs at approximately 65 degrees, which is higher than the angle at which
transverse and diverging waves intersect along the Kelvin wake pattern.

6.4. CFD simulations
To what extent can the transverse wave cut method be used in CFD simulations?

The quality of the wave pattern simulation depends on the mesh size. Wave damping increases for
coarser meshes, leading to a faster decay of the wave field. From transverse wave cuts performed
at different longitudinal evaluation locations, it was shown that the calculated force is not constant
for the CFD OpenFOAM simulations. An exponential fit was applied to determine the decay rate per
wavelength. It was shown that the decay rate was reduced by using the Euler time integration scheme
and refining the Kelvin wake region. Although this increased the wave forces, a converging pattern
was not yet recognized for the different mesh refinements.

The results for the wave resistance are stable, in line with the expectations, while the side force showed
more oscillating behavior, with less accurate results for the decay rate. The side force is more sensi-
tive to numerical errors than the wave resistance due to the shorter wavelength of diverging waves,
their diagonal propagation relative to the mesh, and the fact that the side force depends on the small
difference between port and starboard wave contributions.

The TWC method did not provide the intended force results. However, it still provided insight into the
effect of mesh resolution on the quality of the simulation of the wave pattern. Using the decay rate
from the TWC method, a quantitative assessment of the numerical damping of the CFD method can
be made. The method can serve a second purpose: evaluating the quality of the CFD simulation.

6.5. Main question

To what extent can side forces acting on a ship be accurately determined from a calculated wave field
using the transverse wave cut method?

The transverse wave cut method can provide accurate estimates of wave-induced side forces from a
calculated wave field. It shows good agreement with pressure integration when the wave pattern is
accurately simulated by a panel method, but its accuracy is limited by mesh resolution and numerical
dissipation in CFD simulations.



Recommendations

From the results of this research, the following recommendation can be made for further research:

Shallow water effects: Infinite depth was assumed for all derivations and calculations in this
research. For deep water, the single wave potential is scaled with e** for the depth z. If finite
depth is assumed, this factor changes to %w where h is the water depth. This changes
the final formula, which calculates the force from the Fourier coefficients. For wave resistance,
it has been shown that the force can be calculated from wave pattern analysis in shallow water.
It is expected that it is also feasible for predicting the side force. Shallow water effects are, for
example, relevant for ships operating in harbors. In these locations, ships often need to make
maneuvers, causing the ships to operate at a drift angle. This induces a side force, which can be
estimated using a transverse wave cut.

Circulation: In some cases, lift is generated due to circulation. For a ship, this effect is generally
quite low, but for a foil, this effect can be large. A lifting body (such as a foil) generates a vortex
system. This contributes to the total pressure field and the wave elevation. The deformation
caused by circulation effects may have a different character from that which the TWC method
is designed to capture. The effect of this could be investigated further in research by testing a
surface-piercing foil.

CFD package: For this thesis, only OpenFOAM was available for CFD simulations. However, the
results did not accurately describe the wave pattern. Excessive wave damping caused the TWC
results to be incorrect. It would be worthwhile to investigate whether the results from industry-level
CFD packages are more accurate and if they enable the use of the TWC method to determine
the wave-induced forces.

Experimental results: The TWC method could also be used for experimental results. When
wave pattern analysis was first introduced, it was intended for wave fields obtained from experi-
ments. Special attention is needed for measuring the wave elevation, which can be done using
optical methods or with wave probes. This influences the number of data points, which in turn
affects the number of Fourier coefficients. Each approach also introduces its own measurement
errors. Additionally, reflection of the waves on the tank walls should also be taken into consider-
ation, as this affects the placement of the TWC. It will be interesting to see whether the method
correctly calculates the wave-induced forces for towing tank results.

Longitudinal wave cut method: For the experiments, it might also be worth investigating the
longitudinal wave cut method, because wave elevation data can be measured more easily for a
longitudinal wave cut (LWC) than the TWC. A fixed probe can be placed in the water, measuring
the wave elevation as the ship passes by. For the side force, at least one measurement is required
on each side of the hull, since the side force is effectively obtained from the difference between
the wave pattern to port and starboard. The wave pattern aft of the ship decays very slowly, so
an asymptotic extension must be fitted to the end of the signal. In practice, finite measurement
boundaries may pose challenges to accurately capture the side force.

57



58

» 0 equally spaced: Interesting results were obtained from the wave spectrum plots. For differ-
ent wave angles (), it was possible to see the contribution to the total wave force. The angle
was obtained from the transverse wavenumber, which caused the wave angles to be unequally
spaced. This resulted in low resolution at low wave angles and very high resolution at high wave
angles. In this report, the transverse wave number (u) was uniformly spaced, and with that, the
Fourier coefficients were calculated. Future research could calculate the Fourier coefficients with
uniformly spaced wave angles. The effect on the calculation of the forces is unknown, but for the
wave spectrum, it could increase resolution at lower wave angles.

Integral form result of TWC: The TWC method originates from an integral equation over the
plane behind the ship. The results for the wave resistance were consistent with the pressure
integration results. For the side force, the results turned out to be different than the pressure
integration. It has not been found out why this is the case. Future research could investigate this
error.

» Surface piercing ship in panel method: The submerged spheroid was the only test case for the
panel method in this research. This was chosen because an analytical solution exists for this case,
which could be used for direct validation. Another reason was that the Neumann-Kelvin panel
method was not suited for accurately simulating surface-piercing bodies. A logical next step is to
simulate a surface-piercing hull using an appropriate panel method, such as a non-linear Rankine-
based panel method. The pressure integration method is expected to be less accurate than for
the submerged spheroid case, since the pressure distribution near the free surface intersection
is more sensitive to the panel distribution. For the submerged spheroid, the convergence rate of
the TWC method and pressure integration was similar. For a surface-piercing body, however, the
TWC method is expected to converge more quickly. It will therefore be worthwhile to investigate
whether the method is applicable to surface-piercing hulls, since it was originally developed for
ships.

+ Extend method to also calculate moments: In this study, the TWC method was extended
to calculate both resistance and side force. It would be worth investigating whether it is also
possible to calculate the moments acting on the ship from the far-field wave pattern analysis. For
this, an angular momentum analysis must be performed. If successful, this would further extend
the capability of the transverse wave cut method beyond forces alone.

» Added resistance: For this analysis, only ships sailing in undisturbed water were considered. In
reality, ships sail in waves, which introduces additional forces on the ship. A calm water resistance
prediction is therefore only part of the total resistance under realistic conditions. Extending the
analysis of the TWC method to include incoming waves could be the next step. The incoming
wave pattern must be known, and the simulation will become unsteady. The incoming wave
pattern reflects off the ship, and the reflection causes a mean force. The extra force due to
the waves is known as added resistance. For stationary structures, these forces are called the
second-order drift forces. Even though the waves are oscillatory, a non-zero time-averaged force
is present.

Pressure integration calculates this effect on the hull by also integrating the second-order terms
of the Bernoulli equation up to the water surface. For the wave cut method, it is not as straightfor-
ward. The wave gets reflected, and that reflection causes a force. To capture this, the undisturbed
incoming wave field must be filtered out from the total wave pattern, leaving only the ship-induced
modification. What remains contains the momentum flux corresponding to the wave forces.

Since the second-order forces scale with F'(?) « (2, they are usually small and require accurate
wave elevation predictions to extract reliably. Combined with the higher computational cost of
unsteady simulations, this is left as a recommendation for future work.
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Longitudinal wave cut

In subsection 2.5.1, a transverse wave cut formula has been derived from a momentum analysis. This
can also be done using a longitudinal wave cut, following the same pattern. For this case, the control
volume block will be chosen so that momentum flux is only present at the side boundaries at starboard
and port side. For this case, the sides are infinitely long in x-direction so that the wave pattern exits via
the sides and not via the back plane. A schematic drawing can be seen in Figure A.1.

PS —
Upg = (U+u, v, w) (O,'l,O) y
Uw=U,00 T u;, = (U, 0, 0)
Out | T In
@G, T (-1,0,0)
b
Figure A.1: Control volume for a longitudinal wave cut
Again the derivation starts with the (reduced) momentum equation for a fluid:
# puu-ndS = tdS (A1)
cs cs

Start with calculating the left side of the equation for each plane. The top and bottom plane results in
zero, the momentum flux in the in and out-plane is given by:

b/2 0 -1 1
My, = / p | 0| dzdy|-|0| =—pU?-b-h (A.2)
—b/2J—h 0 0

61

Ul |U
0 0
0 0




62

b/2 0 Ul (U 1 1
Myt = / 0|0 0| dzdy| - 0| =pU%-b-h (A.3)
—b/2J=h 10| |0 0 0

These sum up to zero. For the SB, the momentum flux can be calculated as:

CsB U—|—u U+ u 0 1 (sB
Mgp = / / v - |1| dzdy]| - |0 —p/ / (U 4 usp)vspdzdr (A.4)
w 0 0

Following the same steps for the PS plane, it results in:
Cps
Mps——p/ / (U + upg)vps dzdx (A.5)

Now the right side of Equation A.1 can be derived. The SB, PS, top and bottom plane have no contri-
bution on the control volume, as 7 - & = 0. The contribution of the in and out plane are:

oo 0

F;, = / / Pin - Ndzdx (A.6)
—oo J —h
o) 0

Fout = / / DPout - ndzdx (A7)
—oo J —h

DPin = Pout, SO this results in a net contribution of zero. The only contribution is the force from the hull
(R.). Equation A.1 can now be filled in. This results in the following expression for the wave resistance.

Cps (sB
/ / (U+ upg)vpsdzdr — p / / (U + usp)vsp dzdx (A.8)

(sB

Cps
—p/ Uvps + upsvpgdzdr — p / Uvsp + uspvsp dz dx (A.9)
—ooJ—h —oo J —h

Conservation of mass gives:

00 Cps 00 (sB
p/ / vpsdzdx—p/ / vgpdzdr =0 (A.10)
—oo J —h —oo J —h
Substituting this in Equation A.8 gives:
o Cps o0 (sB
R, :p/ / uPsvpsdzdxfp/ / uspvsp dz dx (A.11)
—oo J —h —o0 J —h

This expression is valid for asymmetric flows. In that case, a longitudinal wave cut on each side of
the ship is needed. When the flow is symmetric, the result reduces to Equation A.12. In this case
usp = upg and vgg = —vpg and only one wave cut is needed.

oo ¢
Ry, = 2p/ / uv dz dx (A.12)
—oo J —h




Transformation of the wave
resistance formula

This appendix will show that the wave resistance formula from the transverse wave cut of Equation 3.18
is similar to the one Havelock presented [7]. Therefore, the wave resistance formula should be rewritten
from the transverse wave number (u) domain to the 8 domain. As shown, the wave resistance formula
presented by Eggers et al. [5] is given as:

1, ) VIt a2
R, = Tor | [F (u) + G (u)] T iis i du (B.1)
Using u = tan(f) sec(f), gives:
du 1+ sm2(0)
a0 " cos?(0) (82)
1+ 51112((9)
du = oo (0) do (B.3)

We can use this to convert du to d¢. For converting G(u) and F(u) to the # domain, the following relation
can be used.

47 cos®(0)
HTDQ(H)[ 9(0) +if(0)] (B.4)
(

1672 cos®(6)
(1 + sin?(6))2

G(u) +iF(u) =

G*(u) + F*(u) = [9%(0) + f2(0)] (B.5)

Now only ﬁ% is left in the integral. A different way or writing v is u = 5“12((99 Substituting this in
V1 + 4u? gives:
cos*(0) + 4sin*(0
TR @ Y © )
cos4 6) cos?(6
Using the Pythagorean identity cos?(f) = 1 — sin?(#) and simplifying gives the following:
1 + sin?
m _ + sin“(6) (B.7)
cos(6)
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Inserting this in 4 gjves:

1+vV1+4u?

VI+4u2  1+sin®(0) (B.8)

1+ V1 +4u? 2 '
Now that all parts of the integral have been sorted, it can be substituted in Equation B.1.
1 [> 1672 cos®(A) 1+ sin?(8) 1 + sin(6)

Ry =— 20 2(p de B.9

16w 700[9 (6)+ 7 0) (1 + sin?(6))2 2 cos3(6) (8.9)

_ g/ [52(0) + f2(0)] cos®(6) db (B.10)

2

This result is indeed the same as the result Havelock obtained. Only difference is in the scaling, as this
expression is non-dimensional. This shows the equivalence between the angular and transverse wave
number formulations of the wave resistance.



Rewrite Side force formula

=" /_ [92(0) + 12(8)] cos?(0) sin(6) 6 (C.1)
Using u = tan(f) sec(f), gives:
cos®(0)
o = =2, (C2)
1+ sin“(9)

From Eggers et al. (1967)[5], the following relation can be found.

_ drcos(0)
1 +sin?(0)
(1 +sin(0))?

g*(0) + f2(0) = W[GQ(U) + F?(u)] (C4)

G(u) +iF (u) [9(0) +if(0)] (C.3)

Substituting this in Equation C.1, gives:

e (1 + sin?(0))? , cos®(0)
Fy, = 3 /g (G2 (u) + Fz(u)]m cos?() Sm(e)l—i—TnQ(Q) du (C.5)
- jo (G2 (w) + F2(u))(1 + sin(0)) tan(0) du (C6)

In Appendix B, the following relation between « and 6 was derived, which can be used again.

VI+4u2  1+sin’(0)

= C.7
1+ V1+4u? 2 (©7)
Rewriting gives:
V1 + 4u?
1 + sin?(#)) tan(f) = 2————— tan(f C.8
(1+5in(0)) tan(9) = 2= s tan(0) (c8)
u = tan(f) sec(f) and s = sec() can be used to remove tan (#) from the right side from the equation.
g — tan(0) (C.9)
And using the relation between v and s:
14+ V1 + 4u?
s(u) = % (C.10)
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(1 + sin(6)) tan(6) then becomes:

9 V1 + 442 2
u
1+vV1+4u?2\ 1+ V1 +4u2

(C.11)

Filling this in the F}-equation, it can be found that the side force in terms of transverse wave number n
is given as:

e} 2
Fy= — [ [P + 62w 2 2 (C.12)
167 J_ 1+vV1+4u?2\ 1+vV1+4u?



Side force integral results

Results for the side force integral form will be presented here. The equation below describes the integral
used to obtain the side force from flow data in a transverse plane behind the ship. The Neumann-
Kelvin panel method has been used to simulate the flow. The results of wave pattern analysis do not
correspond to the results from pressure integration. It has not been found out why this is the case.
The side force results for varying longitudinal location, mesh size, angle, and velocity are shown in the
figures below.

/2 nC
Fomof [ W+one,day (D.1)
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Figure D.1: Side force for different longitudinal position of the TWC
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