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Abstract

In the modern world, environmental concerns arise due to an increase in the green
house gas (GHG) emissions of the shipping industry; in 2015, 2,5% of global GHG
emissions came from the shipping industry alone. Measures must be set in place to
reduce the future emissions. One way to reduce emissions is by imposing the Energy
Efficiency Design Index (EEDI). This is a measure to define the ratio between the
CO2-production and the cargo capacity and speed of a ship. In other words, this
ratio defines the environmental cost over societal benefit of a ship. The International
Maritime Organisation wants to have a set requirement on the EEDI of new ships
and preferably reduce this for existing ships. One way to reduce the EEDI is by
reducing the installed engine power of the ship. One risk is that the ship might then
become underpowered when it sails in adverse weather. The underpowering of ships
could lead to safety hazards for the passengers and crew. For that matter, this thesis
will investigate whether the ocean-going chemical tanker ’Castillo de Tebra’ is un-
derpowered when sailing in large waves. Specifically, the effect of the waves on the
inflow velocity of the propeller will be looked at and how this affects the propulsive
performance of the vessel.

An extensive literature review was carried out in order to find out what the state-
of-the-art is within the determination of ship propulsion in waves. This has been
divided into three separate subjects, namely wave excitation, propeller and engine
operating in waves and finally manoeuvring and seakeeping. When determining the
forces that occur on a ship when it advances in waves, most methods use potential
flow as the results are reliable and have low time effort. Determining propeller per-
formance when the full wake distribution is known can also be done using potential
flow methods. Basic open-water characteristics are a valid alternative as well. CFD
can be used for both wave excitation and propeller performance calculations, but this
is time consuming and computationally complex. When simulating manoeuvring and
seakeeping behaviour of ships, two-time scale methods or unified methods are mainly
used.

For the research part of this thesis, numerical simulations were performed to de-
termine the change of inflow velocity at the propeller plane for a large range of wave
frequencies and wave directions, for a vessel having a forward speed. This velocity
change was used to determine what the thrust and torque generation of the propeller
is in waves. The engine operating envelope and ship thrust envelope were used to
check whether the engine has enough power to provide the torque that the propeller
generates and whether the ship has enough thrust availability. Frequency-domain
results were transformed into time records for irregular waves using the JONSWAP
wave spectrum and a cosine function. It was concluded that the ship was underpow-
ered in adverse weather conditions, when an instant control system was assumed that
inject enough fuel instantly to keep the engine at the rated speed when it needs to
deliver more power. It was also assumed that the ship speed was kept at the design
speed. In reality, voluntary and involuntary speed loss will occur when a ship sails
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in bad weather. Voluntary in the form of manual speed decrease by the captain and
involuntary in the form of added resistance causing the ship to reduce in speed. A
number of solutions are finally presented in this thesis to omit engine overloading in
adverse weather.
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1 Introduction

1.1 Challenges in Shipping Industry

As global concerns regarding the environmental impact of shipping rise, the quest
for more energy efficient propulsion methods becomes not only more necessary, but
also more lucrative and interesting. It has been found that about 2.5% of the global
greenhouse gas emissions comes from the shipping industry (IMO (2015)). To re-
duce the environmental impact of shipping, the International Maritime Organisation
(IMO) introduced the Energy Efficiency Design Index (EEDI) (MEPC (2011)). This
index defines the ratio between the CO2-production of a ship and the cargo capacity
and speed of the ship (Hon and Wang (2011)). In other words, this can be seen
as the ratio between the environmental cost and societal benefit of the ship. This
index is defined for the design condition of the ship. One way to reduce the EEDI
is to reduce the installed engine power of the ship. This can however lead to severe
safety issues. When sailing in heavy winds and waves, disturbances to the propeller
and engine may occur which can overload the engine or even lead to complete thrust
loss of the propeller. These problems show that there is a need in researching what
the effect of wind and waves are on the propeller and engine of a ship, in order for
shipbuilders to install the correct engine power on their ships and still try to meet
the EEDI requirements set by the IMO. These concerns also were the foundation
of a new EU funded research project, named SHOPERA, the acronym for Energy
Efficient Safe Ship Operations. This project aimed at developing methods, tools and
guidelines to effectively address these concerns (Papanikolaou et al. (2015)). One of
the objectives was to develop criteria and corresponding environmental conditions to
assess sufficiency of propulsion and steering systems of ships for manoeuvrability in
adverse weather.

1.2 Knowledge Gap

The propulsive performance of ships is well-known theory. Shipbuilders can accu-
rately calculate what the engine load and the fuel consumption is for specific ship
speeds and routes for instance. For the behaviour of ship propulsion in certain sea
states, many research has been done specifically in the seakeeping and manoeuvra-
bility performance. Research in the field of dynamic propeller and engine behaviour
in adverse sea conditions is however limited. As ship safety goes hand in hand with
engine behaviour, it is very important to determine this behaviour in realistic sailing
conditions and not only in calm water conditions.

1.3 Problem Definition

1.3.1 Research Goal

This thesis will focus on the disturbances of waves on the hydrodynamic performance
of a chemical tanker. This research follows the work of PhD student Congbiao Sui,
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who has been working on a 3 degrees of freedom manoeuvring simulation model of
the chemical tanker ’Castillo de Tebra’. This model, developed in Matlab/Simulink,
predicts the forces and moments on the hull during certain manoeuvring operations
in calm water and therefore predicts the travelled distance, velocity, turning circles
and other performance characteristics. Accurate engine modelling was included as
well.
The goal of the present work however, is to expand this model and predict what
these performance characteristics will be when the tanker is sailing in waves coming
in at different angles. The disturbances of waves can be categorised into two separate
topics, namely the disturbances of waves on the hull and the disturbances of waves on
the propeller. On one hand, the waves excite forces on the hull in multiple degrees of
freedom, depending on the wave direction, which influence the motion responses of the
hull and the ship speed. This specific topic will be researched by Lindert van Tongeren
in his thesis. On the other hand, the topic concerning the disturbances of the waves
on the propeller will be researched in this thesis. Due to incoming waves, pressure
and wake fluctuations will occur around the propeller. This will cause transient
changes in the thrust, torque and rotational speed of the propeller and consequently
the engine. Not only the waves will have an influence on these characteristics; oblique
propeller inflow due to manoeuvring operations will also cause changes in the propeller
performance. Ultimately, manoeuvring in waves will have a combination of these
effects. By accurately predicting the performance of a vessel in waves, the correct
engine power can be installed to ensure safe operations during adverse sea conditions,
while still meeting the EEDI requirements for less environmental impact.

1.3.2 Research Questions

It became clear that in order to assure safe ship operations it is necessary to investigate
the effects of adverse weather conditions, in this case waves, on the hydrodynamic
performance of ships. Therefore, the following main research question is set up:

What is the influence of waves on the ship operational safety
of the ocean-going chemical tanker ‘Castillo de Tebra’, sailing
forward at its design speed?

For this research question, a number of sub-questions need to be addressed to
make the scope of the research more clear. These are stated below:

1. How is ship operational safety defined and how can it be
quantified?
2. What methods can be used to determine the influence of
waves on the ship operational safety?

In the present work, the ship operational safety is indicated by the ship thrust
availability, especially when operating in adverse sea conditions. Some factors that
influence the thrust availability (or unavailability for that matter) are insufficient
driving power, thrust decrease due to propeller wake fluctuations, ventilation and
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propeller emergence or even complete loss of thrust due to engine failure (Sui (2021)).
Quantifying the ship operational safety will be a large part of the present work.

A number of additional research questions that can help bring a good structure
to this research are set up as follows:

• What sea states are relevant for the assessment of the propulsive performance
of the chemical tanker?

• Using the provided geometrical coefficients and parameters of the vessel, how
can a 3D model of the ship hull be made for further use? And how does this
hull shape compare to other similar tankers?

1.4 Research Approach

The work done by Congbiao Sui (Sui (2021)) includes an empirical wave and wind
model that simulates the effect of certain sea states on the steady wave and wind
forces on the hull and propeller wake variation. This model, as said, is based on
empirical formulae from literature. Numerical results in the present work are going
to expand this model in order to capture more realistic simulations. Wake variation
in the propeller plane will specifically be looked at. This requires the use of flow
solvers that solve the flow around a floating body, in this case a chemical tanker. The
present work will therefore use a potential flow solver to determine the inflow velocity
variation at the propeller plane when sailing in waves. This way, the advance velocity
variation is determined, which can be used to determine the propulsive performance
of the propeller when the open-water characteristics are known. With the known
propeller performance, the required engine power can be calculated. Ultimately, the
ship operational safety will be assessed on whether the engine reaches its limits in
adverse weather.

1.5 Research Boundaries

The present work encompasses a wide variety of research fields, going from manoeu-
vring behaviour to propeller characteristics and from hydrodynamics to marine en-
gineering. To do the work in an efficient and effective manner, it asks for a closing
down the scope of the research. The research boundaries that are set are listed below:

• As this thesis investigates the influence of adverse weather conditions, which
consist usually of a combination of hard wind and large waves, only the influence
of waves will be considered. The work done by Congbiao Sui (Sui (2021))
included an empirical wind model that predicts the forces the ship experiences
due to wind. The present work, as said, only takes into account the influence
of the waves on the propulsive performance of the propeller and engine.
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• While this thesis focuses on the influence of waves on the propeller and engine
performance, one boundary that is set is that propeller ventilation and emer-
gence is not taken into account. This means that the assumption is made that
the propeller does not reach above or near the free surface.

• One limit to this thesis is that the 3D hull of the chemical tanker is not readily
available, which means that a 3D hull must be made that has similar parameters
and shape. With this approach, the results will not 100% represent the the
results for the ’Castillo de Tebra’.

• This thesis investigates the ship operational safety. Hereby, engine operational
safety is not considered, which is indicated by engine thermal loading, mechan-
ical loading and engine over-speeding (Sui (2021)). Besides that, safety issues
such as marine accidents which can be caused by either ship thrust unavailabil-
ity will not be considered. Environmental impact and consequences on human
lives as a result of such accidents will therefore not be taken into account

• When a ship is sailing in waves, the waves excite forces on the hull that add to
the total resistance experienced by the ship. These forces are also able to make
the ship deviate from it’s path if the waves are oblique. Ship speed reduction
is also a consequence of added resistance due to waves. This thesis does not
consider these forces, as the only interest is about how the waves affect the
propulsive performance in terms of thrust and torque generation. Literature
is presented on wave excitation, but only for a broader understanding of wave
effects.

• This research will consist of calculations done on the propulsive performance
based on the design ship speed and design engine speed. This indicates that
propulsion control systems are assumed to react instantaneously on feedback
differences. Besides that, as mentioned before, ship speed reduction will not be
taken into account.

1.6 Original Contribution

One of the main contribution of this thesis is that a quantitative investigation and
evaluation is presented of the ship operational safety, specifically the thrust availabil-
ity of an ocean-going cargo ship with a small EEDI under the influence of waves.
Limited research has been done in this field, which makes the present work a valuable
asset to the field of ship propulsion in adverse weather. What usually is done in
the design phase of a ship is adding a sea margin to the maximum engine power, to
account for additional power requirements in adverse weather. The present work will
figure out whether this is enough, or that additional measures must be set in place
for the benchmark chemical tanker.

Results are presented on a specific operating condition in terms of ship speed and
engine speed. However, recommendations will be given on where improvements can
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be made on the calculations. On the other hand, alternatives will be introduced to
omit engine overloading.

In relation to the work done by Congbiao Sui (Sui (2021)), the contribution of
this thesis is that the empirical wave disturbance model is expanded with verified
numerical results. These results are obtained using a 3D hull shape geometry that is
similar to the hull shape of the benchmark chemical tanker.

1.7 Ethical Principles

When conducting research for a university or a company, ethical principles need to
be taken into account. These consist of for instance honesty, objectivity, carefulness,
respect for intellectual property and many more (Shamoo and Resnik (2009)). With
honesty comes honestly reporting data, results, methods and procedures. Data will
not be fabricated, falsified or misrepresented. With objectivity comes presenting the
data and results without any biases. With carefulness comes avoiding careless er-
rors and negligence in data analysis. With respecting intellectual property comes not
using unpublished data, methods or results without permission from the company.
These ethical principles will be maintained throughout the entire research process.

Besides the ethical research principles, it is also important to think about how
the present work touches on ethics in engineering. To begin, reducing green house
gas emissions is a topic that all engineers should be focused on doing within their
respective field of work. This is necessary to combat negative climate change. Diving
into the present work, passenger and crew safety is also an ethical topic that is brought
up. The research will investigate whether the ship is underpowered in adverse weather
or not. Underpowered ships mean that the engine must deliver more power than it
has available. This could result in engine overloading or even complete shutdowns.
A consequence hereof could be that the safety of all people on board could be in
jeopardy. Loss of life is something that engineers must avoid at all cost. Therefore,
the present work will result in a conclusion on whether crew safety is maintained in
adverse weather or not.

1.8 Thesis Layout

In this section, a depiction will be given on how the present work will be divided into
separate chapters.

Chapter 2: Literature Review
Chapter 2 of this thesis will present the literature review. Three main topics

will be discussed here, which are wave excitation, propeller (and engine) theory and
manoeuvring & seakeeping behaviour. State-of-the-art research will be reviewed and
conclusions will be drawn thereof.

Chapter 3: Methodology
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Chapter 3 discusses the methodology of this thesis. The findings of the literature
review will help in figuring out a way of doing the research effectively and efficiently,
which results a concise description of the methodology.

Chapter 4: Flow Solver & Seakeeping Tool ’SEACAL’
Chapter 4 will introduce the seakeeping tool SEACAL, which will be used to

determine the inflow velocity of the propeller when a ship sails forward in different
wave directions. The mathematical and numerical theory behind the software will be
briefly elaborated, followed by the required inputs. Results will be shown, followed by
the processing of these results to acquire time records of the inflow velocity changes
in a range of wave directions. Finally, the solutions will be verified using a grid con-
vergence study.

Chapter 5: Ship Propulsion in Adverse Weather
Chapter 5 uses the acquired results to determine the propulsion capability of the

ship in adverse weather. Propeller thrust and torque will be determined and used
to investigate whether the engine has enough power to deliver the required torque
to the propeller. A discussion will follow on what assumptions have been used and
what would be more realistic results if these assumptions were not taken into account.
Finally, conclusions are drawn on the effects of waves on the available engine power.
Here, the research question will be answered to finalize the thesis.

Chapter 6: Conclusions & Recommendations
The final chapter of this work includes the conclusions that are drawn from the

research that has been done. Besides that, a number of recommendations will be
given on how this work can be improved and where opportunities lie in the field of
ship propulsion in adverse weather conditions.
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2 Literature Review

The following section will comprise of a review of research that has been done in the
multiple fields that encompass this thesis. As the goal is to determine the propulsive
performance of the chemical tanker, while sailing in waves, it is required to gather
research in the following three fields: Wave excitation, propeller performance and
seakeeping & manoeuvring behaviour. Besides that, a brief review is done on the
dynamic engine-propeller interaction when a ship operates in waves.

2.1 Wave Excitation

There are multiple reasons to investigate the effects of wave excitation in relation to
this thesis; waves cause added resistance to ships, increased fuel consumption and
speed reduction. Besides that, waves cause motions responses that can impair safety
by means of wave slamming or water on deck (Journée and Massie (2015)). In this
section, a summary is given on numerous research that has been done in the field
of wave effects on ships. This includes multiple methods to determine certain wave
effects such as added resistance.

2.1.1 Computational Methods

Research in determining the wave drift forces dates way back to 1976, where Pinkster
and Hooft (1976) introduced a computation method that is based on direct pres-
sure integration over the wetted hull. By integrating the pressure of the water over
the wetted hull, the total force on the hull can be calculated. Faltinsen and Loken
(1978) used a similar approach on a two-dimensional cylinder in beam waves. Their
research resulted in a complete solution that includes the mean wave drift force and
low-frequency oscillating wave drift force in regular wave groups. It has been found
that methods based on potential theory give good results for ships when compared
to model tests.

Most computational methods that approach the problem of a ship advancing in
waves rely heavily on the assumption that it can be represented by a linear sys-
tem, in which the motion response amplitudes are linearly related to the incoming
wave amplitude. Strip theory is a method that has been widely adopted early which
uses aforementioned assumption. Strip theory is a potential flow method that di-
vides the ship hull into a series of two dimensional cross-sectional strips, on which
the hydrodynamic forces are computed separately. This method was first applied by
Korvin-Kroukovsky and Jacobs (1957). They calculated the heave and pitch motions
of a ship in regular waves. A disadvantage of this method is that it has shortcomings
when it comes to asymmetrical motions such as roll, sway and yaw motions. This
is mainly due to the three-dimensional flow that has large longitudinal interactions
between the steady and unsteady flow. However, for a wide range of seakeeping ap-
plications it is still used as it is computationally cheap and gives reasonable estimates
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of the motion behaviour of ships in waves.

Another method that approaches the problem of ships advancing in waves is the
Rankine source method, which is also a potential flow method, based on the work of
Dawson (1977). Here, Rankine sources are distributed over the free surface and the
body surface satisfies a quasi-linearised free surface conditions. Bertram (1990) and
Van’t Veer (1998) developed and applied the method based on Dawson’s method to
ships having a forward speed.

The following will cover research that has been done in the field of mainly added
resistance, as this causes a significant change in the propulsion performance of a
vessel. This also contributes substantially to the operating cost of a ship, as more
resistance means more power required for propulsion, thus needing more fuel. Söding
and Shigunov (2015) have presented results of three different methods, namely poten-
tial second-order methods, that calculate the stationary (drift) forces and moments in
regular waves. The three methods that have been presented are the Rankine source
method, the Strip method and the Lee method. Conclusions from their research were
that the Rankine source method and the Lee method appear to be suitable in pre-
dicting useful estimates of the added resistance. Where the Strip method fell short in
wave lengths larger than 0.8 times the length of the ship and even gave unacceptable
results for shorter wave lengths, the Rankine method and Lee method can actually
be used with accurate results to optimise main dimension and block coefficients of
ships, taking into account the effects of the seaway.

Continuing on the subject of added resistance, Crepier et al. (2019) have conducted
research on the determination of added resistance in waves using Computational
Fluid Dynamics (CFD). Where the Rankine source method and the Strip method use
potential flow theory, in which the flow around a body is assumed to be inviscid and
irrotational, CFD captures most flow characteristics, depending on the settings that
are used. The use of CFD requires a lot of time and computational power. Therefore,
usually it is not used when determining the operational performance of the vessel.
Potential flow methods are still widely used as these are fairly reliable and quick.
However, the assessment of the added resistance using CFD can still be relevant.
The work done by Crepier at al. has demonstrated that the traditionally assumed
quadratic relationship between the wave amplitude and the added resistance only is
partly valid. The study presented results of performance calculations by the CFD
solver ReFRESCO. Experiments were also carried out as well as calculations using
the Rankine source potential flow solver FATIMA. All results were compared with
each other and showed good agreement. This indicated that potential flow methods
were sufficiently reliable in determining the added resistance of a ship in waves.

2.1.2 Conclusions

It can be concluded that determining the forces that occur when a ship advances
in a seaway can be done rather reliably and fast using potential flow methods. In

8



particular, the Rankine source method stands out. The computational effort and time
that is lost when using other methods such as CFD, are won in terms of accuracy.
For the present work, excitation forces of waves will not be considered. However, it is
useful to understand the principles of wave excitation forces as this takes a big part
in manoeuvring operations and seakeeping in general.

2.2 Propeller & Engine Operating in Waves

This section will comprise a summary of research that has been done in the field of
propeller and engine performance. Specifically, how propellers react to adverse sea
conditions, and how the propeller performance can be determined numerically. Some
research in the field of the dynamic engine-propeller responses will also be presented.

2.2.1 State-of-the-Art

Propellers are traditionally designed and optimized in calm water conditions. How-
ever, these are not realistic conditions. Ships regularly sail in waves, both short and
long waves. These waves have a considerable effect on the propulsive performance of
the propeller. Nakamura and Naito (1979) have shown by means of experiments that
self-propulsion factors such as the wake fraction and thrust deduction vary with wave
length in regular head waves. Besides that they have shown that propeller open-water
efficiency decreases with increasing wave height in irregular waves. This would mean
that for different wave heights, more power is needed to achieve the same ship speed
as in calm water. Some other conclusions of their work is that the propeller load
fluctuations in irregular waves can be predicted using open-water propeller character-
istics. These fluctuations are mainly caused by the fluctuation of axial inflow velocity
into the propeller disk.

Continuing on the research of Nakamura and Naito, Faltinsen (1980) proposed a
procedure for calculating added resistance, transverse drift and mean yaw moment
on a ship in regular waves of any wave direction. They touch upon the influence of
wave induced motions on the propeller wake, open water characteristics and thrust
deduction. The results of Nakamura and Naito’s research in terms of the change of
the propeller wake is elaborated by calculating the boundary layer and then using
that to determine the change of the wake distribution and comparing it to the results
of Nakamura and Naito. Similar results were obtained.

Taskar et al. (2015) have performed calculations on power increase and fuel effi-
ciency decrease for one case vessel in waves. It was shown that even when the added
resistance of the waves is neglected, fuel consumption is still increased by consider-
able amount when the ship travels in waves. This was mainly due to a change in
the wake distribution behind the ship and propeller and surge motions of the ship.
Engine-propeller interaction, specifically the engine dynamic response, was also taken
into account. Some other conclusions from this paper are that changes in torque are
mainly driven by average wake. Changes in the wake distribution mainly contribute to
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pressure pulses and cavitation, and not so much on the average torque. As mentioned,
their work neglects the effects of added resistance. Their reasoning for excluding this
effect was to observe the effect of surge, wake change, out of water effect and engine
dynamic response primarily. They state that the added resistance naturally is an
important factor in increasing fuel consumption and decreasing efficiency. However,
also due to length restrictions, they chose to leave it out of their scope of research.

2.2.2 Computational Methods

For the performance calculations of the propeller, the boundary element method
(BEM) can be used. This method, that solves the incompressible potential flow is
the PROCAL code, developed by Maritime Research Institue Netherlands (MARIN)
within the Cooperative Research Ships (CRS). It is developed for the unsteady anal-
ysis of cavitating propellers operating in a prescribed ship wake (Bosschers et al.
(2015)). Validation has been done for open water characteristics, shaft forces and
moments, sheet cavitation extents and propeller induced hull–pressure fluctuations.
The PROCAL code is a low order boundary element method that uses the Marino
formulation (Bosschers (2009)) that solves for the velocity disturbance potential. De-
tails on the mathematical and numerical model can be found in Vaz and Bosschers
(2006) as well as in Bosschers (2009).

Rijpkema et al. (2013) have studied the propeller-hull interaction, using a combi-
nation of a steady viscous CFD method (RANS) for the ship flow and an unsteady
potential-flow method (BEM) for the propeller loading. A propeller operating behind
a ship causes interaction effects to occur which affect the resistance of the ship as
well as the loading of the propeller. The research done here focuses on determining
the effective wake field of the propeller. The RANS-BEM coupling they introduce
provides an alternative way of obtaining the effective wake field. The BEM induced
velocities are subtracted from the RANS computed total wake. This allows the de-
termination of the effective wake directly at full scale Reynolds numbers, without the
need of simulating both the ship and propeller using a viscous CFD approach which
would requires large and complex grids and therefore large computation times. The
following options to obtain the effective wake were given:

• Determine the effective inflow in a straight plane upstream of the propeller.

• Evaluate the effective inflow as close to the propeller as possible.

• Extrapolate the effective wake from two or more planes upstream of the propeller
towards the propeller plane.

It became clear that extrapolation of the effective wake in downstream direction
towards the propeller plane resulted in axial velocity increase which in turn resulted
in an increase of 2 to 3% in rotation rate, when compared to a plane upstream of the
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propeller. It must be noted that the effective inflow of the propeller was first deter-
mined using a RANS simulation, where the total wake field was subtracted with the
induced velocities of the propeller that were computed using BEM, which provided
the time-averaged body forces for different blade positions. The initial BEM calcula-
tions use the nominal wake field, which is a good initial condition since the nominal
wake field has similarities to the effective wake field and also acts as a reference to
the effective wake field. One shortcoming of the work discussed here in relation to the
present work is that it was done in calm water conditions (steady flow). The present
work ultimately aims at determining the propeller loads in a seaway.

Continuing on the effective wake field of a propeller, Ueno et al. (2013) have found
a way to estimate and predict the effective wake field of a propeller in waves. The au-
thors, by means of free running tests with a container ship model, used the open-water
characteristics of a propeller to determine the effective inflow velocity by keeping the
relation of the thrust and torque to the inflow velocity. They also applied theoretical
estimates using a strip method to compare it with experimental data. The end prod-
uct was a prediction model that determines the inflow velocity of a propeller in waves.

2.2.3 Engine-Propeller Coupling

Taskar et al. (2016) have shown that engine-propeller response such as power fluctu-
ations, propeller speed fluctuations and torque fluctuations can be obtained through
simulating the coupling between engine and propeller models. The presence of waves
has a significant effect on the propulsion performance, compared to steady state op-
erations. The direction of the waves also has a strong influence on the performance
drop. Head sea conditions and bow quartering waves affect the performance the most.
This work clearly shows that there is a need in accurately simulating the coupling
between the engine and propeller when a ship is subject to waves.

Saettone et al. (2020) touch also upon the dynamics between the propeller and
the engine when waves are considered. The purpose of their work was to determine
the importance of time-varying wake field, ship motions, propeller emergence and
engine response on the performance of a marine propulsion system in waves. Their
propulsion system was modeled at three different complexity levels. The first is the
steady-propeller engine model, which is the traditional way to estimate propeller per-
formance in waves. The wave effects herein are only considered in the form of added
resistance and change of propulsion point. Ship motions, propeller emergence and
time-varying wake fields are neglected. The second model is the unsteady propeller-
engine model with fixed engine speed. Herein, the engine speed is assumed to be
time-invariant. However, ship motions, propeller emergence and time-varying wake
are taken into account. The third model is the unsteady propeller-engine model with
PID, in which all above mentioned conditions are taken into account, in addition to
a PID controller that regulates the engine speed, which inherently means that the
engine torque and speed are time-variant. Results of this work illustrate that there is
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a considerable difference in engine torque and propeller efficiency between the steady
and unsteady models, even when the propeller is far from the water surface. This
concludes to the indication that neglecting time-varying wake field, ship motions and
propeller emergence would lead to inaccurate prediction of the propulsion system per-
formance in the presence of waves.

2.2.4 Conclusions

Again it becomes clear that potential flow theory can be used in determining the
performance of a propeller with low time and computational effort. Especially the
use of PROCAL seems interesting as this used the ship wake field as input, which
can be determined from the potential flow theory that will be used on the ship when
determining the forces and flow that occur due to the waves. Besides potential flow
theory, the propeller performance can also be determined using the open-water char-
acteristics of the propeller. This will be based on the average inflow velocity that the
propeller experiences, which can also be determined from the flow solver on the ship
hull. Both methods can also be done simultaneously and compared with each other.

What needs to be considered in the present work, is whether the research that
comprises of the different types of propeller wake fields is useful. It gives a clear
insight into how waves can affect the performance, but as said multiple times before,
the usage of CFD takes up a lot of computational effort and time. For the present
work it has been decided that CFD will not be used, which indicates that the de-
termination of the complete wake distribution of the propeller will be left out. The
corresponding literature has been added to the present work to give a more complete
picture of what actually happens when a propeller operates in waves.

Finally, it became clear that the engine-propeller coupling needs to be simulated to
accurately predict the propulsion performance of a vessel. Whether time-varying wake
fluctuation for instance is taken into account or not can heavily affect the outcome of
the simulation.

2.3 Manoeuvring and Seakeeping

Two main theories traditionally cover the study of ship dynamics: manoeuvring and
seakeeping (Fossen (2011)). Where manoeuvring theory studies the motion of a ship
in absence of wave excitation, seakeeping theory studies the motion of a ship while
on constant heading and speed when there is wave excitation. For the present work,
the influence of the waves on the propeller and engine performance will ultimately be
tested on how it affects straight forward sailing of the chemical tanker. For further
research, manoeuvring operations should also be looked into. Therefore, literature
will be presented that encompasses manoeuvring and seakeeping.
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2.3.1 Seakeeping

The seakeeping of ships is a topic that tries to investigate a number of issues. These go
from determining the maximum speed in a seaway, figuring out if the structural design
of a ship is capable to withhold certain seaway loads, investigating the habitation
comfort and safety of people on board and operational limits for ships (Bertram
(2012)). Seakeeping behaviour can be determined with many tools, but mainly relies
on representing the natural seaway as a superposition of many regular (harmonic)
waves, followed by calculating the reactions of ships in these waves and adding all
separate reactions to a total reaction. Tools that predict seakeeping range from model
tests, to full-scale measurements on ships at sea. Computations can also be done in
either the frequency domain or time domain. Most seakeeping methods are linearized,
which indicates that the ship reactions are proportional to the wave height. This
drastically reduces the computation time. For extreme motions, such as capsizing
investigations, non-linear computations need to be done.

2.3.2 Manoeuvring

The theory of ship manoeuvring mainly focuses on course keeping, course changing,
track keeping and speed changing (Bertram (2012)). The manoeuvrability of a ship
can be described by a couple of characteristics, being: initial turning ability, sus-
tained turning ability, yaw checking, stopping ability, and yaw stability. As with the
seakeeping of ships, manoeuvring concerns the time-dependent motions of a ship. In
both fields, the main difficulty lies in determining the fluid forces on the hull due to
the ship motions and waves. one thing that differs both dynamics is that manoeu-
vring is often investigated in shallow and usually calm water. Secondly, seakeeping
dynamics can be approximated with linear relations between velocities and forces. In
manoeuvring, this can only be applied for small rudder angles. Due to this difference,
seakeeping is mostly investigated in the frequency domain and manoeuvring in the
time domain. Finally, the motion equation in seakeeping are written in an inertial
coordinate system, whereas a ship-fixed coordinate system is used in the manoeuvring
.

2.3.3 Computational Methods

Numerous research has been done in the field of predicting the manoeuvring and sea-
keeping behaviour of ships in waves. For instance, Skejic and Faltinsen (2008) have
presented a theoretical study of combined seakeeping and manoeuvring of a ship in
regular incident waves. A real-time simulation program was developed that is based
on theoretical methods. As there are many sub-problems in a manoeuvring model,
such as resistance, propulsion and calm water manoeuvring, a balance had to be
made of how theoretically accurate each sub-problem should be. The authors in this
research pursued a certain level of simplicity in their model, in order to satisfy the
requirement of real-time execution of the ship manoeuvring simulation. This simplic-
ity led to them not taking into account the change of propulsive coefficients such as
wake fraction and thrust deduction due to sailing in waves. These changes however
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will have significant impact on the propulsive performance of a ship in waves and will
be looked into in the present work.

Quadvlieg et al. (2019) have presented a validation against model tests in which
two tools are introduced that are able to simulate course and/or track keeping sim-
ulations in waves and wind. The first tool, called ManWav, is developed by the
Cooperative Research Ships (CRS) and is a time domain simulation tool able to ac-
curately predict the sustained ship speed, track and drift angle in wind and waves
conditions. The second tool, called FREDYN, is developed by the Cooperative Re-
search Navies (CRN) and is a fully coupled seakeeping and manoeuvring time domain
tool. Where ManWav is classed as a ”two-time scale method”, which solves the equa-
tions of motion separately from each other, FREDYN is a ”unified method”, which
acknowledges the fact that there is a coupling between the manoeuvring motions and
the seakeeping motions. A technique is used of translating the frequency response in
time domain using convolution integrals or impulse response functions. The equations
of motions are solved as a system of ordinary differential equation, which take into
account all forces and moments.
A number of advantages and disadvantages of both methods have also been presented.
ManWav has an advantage that it computes the ship motions in a low frequency man-
ner, which allows for an easier understanding of the results. A disadvantage is that the
motions and waves remain in the linear range. This means that first-order phenomena
cannot be included in the equations of motion. The advantage of FREDYN is that
in extreme waves and under extreme angles, a complete force is modeled. However,
due to the complex modeling, this leads to difficulties when trying to understand the
results. Another disadvantage is that such strong coupling between the manoeuvring
and seakeeping forces together with the non-linear forces result in incomplete second
order wave drift forces. This is due to the fact that the wave elevation and the orbital
velocities around the hull are limited to the sum of the undisturbed incoming wave
and first order ship motions. FREDYN does not take into account the diffracted and
radiated waves in order to calculate the relative wave elevation. The results of the
validation in this research have shown that the predictions using ManWav are better
than the results using FREDYN. ManWav provides a better estimate of the sustained
ship speed and drifting velocity. FREDYN however shows that it performs better in
higher sea states, which the tool was actually developed for.

The two-time scale method separates the seakeeping problem and manoeuvring
problem and solves them along side each other. The separation is due to the assump-
tion that the time scale of the waves varies rapidly (wave-frequency part), whereas
the manoeuvring motion time scale varies slowly (low-frequency part). The full anal-
ysis is conducted similar to the analysis of manoeuvring in calm water, where the
only addition being the consideration of wave effects as external sources of forces and
moments (Tello Ruiz (2018)). Other work that has been done using the two-time
scale method can be found in Seo and Kim (2011) and Zhang et al. (2017).

The main purpose of the unified method is to integrate the hydrodynamic phe-
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nomena which correspond with body reaction forces and moments, also known as the
radiation problem. Fossen (2005) developed a unified model for manoeuvring in a
seaway by using the approach of using linear convolution integrals. These convolu-
tion integrals are a result of the frequency-dependent potential and viscous damping
terms. Other work on unified methods include Sutulo and Soares (2006) and Subra-
manian and Beck (2015).

Bunnik et al. (2010) have compared a wide range of seakeeping methods and tools.
They concluded that the best motion predictions are obtained by the so called double
body (DB) method from Delft University of Technology and the non-linear steady
(NLS) method from MARIN. Both methods make use of linear potential flow codes,
where the DB method applied it in the frequency domain and the NLS method in
the time domain. Both solutions are computed using Rankine sources on the free
surface and the ship hull. The frequency-domain approach, which is a linear model
is the fastest, as the time-dependence can be removed by assuming that the solution
is harmonic in time. This however limits the simulations to only one frequency at a
time. The time-domain approach is used when no assumption is made on the time
behaviour of the solution. This is useful when random seas are simulated, as irregular
frequencies might appear at which the solution becomes unbounded.

Computational Fluid Dynamics ultimately is the way forward, as the level of de-
tail that can be captured with it is better than with the potential flow approaches. In
recent years, CFD has been enhanced significantly with multiple studies presenting
steady problems such as resistance and stationary manoeuvres. Due to the complex-
ity of the fluid problem, CFD is demanding more time and recourses for full solutions,
especially for unsteady problems such as manoeuvring in waves. Work done in this
field can be found in Carrica et al. (2013) and Wang and Wan (2018).

Finally, a brief discussion will be done on experimental approaches of manoeuvring
in waves. Scale model experiments still remain one of the most suitable methods of
investigating the effect of wave forces on the manoeuvring performance of a ship.
Experimental studies on ship manoeuvrability in waves date back to 1980, where
Hirano et al. (1980) carried out turning circle tests of self-propelled RoRo model
ships in regular waves. Ueno (2003) used a typical VLCC model ship to perform
manoeuvring tests in regular waves. Yasukawa and Faizul (2006) also carried out
turning tests, zig-zag manoeuvres and stopping tests with a SR108 container vessel
in waves. More recently, Guo and Steen (2010) published data on experiments that
were conducted on the KLVCC2 standard tanker in regular head waves at different
speeds.

2.4 Summary and Discussion of Literature

In table 1, different methods are summarized for the three different topics. It must
be noted that the mentioned methods do not encompass all the methods that exist
for the specific topics. Rather, these are the methods that are most widely used and
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matter the most when choosing the right method for this research.

Table 1: Summary of methods per research topic

Propeller & Engine Dynamics Wave Excitation Manoeuvring & Seakeeping
Experimental approach Experimental approach Experimental approach

Analytical approach Analytical approach Two-time scale method
RANS-BEM coupling Rankine source method Unified method
Coupled Simulation Strip method CFD

CFD

It becomes clear that for every topic, there exist experimental and analytical
approaches. Experiments are carried out to validate the mathematical or numerical
models that are developed or to capture unknown phenomena. Numerical simulations
are carried out to verify the mathematics and physics involved in the theoretical
models. The summary and comparison of the methods needs to provide a platform
to determine what methods are going to be used in this research. The following
conclusions can be made based on the literature review that has been done:

• The most used methods for the determination of the added resistance of ships
are potential flow methods. The Rankine source method seem to be most
suitable (Söding and Shigunov (2015), Bertram (1990), Van’t Veer (1998)).
CFD can also be used to determine the wave forces with more accuracy, however
this comes with a lot more computational effort and time (Crepier et al. (2019)).

• The topic that covers the propeller performance introduced a number of meth-
ods that have been used to determine the effects of waves on propeller wake
and performance (Taskar et al. (2015); Nakamura and Naito (1979); Rijpkema
et al. (2013)). These methods consisted of experimental approaches, analytical
approaches and the boundary element method.

• For predicting manoeuvring and seakeeping behaviour, most methods consist
of two-time scale methods (Skejic and Faltinsen (2008)) and unified methods
(Fossen (2005)).

From the work by Söding and Shigunov (2015), it can be concluded that the Rank-
ine source method is best suited for determining added resistance of ships in waves,
as the range of wave lengths in which it works accurately is not limited, as is with
the Lee method.

Interesting literature on the propeller and engine dynamics has shown that pro-
peller load fluctuations can be determined using propeller open-water characteristics,
as these fluctuations are caused by axial inflow velocity fluctuations at the propeller
disc. Besides that, torque fluctuations are mainly caused by average wake change and
not so much on the actual wake distribution at the propeller disc. These conclusions
will be taken into account in the present work.
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From the elaboration in the previous chapter on the two-time scale method and
unified method, it can be said and seen that they are based on the general assumption
that the fluid effects can be separated into two main components, namely a seakeep-
ing contribution and a calm water manoeuvring contribution. These are dominated
by potential flow and viscous flow, respectively. The two-time scale method has the
characteristics that the 6DOF problem is simplified in a 4DOF problem, where the
first order wave contributions are neglected. Second order wave forces and moments
are only accounted for. The unified method however tries to aim at a 6DOF manoeu-
vring problem. The wave forces are considered to be linear and by means of a cor-
rection for the Froude-Krilov forces and moments can be seen as somewhat nonlinear.

2.5 Gap Analysis

It is important to distinguish what research already has been done and what can be
used for the present work. Most of the research that has been found, was research that
investigated the effects of waves on specific part of the hydrodynamic performance of
a ship. For instance, research was carried out specifically on the wake distribution of
the propeller, where other research only investigated the added resistance and drift
forces of waves on the hull. However, research has also shown that manoeuvring
simulation in waves are something that has been looked at for a long time already.
What became clear in for instance Skejic and Faltinsen (2008) is that models are
developed that simulate the manoeuvring of ships in waves, but a touch of simplicity
is added to make a balance in the sense that not every sub-problem in this simulation
is approached with the utmost of accuracy.

Something that also became clear from the literature review, is that most research
that tries to find the effects of waves on either the propeller performance or the ma-
noeuvring behaviour of ships, only takes into account regular head waves. This is
again a touch of simplicity that is added to most research. The present work however
will include irregular waves in the process as well, considering multiple wave direc-
tions.

When talking about the propeller performance, most research takes into account
uniform inflow when calculating the characteristics of the propeller (Skejic and Faltin-
sen (2008), Ueno et al. (2013)). Taskar et al. (2015) touch well upon the actual wake
distribution in waves and state that wake data in waves is rarely available. Model
scale wake was made available, but had to be contracted to obtain the ship scale
wake. The work done by Taskar et al. will be a good reference point for the present
work as it encompasses the same goal of the present work; finding the effects of waves
on engine-propeller dynamics and propulsion performance of ships.

When manoeuvring operations are taken into account in the present work, Quad-
vlieg et al. (2019) present useful methods for the determination of the manoeuvring
behaviour of ships in waves as a reference. Combining the propeller performance

17



determination as well as the manoeuvring behaviour insights, a better prediction of
hydrodynamics in adverse weather can be investigated.

2.6 Conclusions

The underpowering of ocean-going ships due to new regulations concerning the envi-
ronmental footprint of ships calls for accurate predictions of ship propulsion perfor-
mance in adverse weather conditions. Due to heavy winds and waves, loss of power
can occur when performing certain manoeuvring operations. The present work will
investigate the effects of waves on the propulsive performance of the chemical tanker
’Castillo de Tebra’. Specifically, the wake fluctuations at the propeller will be de-
termined under the influence of waves. With this, the propeller performance will be
determined and ultimately it will be investigated whether the ship is underpowered
in adverse weather or not.

Numerous research has been found that deals with the three topics that the present
work encompasses, namely wave effects, propeller performance and manoeuvring/sea-
keeping behaviour of ships in adverse weather conditions. The literature review that
has been presented gave an insight into a range of methods that have been used in
determining certain aspects of wave influences on the propeller and also on the ma-
noeuvring behaviour. What became clear is that when dealing with wave excitation
forces, potential flow methods do the trick fairly accurate and cheap, compared to
more accurate but significantly more expensive CFD methods.

When speaking about the propulsive performance of a ship in waves, research has
shown that self-propulsion factors, such as thrust deduction and wake fraction change
when a ship sails in waves. This would indicate that more power is needed, when
sailing in adverse weather conditions. Besides that, changes in the wake distribution
of the propeller have been shown to only affect the pressure pulses and cavitation
along the propeller blade, and not so much on the average torque. The dynamic
engine-propeller behaviour has also been investigated, which led to the conclusion
that modeling the engine-propeller response in a steady solution or an unsteady solu-
tion changes the propulsive performance significantly. The difference herein is time-
varying wake fluctuations and engine torque.

Finally, research has shown two main methods are used when modeling and sim-
ulating manoeuvring operations of ships, namely the two-time scale method and the
unified method. In the two-time scale method, the seakeeping and manoeuvring prob-
lems are separated from each other, but solved along side each other. This is due to
the varying time scale of the waves and manoeuvring motions. In the unified method,
both problems are integrated. Usually, the two-time scale method reduces the prob-
lem to a four degrees of freedom model, whereas the unified method aims for a six
degrees of freedom model.
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3 Methodology

This section will cover the final choices that have been made regarding the method-
ology of the present work. Findings from the literature review will be used to make
a concise structure of what needs to be done to reach the goal of this thesis.

3.1 Method Choice

From the previous section, it became clear that potential flow methods can be used
for both the propeller performance determination as well as the calculation of wave
forces on the ship. Therefore, a potential flow method will be used to acquire the
velocity profile at the propeller plane. This will be determined by firstly acquiring
the flow solution over the hull using potential flow theory. MARIN has made the
software program SEACAL available for use, which is a continuation of FATIMA
(Bunnik (1999)). Herein, reference points can be added to determine the velocity
variations at the propeller disk at a range of wave frequencies and directions. These
fluctuations are given in the form of response amplitude operators (RAOs) and phase
shifts, indicating a frequency domain solution. The fluctuation over time, therefore
the time-domain solution, can be analytically determined by transforming the wave
responses using a cosine function and wave spectra.

Adding a large range of reference points at the propeller disc will lead to obtaining
the nominal wake field of the propeller, assuming a potential flow solution, which can
be used to further determine the actual propeller performance by for instance run-
ning the PROCAL code and extracting the propeller forces. For the present work,
the propeller performance will be determined analytically using known open-water
characteristics of a chosen propeller. Hereby, the propeller wake will be averaged over
the reference points to have a uniform inflow for the calculation of the forces of the
propeller.

Now that the velocity fluctuation at the propeller plane is known for a large range
of regular and irregular waves, the results are used to determine whether the ship has
enough power to propel the ship at the given conditions. The velocity fluctuations
namely cause thrust and torque variations over time, which result in time-varying
engine loads. By means of the engine operating envelope, it can be investigated
whether the propeller load exceeds the engine limits. Looking at all wave directions,
an assessment can be made on what wave directions cause the largest engine load
fluctuations. A final conclusion will be drawn on the effect of waves on the hydrody-
namic performance of the ’Castillo de Tebra’.
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Figure 1: Research Methodology

In figure 1 a flowchart is visualized on how this thesis is decomposed in different
processes. As can be seen, it is firstly separated in a part where SEACAL is used and
results are analyzed and verified and secondly in the determination of the propulsive
performance of the vessel in adverse weather. For both parts, data collection and data
analysis are the core processes. The SEACAL part also comprises of data verification
in the form of a grid convergence study.
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3.2 Adressing the Research Questions

The methodology presented in this section has the aim to reach the goal of this thesis,
which is to answer the research questions. The main research question is:

What is the influence of waves on the ship operational safety
of the ocean-going chemical tanker ‘Castillo de Tebra’, sailing
forward at its design speed?

With the sub-questions being:

1. How is ship operational safety defined and how can it be
quantified?
2. What methods can be used to determine the influence of
waves on the ship operational safety?

The second sub-question is now answered by means of the presented methodology,
namely using potential flow for the velocity variations at the propeller plane and
afterwards analytically determining the propeller performance in terms of thrust and
torque. These results will ultimately be used to determine what the ship operational
safety be, by looking at the available thrust at the design speed and investigating
whether the produces more than the available thrust or not. Conclusions for the
main research question will now be drawn in the next sections after the research has
been completed.
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4 Flow Solver and Seakeeping Tool ’SEACAL’

This section will provide the mathematical and numerical theory that defines the
seakeeping tool SEACAL that will be used in this research. Additionally, the input
parameters as well as the acquired results will be discussed here. SEACAL is a
software program that calculates ship behavior in waves. At an arbitrary speed
and heading, the response to waves can be calculated. The program consists of 3
main programs, namely HYDMES, HYDCAL and RESCAL. HYDMES generates
the hull surface description with 3D panels, HYDCAL calculates the hydrodynamic
coefficients by solving the linearized boundary value problem. This means that small
oscillatory ship motions and waves are assumed. RESCAL calculates the response of
the ship in waves by solving the equations of motion. The theory manual of SEACAL
(Van Daalen and Bunnik (2021)) is used as a reference. Also, Bunnik (1999) is used
for additional theory.

4.1 Mathematical Theory

There are numerous ways to model the flow of water around a ship. The Navier-
Stokes equations give the most exact description of the flow, which take into account
the viscosity. Viscosity becomes important in areas where the flow is turbulent, such
as near the propulsor, rudder and sharp edges of the hull. These viscous areas how-
ever do not contribute much to the large-scale interactions of ocean waves and ship
motions. Besides that, taking viscosity into account would lead to complex and time-
consuming problems. For that reason, viscosity has been neglected in the present
work and use if made of potential theory to describe the flow of water.

A complex combination is formed when the fluid and ship are studied together,
as they have typical characteristics but also interactions with each other. Due to the
moving fluid, unsteady forces and moments are generated around the ship because of
pressure changes in the fluid. The following mathematical descriptions will incorpo-
rate the behaviours of the fluid and the ship, as well as some conditions that describe
the interaction between the two.

As said, viscosity is neglected. If the flow is assumed to be irrotational and
incompressible as well, a velocity potential Φ exists, of which the gradient is the
velocity of a fluid particle:

~u = ~∇Φ (4.1)

From the conservation of mass, the Laplace equation follows which is satisfied
inside the fluid domain:

∆Φ = 0 (4.2)

The solution of the Laplace equation is unique if a linear combination of the po-
tential and its normal derivative is given on the boundaries of the fluid domain and if
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in at least one point the potential is given. The solution is determinate. However, it is
a constant if the value of the potential is nowhere specified. This constant disappears
after differentiating, which indicates that it has no influence on the velocity field. By
this reasoning, there must be conditions on the boundaries of the fluid domain, that
relate the potential and its normal derivative. These boundaries are the free surface,
the bottom of the water and the hull of the ship.

4.1.1 Sign Convection

The right-handed Cartesian coordinate system is used to formulate the mathematical
model. Hereby, two coordinate systems are distinguished which are formulated as
follows:

• Ship-fixed: Here, the origin it at the intersection of aft perpendicular, centerline
and keel line of the ship. The x-axis points towards the bow, the y-axis points
towards port side and the z-axis points upward.

• Global: Here the origin is in the calm water surface with the x-axis being parallel
to the x-axis of the ship.

4.1.2 Boundary Conditions

First the free-surface boundary condition will be discussed. Here, two physical condi-
tions hold, namely the dynamic and the kinematic condition. The dynamic condition
states that the pressure on the free surface should be equal to the atmospheric pres-
sure. The pressure follows from the Bernoulli equation:

− p− p0

ρ
=
∂Φ

∂t
+

1

2
~∇Φ · ~∇Φ + gz − 1

2
U2 (4.3)

When the atmospheric pressure is imposed on the unknown free surface z = ζ,
the dynamic free-surface condition is given by:

ζ =
−1
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)
on z = ζ (4.4)

The kinematic boundary condition states that a fluid particle cannot leave the
free surface. This is described by:

∂Φ

∂x

∂ζ

∂x
+
∂Φ

∂y

∂ζ

∂y
+
∂ζ

∂t
− ∂Φ

∂z
= 0 on z = ζ (4.5)

The bottom of the water is a fixed boundary, where no fluid particles can cross it.
The implies that the normal velocity of a fluid particle at the bottom should be zero
and that only a tangential component is allowed. This is expressed as follows:

∂Φ

∂n
= 0 at z = −h (4.6)
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The hull of the ship has a similar condition as the bottom of the water, namely
that no fluid particle can cross it. The water should in this case have the same normal
velocity as the ship’s hull:

∂Φ

∂n
=
∂α

∂t
· ~n on H(t) (4.7)

Here, α is the displacement and H(t) is the exact position of the ship’s hull in
the ship-fixed coordinate system. All the formulated equations above are non-linear,
which is very difficult and time consuming when trying to solve them, especially when
the ship has a forward speed. SEACAL linearizes these equations and the effect of
the forward speed on the free surface boundary condition is modelled in two ways: by
including the encounter frequency effect in the zero-speed free surface conditions or
by including the steady flow effect in the linearized free surface conditions. When the
free-surface boundary condition is linearized, the velocity potential is divided into a
steady and an unsteady part:

Φ = Φs(x, y, z) + φ(x, y, z, t) (4.8)

The steady part (Φs) indicates the stationary velocity potential which corresponds
to the steady fluid flow due to the ship moving at a constant forward speed. The
unsteady part gives the time-dependent velocity potential. SEACAL offers two pos-
sibilities for the steady flow, which are uniform steady flow or double-body steady
flow. With uniform flow, the presence of the ship is not felt by the water, meaning
that the steady flow is uniform in the whole fluid domain. Assuming this leads to the
advantage that the free-surface condition can be solved relatively easily. However,
this is only valid for slender ships and low speeds. The double-body flow is more
realistic, which approximates the flow around the ship by the flow around the double
body. This is the ship together with its reflection in the calm water plane z = 0
(see figure 2). By doing this, there no longer is a free surface, hence no waves are
generated there, which grants that the no-flux condition (equation 4.7) is satisfied.

Figure 2: Side view of double-body flow approximation (from Bunnik (1999))

Uniform and double body steady flow are respectively formulated as follows:

Φs = −Ux (4.9)
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Φs = −Ux+ φs (4.10)

With φs being the disturbance to the uniform flow due to the presence of the ship.

4.1.3 Solving the Laplace Equation

To solve the Laplace equation in the fluid domain, numerous methods have been
developed, ranging from finite-element, finite-volume and finite-difference methods to
boundary-integral methods. The latter is mostly used, and will be used in the present
work as well. For the boundary-integral method, the grid generation is fairly easy as
only the boundaries of the fluid domain have to be discretized. SEACAL specifically
uses the Boundary Element Method (BEM), which is a term that denotes any method
for the approximate numerical solution of the boundary integral equations (Costabel
(1987)). The boundary-element method is based on Green’s second identity, which is
applied to the velocity potential φ in the fluid domain Ω with boundary δΩ and the
following Green function:

G(~x, ~ξ) = − 1

4πr
− 1

4πr′
, r = |~x− ~ξ|, r′ =

∣∣∣~x− ~ξ′∣∣∣ (4.11)

Here, ~ξ′ is the mirror image of ~ξ with respect to the bottom, B. The velocity
potential in collocation point ~x is now represented by a Rankine source distribution,
in which Rankine sources are placed on the boundary of the hull:

φ(~x) =

∫∫
∂Ω\B

σ(~ξ)G(~x, ~ξ)dSξ (4.12)

~∇φ(~x) = (1− T )σ(~x)~n+

∫∫
∂Ω\B

σ(~ξ)~∇~xG(~x, ~ξ)dSξ (4.13)

Where

T =


1 if ~x ∈ Ω\∂Ω or ~x ∈ B
1
2

if ~x ∈ ∂Ω\B
0 if ~x /∈ Ω

(4.14)

The concept of Rankine sources is explained as follows: if a a uniform flow is
superimposed with a source at the origin of a boundary, a half body shape appears
(White (2016)). Uniform stream flow and source & sinks at boundaries are two of
the three basic principles of potential flow streams. The resulting body separates the
source flow from the stream flow. This is visualized in figure 3. This half body is
called a Rankine half-body. If uniform flow is superimposed with a sink, the rear
half-body appears, also shown in figure 3. The concept of adding Rankine sources
and sinks ultimately leads to a representation of a full Rankine body in potential
flow.
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Figure 3: Superposition of a source (left) and sink (right) plus a uniform stream
results in a Rankine half-body

If the source strengths are known in equation 4.13, then the velocities can be
computed directly. Green’s identity must be applied to a closed boundary. Therefore,
the integral in equation 4.13 is not only over the free surface and the hull, but also over
the boundary at infinity that connects the free surface and the bottom. The integral
equation can then be solved by prescribing the potential, its normal derivative, or a
linear combination of both in a finite number of collocation points on the boundary,
which are predefined points in the domain. The boundary conditions in this case
give the relation between the potential and its normal derivative. Doing this, a set of
linear equations is found for the potential or its normal derivative. Standard numerical
techniques can then be used to solve them. For more information on the theory behind
the mathematical model of SEACAL, see Bunnik (1999) and Van Daalen and Bunnik
(2021).

4.2 Numerical Theory

The mathematical theory that has been presented in the previous paragraph will
be discretized here. This is necessary, because the analytical model cannot find
a solution of the problem. The numerical model uses a first-order panel method,
which means that the boundaries are divided into small quadrilateral panels with
constant source strengths. The free-surface boundary condition contains tangential
space and time derivatives. Where the space derivatives in the normal direction can be
obtained directly from the integral equation, the tangential space derivatives need to
be discretized using an upwind difference scheme. The time derivatives are obtained
with backward differences schemes (Bunnik (1999)). The use of the frequency-domain
is also possible, as opposed to the time-domain approach. Herein, the wave patterns
are assumed to be harmonic in time at a certain frequency, which means that no time-
stepping is required. A disadvantage of this approach is that waves with multiple
frequencies cannot be simulated, which ignores the fact that waves with multiple
frequencies cause slowly varying drift forces. The low-frequency part of these drift
forces causes large ship motions, if this frequency is close to the resonance frequency
of the ship. Another disadvantage of using a frequency-domain approach is that is
cannot model non-linear effects.
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4.2.1 Discretization of the Boundary Integral

The boundary integral will be discretized in 2 steps. Firstly, the steady free surface
and the entire hull will be divided into panels. Secondly, a certain shape needs to
be chosen for the source function σ. For the first part, we assume that each panel
consists of two flat triangles, forming a quadrilateral. This allows the use of non-flat
panels (see figure 4). With non-flat panels, curved parts of the boundary are easier
discretized. As said, both the free surface and the hull are divided into panels. SEA-
CAL divides the free surface automatically internally, whereas the hull is divided into
panels manually. For the hull, a structured grid is used, which means that the hull
is divided into segments along the x- and y-axis. The panel corners all coincide with
panel corners of adjacent segments. The size of the panels must be small enough so
that the smallest waves can be represented on them.

Figure 4: Top view (left) and side view (right) of a quadrilateral panel (from Bunnik
(1999))

Following the panel distribution, the source function on the panels can be dis-
cretized. The boundary integral for the potential from equation 4.12 then turns into
a sum over all panels, of source strength times an influence coefficient Gi,j. If we have
N panels on the hull and free surface together, the potential in a collocation point ~xi
becomes:

φ (−→xi ) =
N∑
j=1

σj

∫∫
∂Ωj

G
(−→xi , ~ξ) dSξ =

N∑
j=1

σjGi,j (4.15)

The boundary integral for the velocity (equation 4.13) is discretized with the same
procedure:

~∇φ (~xi) = (1−T )σi~n+
N∑
j=1

σj

∫∫
∂Ωi

~∇xG
(−→xi , ~ξ) dSξ = (1−T )σi~n+

N∑
j=1

σj
−→
dGi,j (4.16)

More details on the discretization of the mathematical model can be found in
Bunnik (1999) and Van Daalen and Bunnik (2021).
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4.2.2 Discretization of the Free-Surface Condition

When discretizing the free-surface boundary condition, numerical damping is required
to suppress instabilities that occur when the free-surface condition is integrated over
time (Bunnik (1999)). Here, upwind difference schemes are used to stabilize the
numerical scheme. An upwind difference scheme uses so-called upwind variables to
calculate the derivatives in a flow field. This means that data points are used which
are upwind of the points that are being considered, with respect to the direction of
the flow. Linear, time-dependent flow problems mostly are solved in the frequency
domain, where the frequency describes the time dependence of the flow. Herein, non-
linear effects are ignored. In a time-domain approach, the time derivatives that occur
in the free-surface condition have to be discretized. Bunnik (1999) gives an extensive
review of how that is done.

4.3 Calculating the Velocities, Forces & Moments

4.3.1 Velocity in Reference Points

What SEACAL is ultimately used for, is determining the water velocity change at
the propeller plane. For this, reference points are added in the grid at different points
in the propeller plane. The absolute longitudinal motion x(R) in a reference point is
calculated as follows:

x(R) =

Nmode∑
i=1

xi · α(R)
x,i (4.17)

Where
Nmode is the number of system modes;
xi is the system response amplitude of mode i ;
α

(R)
x,i is the longitudinal modal displacement of mode i at R.

The system response amplitudes and the modal displacements of the reference
points are calculated within SEACAL. The exact method of how these are determined
can be found in Van Daalen and Bunnik (2021). For the present work, the relative
longitudinal velocity is required. This is the velocity relative to the incoming waves,
defined with the following equation:

vx,rel = −i · ωe · x(R)
rel (4.18)

Here, ωe is the encounter frequency.

4.3.2 Forces & Moments

Since SEACAL assumes the water to be inviscid, the forces and moments of the water
on the hull are only dependent on the pressure. These forces and moments can be
obtained by integrating the pressure over the hull:
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~F =

∫∫
S

p~ndS and ~M =

∫∫
S

p(~x− ~xg) · ~ndS (4.19)

These forces and moments are divided into steady components, first-order and
second-order components. The steady forces comprise of the wave resistance and the
vertical pressure forces. The wave resistance is balanced by the propulsive force and
the vertical pressure force is balanced by the gravitational force of the ship’s mass.
The steady moment is zero, since the ship is in equilibrium. The first order forces are
dependent on the incoming wave height. Therefore, they are harmonic if the incom-
ing waves are harmonic. The mean of the first-order forces is zero. The second order
forces have products of first-order components and have non-zero mean values. This
indicates, that there exist drift forces when taking into account second-order forces.

The forces and moments that the waves generate on the hull can be used to
determine what resistance the ship needs to overcome in adverse weather conditions.
This ultimately leads to additional power that the engine needs if it wants to keep the
ship sailing at its design speed in adverse weather. However, for the present work, the
forces and moments determined by SEACAL will not be used for further calculations.

4.4 Input Parameters

4.4.1 Main Parameters

To run SEACAL properly, the right input parameters need to be defined. These
consist of the range of wave frequencies and ship speeds that need to be calculated,
but also a panel distribution of the hull needs to be generated and assigned. Some
additional hydrostatic parameters are added as well, consisting of the length, draft,
mass, radii of gyration and centre of gravity. Besides that, the correct methods need
to be specified, which in this case for the steady flow is the double-body (DB) flow
method and for wave modelling it is the Rankine method. All above-mentioned pa-
rameters are shown in table 2.

The centre of gravity, not to be confused with the centre of buoyancy, has been
assumed to be at 7m height, as this was not a given parameter. The three given radii
of gyration are determined with the following equations (Söding et al. (2014)):

kxx = 0.4 ·Bwl (4.20)

kyy = kzz = 0.25 · Lpp (4.21)

The idea behind only taking into account wave directions up to 180◦ is that the
ship is symmetic around the x-z plane. If the ship experience waves from 270 ◦

for instance, this would be seen as the same as waves from 90◦, but with negative
y-components.
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Table 2: SEACAL input parameters

Parameter Value
Ship speed (vs) 13.3 kn

Wave frequency range (ω) 0.05 rad/s - 2.0 rad/s
Wave frequency interval ∆ω = 0.05 rad/s
Wave direction range (µ) 0◦ - 180◦

Wave direction interval ∆µ = 15◦

Length between perpendiculars (Lpp) 113.8 m
Design draft (D) 8.5 m

Mass 17421.7 ton
Centre of Gravity (w.r.t. aft/centre/keel) (58.6, 0.0, 7) m

Pitch radius of gyration (kxx) 8.8 m
Roll radius of gyration (kyy) 28.45
Yaw radius of gyration (kzz) 28.45

4.4.2 Ship Geometry and Meshes

SEACAL needs to know what meshes are used for the 3D model of the ship. The
present work will use the chemical tanker ’Castillo de Tebra’ for all its calculations.
The ship parameters can be found in table 3. A picture of the ship is shown in figure 5.

Table 3: Ship parameters

Main parameter Symbol Unit Value
Length between perpendiculars Lpp [m] 113.80

Length on load waterline Lwl [m] 116.60
Breadth B [m] 22.00

Draft T [m] 8.50
Displacement ∇ [m3] 16988

Block coefficient Cb [-] 0.7791
Midship coefficient Cw [-] 0.991

Waterline coefficient Cwl [-] 0.897
Prismatic coefficient Cp [-] 0.7862

Centre of buoyancy, forward of Lpp/2 lcb [m] 1.698

Flow solvers require the ship geometry in the form of a mesh or grid. This is a
distribution of the ship in a number of nodes in 3 dimensions, which if connected
form a panel distribution. For the present work, no geometry of the ship has been
provided. Only geometrical parameters (shown in table 3) have been given. For that
matter, a similar tanker has been found, namely the KVLCC2. This is the Kriso Very
Large Crude Carrier 2, a modified version of the KVLCC, a non-existing tanker that
has been conceived to provide data for CFD validation and flow physics explication
around a modern tanker with a bulbous bow and stern (NMRI (2000)). This tanker
has been modified to the parameters of the Castillo de Tebra with the use of the
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Figure 5: Castillo de Tebra (retrieved from https://www.marinetraffic.com/

en/ais/details/ships/shipid:4659057/mmsi:710031630/imo:9753636/vessel:

CASTILLO_DE_TEBRA)

software package MaxSurf. Herein, an IGES-file can be imported and reshaped to fit
the correct parameters. The new geometry can be seen in figures 6 and 7. Only the
underwater ship has been defined, as this is what is required for SEACAL calcula-
tions. It needs to be noted that the representation of the 3D model in relation to
the actual ship is not accurate, since the actual model is not available. The model
that has been made is a modification of the already existing KVLCC2, using similar
parameters and coefficients. What can be seen is that the stern of the ship is not
realistic, as the part where the propeller needs to be placed is rather flat. This has
been left this way to keep the coefficients similar to the ones that have been provided
in table 3. More accurate results can be achieved when the model of the ship is made
more realistic, however for the present work it is assumed that the generated model
is satisfactory.

Figure 6: Side view of the modified KVLCC2

From the 3D model, using MARIN plug-ins for the software package Rhinoceros,
multiple meshes can be made. These meshes need to define the ship hull forms well,
there where they are most important. Thus, the bulb and stern are more concentrated
with nodes and thus panels than midship for instance. This is mainly because the
gradients of the fluid velocity are expected to be largest there, as opposed to the
midship. A total of 5 different meshes have been made, ranging from a coarse grid
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Figure 7: Perspective view of the modified KVLCC2

Figure 8: Coarse mesh, multiple views

with few panels to a very fine grid with a large amount of panels. All these meshes
are only for half the hull, as this is enough for further calculations. The coarse mesh
is shown in figure 8. The other meshes are shown in Appendix A.1.

4.4.3 Reference Points

Another input parameter that is required for this research, is a list of the reference
points. These points have been chosen in 5 points in the propeller plane. These are
the propeller hub, top side, starboard side, bottom side and port side of the propeller
plane. A schematic overview is shown in figure 9. These points have been chosen on
the 70% point of the propeller radius, where the total resultant force can be assumed
to be applied (Klein Woud and Stapersma (2003)).
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Figure 9: Schematic front view of reference points on the propeller plane

The coordinates of the 5 reference points are given in table 4. These coordinates
are with respect to the aft, centre and keel of the ship. The reference points are
visualised on the 3D hull in figure 10. Here it can be seen where the reference points
lie with respect to the stern of the ship.

Table 4: SEACAL reference points

Reference point x [m] y [m] z [m]
Hub 4 0 2.3
Top 4 0 3.8
Port 4 1.5 2.3

Bottom 4 0 0.8
Starboard 4 -1.5 2.3

Figure 10: Reference points with respect to ship stern
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4.5 Solution Verification

In this paragraph, a solution verification will be carried out on the acquired results
from SEACAL. This is done by running multiple simulations with different mesh sizes
and finding the numerical uncertainty within the grid convergence. This is also called
a grid refinement study. The main purpose hereof is to show that the ’equations
are solved right’ (Eça and Hoekstra (2014)). Verification consists of two different
activities, namely code verification and solution verification. The purpose of code
verification is to verify, by error evaluation, that a given code solves the equations
of the model correctly. Solution verification intends to estimate the uncertainty of a
calculation when an exact solution is unknown. From the above definitions, it needs
to be noted that there is a difference between errors and uncertainties. According to
Roache (2009), an error requires the knowledge of the exact solution and has a sign
(+ or -). The definition of uncertainty is an interval that should contain the exact
solution within a certain confidence interval. In this paragraph, a solution verifica-
tion is carried out. The code verification has been done already by MARIN. Solution
verification will ultimately check whether grid refinement leads to less numerical un-
certainty. Figure 11 shows the results of the inflow velocity RAOs for 5 different mesh
sizes, for two wave directions. These two wave directions have been chosen as the
results here vary the most, as opposed to the other wave directions where the results
of all 5 meshes are almost equal. Solution verification will check whether the results
from the different grids are mutually consistent or not.

Figure 11: Results for different mesh sizes for 60◦ (left) and 90◦ (right) wave direction,
top part propeller plane

The procedure proposed by Eça and Hoekstra (2014) is based on an error estima-
tion which gives the numerical uncertainty if it is multiplied with a safety factor. For
this, the grid convergence p needs to be calculated. The exact procedure is dependent
on the value of the grid convergence; for 0.5 ≤ p ≤ 2, the second-order method is
valid. When p is higher than 2, the error would be underestimated. When p is lower
than 0.5, the error estimation would be too conservative, due to the value going to
infinity. If p is within 0.5 and 2, the error εφ is equal to δRE, which can be calculated
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by solving equation 4.22. hi/h1 is the grid refinement ratio. The results that are
looked at, referred as φ in all equations, is the fluctuating inflow velocity amplitude
for a specific wave frequency, position and wave direction.

δRE = αhpi (4.22)

The grid refinement ratios for the simulations that have been done earlier in this
section are determined based on the amount of panels that the hull has been dis-
tributed in. The normalized grid refinement ratios are determined using the following
equation:

hi
h1

=
NP1

NPi
(4.23)

Here, NP1 is the number of panels of the most fine grid and NPi is the number of
panels of the ith grid. The grid refinement ratios are given in table 5. The results of
the grids have also been added to the table. They correspond to results taken from
the following points:

µ = 60◦, ω = 1.0rad/s and µ = 90◦, ω = 1.1rad/s

Table 5: Grid refinement ratios and corresponding simulation results

Grid NP hi
h1

vfluct,1 vfluct,2
1 5725 1 0.7602 0.3865
2 5160 1.1095 0.7507 0.3767
3 4300 1.3314 0.7521 0.3830
4 2963 1.9322 0.7344 0.3450
5 1260 4.4380 0.6999 0.2740

Using a non-weighted and a weighted approach, this equation is solved using
a least-squares power series expansion. There where the standard deviation is the
lowest, will be used for further use in the uncertainty determination. The weight for
each term in the non-weighted approach is equal to wi = 1/ng, where ng is equal to 5,
the number of grids that were used in the numerical computations. For the weighted
approach, each weight is equal to:

wi =
1

hi

(
ng∑
i=1

1

hi

)−1

(4.24)

In both cases, the sum of the weights equals 1 (
ng∑
i=1

wi = 1). The following function

needs to be minimised in the least-squares error estimation:

SRE (φ0), α, p) =

√√√√ ng∑
i=1

wi (φi − (φ0 + αhpi ))
2 (4.25)
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This leads to the system of non-linear equations shown in 4.26. For both the
non-weighted and weighted approach, this system is solved.

φ0 =

ng∑
i=1

wiφi − α
ng∑
i=1

wih
p
i

α =

ng∑
i=1

wiφih
p
i −

(
ng∑
i=1

wiφi

)(
ng∑
i=1

wih
p
i

)
ng∑
i=1

wih
2p
i −

(
ng∑
i=1

wih
p
i

)(
ng∑
i=1

wih
p
i

)
ng∑
i=1

wiφih
p
i log (hi)− φ0

ng∑
i=1

wih
p
i log (hi)− α

ng∑
i=1

wih
2p
i log (hi) = 0

(4.26)

The standard deviation is calculated using the following equation:

σRE =

√√√√√ ng∑
i=1

ngwi (φi − (φ0 + αhpi ))
2

(ng − 3)
(4.27)

The results of all the operations mentioned above are given in table 6 for the two
mentioned points in figure 11

Table 6: Standard deviations of non-weighted and weighted least-squares methods
for the two data points

Non-weighted Weighted
φ0 0.876 0.869
α −0.117 −0.110
p 0.272 0.285
σ 4.102 · 10−3 4.599 · 10−3

Non-weighted Weighted
φ0 0.463 0.446
α −7.533 · 10−2 −5.810 · 10−2

p 0.617 0.727
σ 8.903 · 10−3 9.291 · 10−3

From these results it can be concluded that the results from the non-weighted
approach will be used further, as the standard deviation is smaller. The results for
the first data point shows that the grid refinement ratio p is less than 0.5, indicating
that the error estimate would be too conservative (Eça and Hoekstra (2014)). The
next step in the procedure is to determine the quality of the fit through the numerical
data points, which is used to obtain the error estimate εφ. This is done by determining
a data range parameter, calculated with equation 4.28. This parameter needs to be
compared to the standard deviation to obtain the correct safety factor Fs. If the
standard deviation is smaller than data range parameter, the data is reliable enough
to use a safety factor of 1.25. Otherwise, the safety factor is set to 3.0. The value for
∆φ is 0.0040, therefore the safety factor is 1.25, as this is larger than the standard
deviation of the non-weighted approach.
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∆φ =
φmax − φmin
ng − 1

(4.28)

For the uncertainty determination, a fit through the numerical data points is made.
A second order polynomial is fitted using the MATLAB operator fit. The difference
between each numerically obtained value for φi and the fitted curve is then used
together with the safety factor and standard deviation to calculate the uncertainty
for each numerical data point:

Uφ(φi) = Fsεφ + σRE + |φi − φi,fit| (4.29)

The results are shown in figure 12. The fitted curve is also visualized, and plotted
through the estimation of the exact solution. The uncertainty of the numerical data
points are shown with error bars.

What can be concluded from these results, is that the numerical data points are
mutually consistent. This is due to the error bars overlapping each other. What is
also clear from figure 12 is that the numerical uncertainty converges with decreasing
grid refinement ratio, which indicates that the estimation of the exact solution can
be said with very small uncertainty. The actual numerical uncertainty of the data
points is however rather large. One explanation is that the orthogonality of the grids
was not satisfactory within the refinement, therefore generating different results for
different grids. However, based on the procedure by Eça and Hoekstra (2014) it can
be concluded that the solution is verified.

Figure 12: Numerical uncertainty results
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4.6 Simulation Results

This paragraph will present the results that have been obtained from the seakeeping
program SEACAL. These results comprise of inflow velocity changes (longitudinal,
vertical and transverse) in the form of amplitudes and phase shifts in a wide range of
wave direction and frequencies. Besides that, SEACAL also presents the ship motions
in all six degrees of freedom for the same range of wave directions and frequencies.
The ship motions will mainly be used to clarify some aspects of the inflow velocity
results. Finally, SEACAL offers results of the wave forces in all six degrees of freedom.
However, the variable that will be mostly looked into for the present work is the
longitudinal inflow velocity. The reason for leaving out the transverse and vertical
inflow velocity is that they do not ave a large effect on the propulsive performance of
the propeller. This is explained with the fact that if the a propeller feels a transverse
increase in the inflow velocity, with a right-handed propeller, the top part will generate
more thrust whereas the bottom part will lose a bit of thrust. What is gained in the
top part, is lost in the bottom part so it is assumed to cancel out. For the complete
picture, the results are shown but they will not be used for further calculations.

4.6.1 Results in the Frequency Domain

The sign convention the following results will be that 0◦ waves are following waves
and 180◦ waves are head waves. For wave directions 30◦ and 60◦, the longitudinal
inflow velocity amplitudes for a range of wave frequencies is shown in figure 13. These
waves were chosen to visualize as they show some characteristics that can be clarified
by the zero encounter frequency as well as the ship motions. All other wave directions
are shown in Appendix A.2.

Figure 13: Longitudinal inflow velocity amplitude for 30◦ (left) and 60◦ (right) wave
direction

What can clearly be seen from the graphs is that there is a significant change
in inflow velocity for the different reference points. This indicates that at different
parts of the propeller, a different inflow velocity is experienced at this specific wave
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Figure 14: Ship motions at 30◦ (left) and 60◦ (right) wave direction

direction. This would change the effective angle of attack along the blade and there-
fore also the thrust generation. What is also made clear, is that the starboard and
port side of the propeller have larger inflow velocity amplitudes at the lower wave
frequencies than other parts of the propeller. This trend was found in all wave di-
rections (see Appendix A.2), except for head waves and following waves. This means
that the longitudinal velocity change at those parts of the propeller plane resonate
largely with the corresponding waves. This will be further clarified by looking at
the ship motions. The motions in the six degrees of freedom are shown in figure 14.
Here, it can be seen that both peaks in the inflow velocity coincide with the peaks of
the ship motions, specifically the sway, roll and yaw motions of the ship. The peak
at larger frequencies at 30◦ waves in figure 13 is clarified by looking at the contour
plot of the longitudinal inflow velocity RAOs, averaged over the 4 reference points
(top, starboard, bottom and port) in the propeller plane, shown in figure 15. Herein,
a line is drawn that shows for which wave frequencies and directions the encounter
frequency equals zero. A zero encounter frequency indicates that the ship sails at the
same speed as the longitudinal wave component, therefore not feeling any difference
in wave heights. What can be seen along this line is that there are irregularities in the
RAOs, mainly due to the encounter frequency being zero. When encounter frequency
is close to zero, some interesting physical phenomena happen. For instance, when
encountering following waves (9◦), what happens then is that the ship basically starts
’surfing’ on the waves. Due to these phenomena, peaks exist near an encounter fre-
quency of 0. At 30◦ waves, at large wave frequencies, the encounter frequency nears
zero. Therefore, a peak appears at this wave direction and frequency. What can also
be seen from this figure is that at beam waves (90◦), the RAOs are rather small. This
indicates that beam waves do not have a large influence on the longitudinal inflow
velocity change at the propeller plane.
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Figure 15: Contour plot of the longitudinal inflow velocity RAOs (averaged over
propeller plane)

Results for wave directions 0◦ and 180◦ are shown in figure 16. What can be no-
ticed here is that there is an overlap between the starboard side and port side of the
propeller. The is because of both head and following waves having no sideways ve-
locity components. With these waves, the flow is symmetrical over the port side and
starboard side of the hull, which results in an equal longitudinal velocity at starboard
and port side. There is however still a difference in the top side and bottom side of
the propeller, which will still result in a thrust difference along the propeller blade.
A different aspect in the graph for following waves is the peak at ω = 1.4 rad/s. This
peak is an irregularity due to the the fact that the encounter frequency at that wave
frequency and wave direction equals zero. This can be seen in the contour plot as
well in figure 15. The peak in the graph for 180◦ waves can be traced back to the
ship motions, shown in figure 17. Here, peaks occur at the same frequencies for the
heave and surge motion.

Figure 16: Longitudinal inflow velocity amplitude at 0◦ (left) and 180◦ (right) wave
direction
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Figure 17: Ship motion RAOs at 180◦ waves

All previous results have only shown what the longitudinal velocity RAOs are per
wave frequency and wave direction. It is also important to look at the transverse
(y-direction) and vertical (z-direction) velocity RAOs to see how the waves affect the
propeller wake in those directions. The contours for the transverse and vertical ve-
locity RAOs are shown in figures 18 and 19 respectively.

Figure 18: Contour plot of the transverse inflow velocity RAOs (averaged over pro-
peller plane)
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Figure 19: Contour plot of the vertical inflow velocity RAOs (averaged over propeller
plane)

One thing that stands out notably is the fact that the transverse velocity RAOs
are much larger than the longitudinal and vertical, which can be seen in the peak at ω
= 0.9 rad/s, µ = 30◦ for instance. This is because the sway motions of the ship were
calculated to be much larger, in all wave directions (see figure 14 and Appendix A.3).
Due to larger sway motions in comparison to heave motions, the relative transverse
water velocities also are larger than the vertical velocities.

4.6.2 Time Domain Transformation

From the gathered results, it is possible to transform the frequency domain into
the time domain. This is done as follows: The results from SEACAL give frequency
domain results, based on wave frequency. This indicates that for every wave frequency,
there is an amplitude and a phase difference with respect to the incoming wave.
However, for a ship that has a constant heading and speed, the frequency in which the
ship ’feels’ the waves changes for different wave directions and frequencies. Therefore,
for the transformation into the time domain, firstly the wave frequency needs to be
changed into the encounter frequency. This is defined with equation 4.30 (Journée
and Massie (2015)).

ωe = ω − k · vs · cos(µ) = ω − ω2 · vs
g
· cos(µ) (4.30)

This equation uses the dispersion relation in deep water, defined as follows:

k =
ω2

g
(4.31)

For regular waves, the transformation to a time domain is done using a cosine
function.
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vi(t) = ζA · vi,A · cos(ωet− φi) (4.32)

For all following time records, the average values within the propeller plane have
been taken. This means that the average of the top, bottom, port and starboard
side has been calculated for both the amplitude as well as the phase shift. The
inflow velocity amplitudes (vi,A) that are obtained from SEACAL are per meter wave
amplitude. Therefore, to obtain the time domain, a multiplication is done with the
wave amplitude (ζA). All the following figures for regular waves will use a wave
amplitude of 1m. It needs to be noted that the results of the time domain do not
show the actual inflow velocity of the propeller, but the change over time of the inflow
velocity as a results of the incoming waves.

4.6.3 Results for Regular Waves

In figure 20, the inflow velocity change over time is shown for 2 different wave di-
rections (30◦ and 120◦) for a wave frequency of 0.3 rad/s, which corresponds to an
encounter frequency of 0.247 rad/s and 0.331 rad/s for wave directions 30◦ and 120◦

respectively. These wave directions have purely been chosen to visualize the difference
in encounter frequency in the time record. The difference in encounter frequency is
clearly shown here. For different wave directions, waves are felt more frequent than
others when a ship sails at a constant speed. The difference in amplitude comes from
the height of the RAOs that has been determined within SEACAL.

Figure 20: Inflow velocity change at top side propeller, at 30◦ and 120◦ wave direction

For the present work, irregular waves will be used to firstly determine what the
adverse weather conditions are, and secondly use those conditions to determine what
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the advance velocity of the propeller will be. Regular waves have been shown here
to visualize what the change of inflow velocity is for different wave directions and
encounter frequencies. Results for irregular waves will also show the difference in
encounter frequency.

4.6.4 Procedure for Irregular Waves

For irregular waves, use of wave spectra is required (Journée and Massie (2015)). An
irregular wave is seen as the superposition of a series of sinusoidal waves. A time
record of the inflow velocity in irregular waves can be done by means of an inverse
Fourier transform in the form of the following equation:

vi(t) =
N∑
n=1

vi,A · ζan · cos(ωet− φn) (4.33)

The wave amplitude ζa,n can be expressed in a wave spectrum, which is defined
as follows:

Sζ (ωn) ·∆ω =
ωn+∆ω∑
ωn

1

2
ζ2
an(ω) (4.34)

The wave amplitudes can be determined using the known wave spectra. With the
knowledge that the area under the associated segment of the spectrum, Sζ(ω) ·∆ω,
is equal to the variance of the wave component, equation 4.34 can be rewritten as
follows:

ζan =
√

2 · Sζ(ω) ·∆ω (4.35)

The two most important standard forms of wave spectra are the Bretschneider
and JONSWAP wave spectra. These spectra indicate the energy density of irregular
waves per frequency. They are unidirectional wave spectra, which means they are
not dependent on the wave direction. They are based on the significant wave height
(H1/3) and the average wave periods (T̄ ):

Sζ(ω) = H2
1/3 · f(ω, T̄ ) (4.36)

Bretschneider Spectrum
The Bretschneider is the oldest and most popular wave spectra and is well suited for
open sea areas. The mathematical formulation is given as follows:

Sζ(ω) =
173 ·H2

1/3

T 4
1

· ω−5 · exp

{
−692

T 4
1

· ω−4

}
(4.37)

The theoretical relationships between the characteristics periods T1, T2 and Tp
are:
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T1 = 1.086 · T2 = 0.772 · Tp
0.921 · T1 = T2 = 0.711 · Tp
1.296 · T1 = 1.407 · T2 = Tp

(4.38)

JONSWAP Wave Spectrum
The JONSWAP wave spectra stands for the Joint North Sea Wave Project, which was
an extensive wave measurement program along a line extending over 100 miles into the
North Sea. The wave spectra is defined by the following mathematical formulation:

Sζ(ω) =
320 ·H1/3

2

T 4
p

· ω−5 · exp

{
−1950

T 4
p

· ω−4

}
· γA (4.39)

With:
γ = 3.3 (peakedness factor)

A = exp

{
−
( ω

ωs
−1

σ
√

2

)2
}

ωρ = 2π/Tp (circular frequency at spectral peak)
σ = a step function of ω :

if ω < ωp then : σ = 0.07

if ω > ωp then : σ = 0.09

The JONSWAP wave spectra can be changed back to the Bretschneider wave
spectra by taking γA = 1.522 with the peak period Tp. The relationship between the
characteristic periods are:

T1 = 1.073 · T2 = 0.834 · Tp
0.932 · T1 = T2 = 0.777 · Tp
1.199 · T1 = 1.287 · T2 = Tp

(4.40)

Now, when the significant wave height and peak period of the sailing condition are
known, the spectra can be determined, which will ultimately result in a time record
of the wave height. Using the encounter frequency and the phase shifts of the waves
over the whole frequency range, a time record of the inflow velocity of the propeller
can be determined. Further results will be shown in the next chapter, where the
propeller performance in terms of thrust and torque will be given, for the predefined
adverse weather conditions.
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4.7 Discussion & Shortcomings

The use of SEACAL and the processing of its results was done taking into account
the fact that some physical phenomena were neglected. Some have already been
mentioned, such as the viscosity of the water which is not considered with potential
flow theory, while near the propulsor, this would have significant impact on the results.
This paragraph will give a brief discussion on the shortcomings of the use of SEACAL
and where improvements can be made in the future.

4.7.1 Water Viscosity

Leaving out the water viscosity in the determination of the inflow velocity is a rather
drastic measure, since the propulsor mostly operates in flow in which viscosity has a
large impact. CFD could be used to increase the accuracy of the results. This would
however come at the expense of time effort and complexity. One of the phenomena
that is left out when neglecting viscosity is oblique propeller inflow. Propellers experi-
ence this when sailing in waves at an angle or performing manoeuvres. Since SEACAL
is a potential flow method, it does not take into account crucial boundary layer phe-
nomena near the propeller, which ultimately lead to changes in the propeller wake
field. When a propeller experiences inflow from different angles, this wake field also
changes, which results in a change in propeller performance. Dubbioso et al. (2013)
presented a CFD experiment in which they investigated the propeller performance in
oblique flow. During off-design conditions, propeller loads can increase abruptly due
to complex flow field phenomena and interactions between hull, propeller and rudder.
Also, additional forces and moments are generated in the propeller plane, which can
result in a change in the dynamic response of the ship. Results have shown that
indeed, both thrust and torque increase with increasing drift angle. Additional side
forces and moments are also generated due to different pressure distributions along
the vertical and horizontal axis.

Leaving out the effects of water viscosity does not give a realistic picture of what
the propeller performance would look like in adverse weather conditions, specifically
if manoeuvres were taken into account. However, for the scope of the present work it
has been left out as it would require a completely different methodology and therefore
also would be more time consuming to consider it.

4.7.2 Multiple Ship Speeds

All the results that have been given are only done at the design ship speed. For
the bigger picture it would be better to simulate multiple ship speeds to see how
the inflow velocity changes when the ship sails at lower speeds. This would also be
useful when determining the propeller and engine performance at lower ship speeds,
because the ship speed changes due to second order wave drift forces. The effect
of second order wave drift forces is however not taken into account in this research.
Only simulating at the design speed would therefore not result in a realistic picture
of the propeller performance in waves. Simulating more ship speeds would naturally
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cost more simulation time, as at each ship speed, all wave directions and frequencies
need to be simulated again.

4.7.3 Limited SEACAL Expertise

A limiting factor to the use of SEACAL is the lack of expertise involved in the soft-
ware program. It has been found with consultation from Dr. J. Moulijn (MARIN)
that some results, especially the ship motions, are inaccurate. Reasons for this could
be traced back to the input parameters and the meshing of the 3D hull. For fur-
ther research it could be useful to put more time and effort in investigating whether
the acquired results are accurate and where they can be improved if found to be
inaccurate.
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5 Ship Propulsion in Adverse Weather

This section will cover the details of how the results from section 4.6 are used to
determine how the ship propulsion system operates in adverse weather conditions.
Mostly, those results will be implemented so that the propeller performance can be
calculated and evaluated at different wave directions. Using these results, it can be
determined whether the ship becomes underpowered or not. The present work will
only look into straight forward sailing in different waves, as SEACAL only determined
the results based on forward ship motion. Therefore, the manoeuvring operations of
the ship will not be taken into account.

5.1 Adverse Weather Conditions

It is important to understand in what realistic conditions the vessel sails to deter-
mine the performance of the propeller and engine. For this, use is made of IMO
(2013), which are the guidelines for determining the minimum propulsion power to
maintain manoeuvrability of ships in adverse conditions. The purpose thereof is to
verify whether ships comply with minimum propulsion power requirements. These
guidelines have set up the following parameters to define adverse sea conditions cor-
responding with Beaufort number 7:

Significant wave height H1/3 [m] 4.0
Peak wave period TP [s] 7.0 - 15.0

Mean wind speed Vw [m/s] 15.7

Table 7: Adverse sea condition definition

The lower boundary of the peak wave period is slightly conservative, because the
theoretical maximum storm steepness boundary in the relevant range of significant
wave heights is crossed. The upper boundary is unnecessarily large, because such large
wave periods are not critical for propulsion or steering ability (MEPC (2017)). In
the introduction, the research project SHOPERA was mentioned, which has the aim
to develop criteria and corresponding environmental conditions to assess sufficiency
of propulsion and steering systems of ship for manoeuvrability in adverse weather.
Here, the same definition for adverse weather condition was used. This definition is
however only for ships having a deadweight larger than 20.000 DWT. The chemical
tanker that is investigated in the present work has a deadweight of 13.000 DWT. It
is assumed here that the same adverse weather condition holds for smaller vessels.

The SHOPERA project defined several criteria for the manoeuvrability of ships in
adverse weather, namely being able to weather vane in heavy weather in the open sea
and the ability to steer and propel in increasing coastal areas (MEPC (2017)). For
this, environmental conditions are defined, as mentioned before. However, manoeu-
vrability performance depends largely on vessel characteristics and the operational
experiences of the ship master. The weather conditions that have been defined are
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not very severe, because in practice ship masters usually do not stay near the coast
in increasing storm. They normally look for shelter or leave to the open sea where
a position is sought that has enough room for drifting (Papanikolaou et al. (2015)).
The recommended environmental conditions shown in table 7 were derived by bench-
marking tankers, bulk carriers and container ships in the EEDI database against the
two criteria mentioned above.

Now that the actual adverse sea conditions are known, the vessel needs to be
tested on them. The defined parameters are based on the JONSWAP sea spectrum.
Therefore, the propeller characteristics and performance limits will be tested on the
given JONSWAP parameters in the following paragraphs. For the given parameters,
the spectrum is shown in figure 21.

Figure 21: JONSWAP Spectrum for HS = 4m and TP = 7s

5.2 Propeller Performance Characteristics

5.2.1 Propeller Thrust and Torque

This part will elaborate on how the propeller performance is defined and quantified.
The performance will be mainly dictated by the thrust production and the corre-
sponding torque generation of the propeller. In order to determine thrust and torque,
the main parameter to determine is the advance velocity that the propeller experi-
ences. The previous chapter has given the change in inflow velocity of the propeller
under certain wave directions and frequencies. The advance velocity consists of the
ship speed and the calm water wake fraction together with the fluctuating inflow
velocity, defined in equation 5.1.

va = vs · (1− w) + vi(t) (5.1)

Here, vs is the ship speed and w is the calm water wake fraction. For the ship
speed, the design ship speed of 13.3 knots is used, as all SEACAL results are based
on the design ship speed. The thrust of the propeller is calculated using the non-
dimensional thrust index CT (ITTC (1999)):
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T = CT ·
π

8
· ρ ·D2

p ·
[
v2
a + (0.7 · π · np ·Dp)

2] (5.2)

T = KT · ρ · n2
p ·D4

p (5.3)

This form of the thrust, which normally is defined as shown in equation 5.3, is
seen as more useful as the thrust characteristics can now be presented over a range of
advance velocities, which is the changing variable in this research. This thrust index
is a function of the hydrodynamic pitch angle βP and the propeller pitch ratio P/D,
shown in the following equation:

CT = f (βP , P/D) (5.4)

Where the hydrodynamic pitch angle is defined as follows (ITTC (1999)):

βP = arctan

(
va

0.7π · np ·Dp

)
(5.5)

Using equations 5.2 and 5.5, the thrust production can be determined with the
main variable being the time varying advance velocity va, keeping the propeller speed
n constant as well as the pitch ratio. The torque demands can be determined similarly
using equation 5.6, with equation 5.7 being the normally used way of determining the
torque using the open-water diagram:

Q = CQ ·
π

8
· ρ ·D3

p ·
[
v2
a + (0.7 · π · np ·Dp)

2] (5.6)

Q = KQ · ρ · n2
p ·D5

p (5.7)

Here, the non-dimensional torque coefficient CQ is again a function of the propeller
pitch ratio and hydrodynamic pitch angle:

CQ = f (βP , P/D) (5.8)

5.2.2 Open-Water Diagram

This paragraph will briefly introduce the open-water diagram that is used further in
this section. The open-water characteristics have been extracted from the original
propulsion & manoeuvring model, worked on by Sui (2021). Here, the open-water
test data of the original MAN Alpha propeller has been given, followed by a cor-
rection that has been executed to find the right open-water characteristics for the
Wageningen C4-55 propeller that are similar to the original MAN Alpha propeller.
A nominal pitch of P/D = 0.8 has been chosen for the C4-55, as its blade area ratio
(0.55) and design pitch are similar to the ones of the MAN Alpha propeller installed
in the benchmark ship, which has a blade ratio of 0.52 and design pitch of P/D =
0.7075. Details on the correction can be found in Sui (2021). The original and cor-
rected open-water diagram is shown in figure 22.
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Figure 22: Original and corrected open-water diagram and thrust/torque index coef-
ficients

Not only the thrust and torque coefficients are corrected, the thrust and torque
index coefficients (equations 5.4 and 5.8) also need to be corrected for the Wageningen
C4-55 propeller at design pitch P/D=0.8. Again, for further details, see Sui (2021).
For the design pitch, the CT and CQ graphs are also plotted in figure 22.
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5.3 Engine Performance Characteristics

This paragraph will cover how the engine responds to the changes in propeller per-
formance due to adverse weather conditions.

5.3.1 Engine Layout & Parameters

The layout of the power plant installed on the benchmark chemical tanker is shown
in figure 23. The propulsion system is a controllable pitch propeller (CPP) that is
directly driven by a 2-stroke main diesel engine. The main engine parameters are
given in table 8. The CPP adds better manoeuvrability to the ship and are better for
adapting to different operating conditions (Klein Woud and Stapersma (2003)). For
the present work, the CPP is assumed to be set at a constant pitch of P/D = 0.7075

Figure 23: Power plant layout

Table 8: Engine parameters (Sui (2021))

Parameter Main Engine
Engine Type MAN 6S35ME-B9.3-TII (2-stroke)

Number of Engines [-] 1
Maximum Continuous Rating (MCR) [kW] 4170

Rated Speed [rpm] 167

The electric power generation system that is installed on board of the chemical
tanker has a shaft generator (SG) and three auxiliary generators (AG). The shaft
generator is powered by the main engine using a power take-off (PTO) gearbox. This
means that part of the main engine is used for electric power generation. The auxil-
iary generators are driven by three auxiliary diesel engines.
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5.3.2 Engine Operating Envelope

This paragraph will consist of details about the engine operating envelope, which is
a diagram that shows what engine power limits are reached at what engine speeds.
This diagram consists of five limits (Stapersma and Woud (2005)), namely mini-
mum engine speed, maximum engine speed, maximum torque, turbocharger limit
and a minimum torque limit. Operating the engine within these five limits is allowed,
whereas operating below the minimum torque limit is allowed during manoeuvring
only. The operating envelope of the engine is shown in figure 24. The layout figure
has been inspired by the work done by Sui (2021). Here, the overload power limit is
110% of the MCR and the overload speed limit is 105% of the design engine speed
(MAN (2014)).

Figure 24: Engine operating envelope

To find the operating curve of the propeller in adverse weather, first the nominal
propeller curve will be determined. For this, the resistance - ship speed (R/vs) relation
needs to be converted to a brake power - engine speed (PB/ne) relation. To find the
ship resistance, the effective towing power of the ship needs to be determined. This
is done using the following equation:

PE = CE · ρ
1
3 ·∆

2
3 · v3

s (5.9)

Here it is shown that the effective towing power is dependent on the specific
resistance coefficient (CE), which is a function of ship speed, hull form, fouling, sea
state and water depth. From the effective towing power, the resistance is given by:

R =
PE
vs

(5.10)
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Some main assumptions here are that a fixed-pitch propeller is used and that a
quadratic resistance curve is assumed. From the quadratic relation, the following
equation can be set up:

R = c1 ∗ v2
s (5.11)

At a specific point on the resistance curve, c1 can be determined. This can also
be rewritten using the wake fraction and advance velocity:

va = (1− w) · vs (5.12)

R = c1 ·
(

va
1− w

)2

(5.13)

With the thrust deduction, the thrust follows:

T =
R

1− t
=

c1 · v2
a

(1− t) · (1− w)2
= c8 ∗ v2

a (5.14)

The required thrust coefficient for this ship at speed vs is then:

KT, ship =
c8 · v2

a

ρ · n2
p ·D4

p

=
c8

ρ ·Dp2
· v2

a

n2
p ·D2

p

=
c8

ρ ·D2
p

· J2 = c7 · J2 (5.15)

Plotting this graph in the open-water diagram of the fixed pitch propeller, the
operating point of the propeller can be found. This is the intersection of the KT, ship

line and the KT, prop line. From this, also the torque coefficient and open-water effi-
ciency can be read. With the torque coefficient, the propeller load can be determined
as follows:

KQ =
Qp

ρ · n2
p ·D5

p

=
ηr · ηs ·Mp

ρ · n2
p ·D5

→ Mp =
ρ ·D5

p

ηR
·KQ · n2

p (5.16)

Finally, the engine brake power is determined with the next equation:

PB = 2 · π ·Mp · ne (5.17)

The actual design load line and design point of the vessel is determined based on
the nominal torque coefficient KQ, nominal advance ratio J and nominal ship speed
vs, given in Sui (2021), which are the shown in table 9.

KQ,nom [-] Jnom [-] vs,nom [knots]
0.01942 0.4072 13.3

Table 9: Nominal advance ratio and ship speed

Using the equation below, the nominal propeller speed can be calculated which
is 167 rpm. The brake power at the corresponding engine speed is 3965 kW. This is
visualized in figure 25.
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Figure 25: Engine operating envelope with propeller load at design condition

5.3.3 Ship Thrust Envelope

A different approach of looking at the operating limits of a ship is to look at the ship
thrust envelope. Here, the load limits of the engine envelope are transformed from
power-speed limits to thrust-speed limits, in terms of ship speed instead of engine
rotating speed. For the load limits, the following procedure is done. Every point of
the load and overload limit lines in the engine operating envelope has a value for the
engine speed, corresponding to its power limit. To transform this line into the ship
thrust envelope, first the KQ values for those points need to be determined. This is
done using the following set of equations:

Mlimit =
Plimit

nlimit · 2π
(5.18)

QP,limit = Mlimit · ηs · ηr (5.19)

KQ,limit =
QP,limit

ρ ·D5
p · n5

limit

(5.20)

After determining the KQ values, the corresponding J and KT values can be
determined using the open-water diagram. The ship thrust is finally determined
using the following equation:

Ts = KT · ρ ·D4
p · n2

limit · (1− t) (5.21)

The full ship thrust envelope is pictured in figure 26. Again, inspiration has been
drawn from Sui (2021) for the layout of this figure.
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Figure 26: Ship thrust envelope

What is seen here, is that the design point and the MCR point are dispersed
slightly on the x-axis and y-axis. This is explained by the fact that both points
have a different value for KQ, and thus a different value for J and KT . With equal
rotational speed, a different value for the ship thrust and advance velocity is achieved.

5.4 Testing the Engine Limit

This paragraph will verify whether the vessel has enough power to sail in the defined
adverse sea conditions, depicted in table 7. The propeller performance during these
adverse sea conditions will be plotted inside both the engine operating envelope as
well as the ship thrust envelope, defined in paragraph 5.3.2.

With the given adverse weather conditions, the generated thrust and torque of the
propeller can be determined over time. Based on the JONSWAP spectrum, given in
figure 21, the fluctuating inflow velocity is determined and ultimately the thrust and
torque of the propeller. The fluctuating inflow velocity for following and head waves
is visualized in figure 27. From this figure, it can be clearly seen that the direction
of waves has an influence on the amplitude of the inflow velocity, as well as on the
frequency of change. The latter is explained with the encounter frequency, which
is much larger with head waves than following waves when the ship has a forward
velocity. The inflow velocity changes for all wave directions are shown in Appendix
A.4.
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Figure 27: Fluctuating inflow velocity in irregular waves

5.4.1 Thrust and Torque in Adverse Weather

The thrust and torque of the propeller are, as mentioned before, dependent on the ad-
vance angle βP , which is a function of the advance velocity and rotational speed of the
propeller. The advance velocity is given with equation 5.1 and the resulting advance
angle is given with equation 5.5. The advance angle, together with the pitch ratio,
results in the thrust and torque index coefficients. With this reasoning of thinking,
the thrust and torque fluctuate not only directly with the advance velocity, shown in
equation 5.2 and 5.6, but also indirectly through their respective index coefficients CT
and CQ. Therefore, the thrust and torque will not fluctuate in the same behaviour as
the advance velocity. In figure 28, the thrust and torque index coefficients are plotted
over time. Here it can be seen that the peaks and troughs are at different points in
time that the ones for the inflow velocity.
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Figure 28: CT and CQ change over time (0◦ wave direction)

Finally, the thrust and torque are calculated for different wave directions and
plotted in figure 29. The design propeller rotating speed of 167 is used.

Figure 29: Thrust (left) and torque (right) over time for multiple wave directions

5.4.2 Propeller Load in Engine Envelope

The propeller load is plotted in the engine operating envelope as follows: The pro-
peller torque that is generated due to the waves is transformed to the engine brake
power using equation 5.17, assuming that the shaft efficiency (ηs) and relative rotative
efficiency (ηr) are equal to 1. Due to the fluctuating advance velocity, a minimum
and a maximum torque is experienced within the time record. These are however
calculated for the design engine speed of 167 rpm. Therefore, in the engine operating
envelope this will look like a vertical line. This is shown in figure 30 for following
waves (0◦) and head waves (180◦). All other wave directions are shown in Appendix
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A.5.

Figure 30: Engine operating envelope in adverse weather conditions (following (left)
and head (right) waves)

Clearly it can be seen that the power in adverse weather conditions exceeds the
engine limits at the nominal ship speed and engine speed and this trend is seen in
all other wave directions as well. This is mainly because of the thrust and torque
fluctuations that have been calculated at the nominal conditions in terms of ship
speed and engine speed. The design point is already close to the engine limit, which
would result in overloading if significant fluctuations are added to that design point.
From all wave directions, it can be said that the head waves and following waves have
the least amount of effect on the required power. This is due to the fact that the
longitudinal velocity fluctuations are smallest here.

For the present work, the propeller torque has been purely determined based on
the nominal engine speed, which is 167 rpm. From this, the conclusion can be made
that the engine overloads in adverse weather conditions, when it sails at its design
speed of 13.3 knots and has the engine rotating at 167 rpm. In other words, the ship
is underpowered when it sails in adverse weather conditions at the specified speeds.
However, the present work did not take into account that the ship experiences added
resistance when it sails in waves. Due to this, the propeller load curve will move
to the left as well, forcing the engine to run at a lower speed. The ship speed will
therefore also decrease. Not only can the ship speed decrease due to added resistance;
the captain can and will manually decrease the ship speed when it sails in large waves
for safety reasons. For this reason, the results do not represent a realistic picture, as
sailing at the design speed in adverse weather is not often done.

5.4.3 Propulsion Control System

Something that needs to be noted, is that when the engine feels a changing torque on
the propeller, the propulsion control system will increase or decrease the fuel injection
to generate less or more torque in the engine. For the present work, it is assumed
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that the control system reacts instantly to the change in propeller torque, resulting
in a vertical line in figure 30. Therefore, the rotational speed of the engine does not
change. In reality, when the propeller generates more torque than what the engine de-
livers, the control system will decrease the speed, afterwards start injecting more fuel
and then increasing the engine speed again to match the propeller torque and keep
the ship speed constant. In figure 30 the adverse weather line would incline to the left.

5.4.4 Propeller Load in Ship Thrust Envelope

This paragraph will show where the propeller load in adverse weather conditions lies
in the ship thrust envelope, which was introduced in paragraph 5.3.2. For head waves
and following waves, the results are shown in figure 31. It must be noted here that
the x-axis is not the ship speed in knots, but the advance velocity in m/s. The results
for all other wave directions are shown in Appendix A.6.

Figure 31: Ship thrust envelope in adverse weather (0◦ & 180◦)

Here, it can also be clearly seen that the thrust that is produced exceeds the limits
of the engine at certain advance velocities for both following as well as head waves.
The ship thrust for head waves is smaller, because the advance velocity is larger on
average, which leads to a decrease in the thrust index coefficient (figure 22). The de-
crease in thrust index coefficient is larger than the increase in advance velocity, which
leads to a decrease in the total thrust generation. From this figure, it can be read at
what advance velocity the limit is reached. In conclusion it can be said that the waves
produce too much of a change in the advance velocity of the propeller, causing it to
generate too much thrust. Again, the explanation of the ship thrust going over the

61



limits has to do with the fact that the calculations have been made based on nominal
ship speed and engine speed. As this is close to the MCR of the engine already, the
additional fluctuations due to the waves push the thrust and torque over the limits.
Therefore, the conclusion can be drawn that the ship is underpowered when it sails
at its design speed of 13.3 knots and has its engine running at 167 rpm.

5.5 Comparison to Previous Research

As the present work is a continuation of the work done by Sui (2021), it is useful to
compare his results to the results acquired here. Here, the difference can be discovered
of the empirical wave model and numerical results. These will be compared in terms
of advance velocity fluctuations in two sailing conditions, namely in Beaufort 7 (BF7)
and Beaufort 8 (BF8). Sui (2021) found that in BF7, the ship attains a velocity of 7
knots in regular head waves with a wave height of 4 m. In BF8, the ship attained a
velocity of 2.6 knots in regular head waves with a wave height of 5.5 m. The results
of Sui (2021) are shown in figure 32 on the left.

Figure 32: Advance velocities for BF7 (blue) and BF8 (red) from Sui (2021) (left)
and the present work (right)

The advance velocities for the same conditions, determined in the present work
are also shown in 32 on the right. It can be seen here that the fluctuation of the
advance velocities is fairly comparable. The fluctuation is larger due to the fact that
the inflow velocity RAOs are determined with having a ship speed of 13.3 knots,
and them therefore being larger than the RAOs for lower velocities. The reason that
only the advance velocity is compared, is the fact that the work done by Sui (2021)
incorporated a propulsion control system that determines the engine rotating speed
fluctuation, whereas the present work does not make use of that. The advance velocity
does however give a good indication of what the propeller performance might be. If
they are comparable, then it means that the numerical results are comparable to the
empirical equations for wake fluctuation.

5.6 Conclusions

The conclusions that have been drawn in this section are supposed to answer the
main research question of this work, which was the following:
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What is the influence of waves on the ship operational safety
of the ocean-going chemical tanker ‘Castillo de Tebra’, sailing
forward at its design speed?

The definition of ship operational safety is whether or not the ship has enough
thrust availability when operating in adverse weather conditions. As it has been con-
cluded, the influence of waves on the ship operational safety is that for the design ship
speed and engine speed of the ship, the engine would overload for all wave direction,
when irregular waves are considered. The reason is that the thrust and torque that
the propeller produces in adverse weather conditions would be too large for the engine
to handle. This would mean that the ship is underpowered during adverse weather
conditions. Also, the results have shown that the ship thrust availability is not satis-
factory to overcome the thrust that the propeller produces in adverse weather. This
research did not take into account what the ship speed change would be if it sailed
in adverse weather condition, making the research limited to only one sailing con-
dition. Adverse weather conditions are inherently not the design condition of the
vessel, therefore the results of the present work do not paint a realistic picture of
how the vessel would operate in adverse weather. However, taking into account the
assumption that the results are representative, the conclusion of this research is that
the predefined adverse weather conditions would result in the fact that the ’Castillo
de Tebra’ is underpowered. Therefore, lowering the EEDI of this ship would result in
dangerous situations as the engine would overload in large waves.

5.7 Discussion & Shortcomings

This paragraph will provide some points of discussion that concern the present work
in relation to the propeller and engine performances that have been determined. Some
recommendations will be presented as well.

5.7.1 Conflict of EEDI and Minimum Propulsion Power in Adverse Weather

One of the reasons that this research has been proposed, is to find out whether the
ship in question will be underpowered in adverse weather conditions. In response to
the IMO, introducing the concept of the Energy Efficiency Design Index (EEDI), it
seemed necessary to check whether just lowering the installed engine power would
suffice when the ship sails in realistic conditions. MEPC (2019) proposes a concept
that satisfied both problems; reducing engine power and thus ship speed for normal
operating conditions and maintaining safe operation when sailing in adverse weather
conditions. The proposed solution is limiting the available engine power in normal
condition, whereas providing an additional reserve of engine power for manoeuvres in
adverse weather for instance. This in practice would mean that the master of a ship
can release an ”emergency button” to use the power reserve and therefore using the
full installed engine power. MEPC (2019) gives more details on the specifics of this
concept, when to use it and other requirements.
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5.7.2 Minimum Propulsion Power Guidelines

Since it has been shown that the benchmark ship is underpowered in adverse weather
conditions, a look can be given into the minimum propulsion power guidelines. The
guidelines given in MEPC (2019) have a level 1 and 2 assessment on what the mini-
mum power should be of a ship. The first level only considers the minimum installed
propulsion power. It therefore has no requirements on minimum ship thrust and
minimum ship speed in adverse weather conditions. The ship operational safety is
however dictated by the available propeller thrust and ship speed. These are limited
by the available engine torque due to the torque-speed limit, rather than the installed
MCR. The second level assessment does consider the available propeller thrust and
minimum ship speed in adverse weather. The torque-speed limit is taken into account,
but only the static engine load limit rather than the dynamic engine load limit. The
engine could still be overloaded due to dynamic loads caused by waves. Sui (2021)
proposes that an additional engine margin is considered in the assessment to take
into account dynamic engine overloading.

5.7.3 Lower Ship Speeds and Propeller Revolutions

The calculations that have been carried out so far, have all used the assumption that
the ship speed and propeller revolutions are constant. In reality, when a ship sails
in waves, the speed constantly changes due to the added resistance that the ship
experience from the waves. The present work has not taken into account the change
in added resistance that occurs when sailing in waves. A ship not only experiences
added resistance but also wave drift forces when it sails in waves. These are forces
that vary with the low-frequency part of waves that have multiple frequencies. These
forces also contribute to the added resistance that a ship feels, which would also have
consequences on the propeller performance as there is more power needed to sail at
the same ship speed.

For the present work, it was not possible to do any calculation on a lower ship
speed. All SEACAL simulations were done on the design ship speed, additional sim-
ulations could not be done due to time limitations on the availability of SEACAL.
Performing simulations on lower ship speeds could lead to investigating at what ship
speeds the engine would not overload, when sailing forward at different wave direc-
tions. This could have been useful to present a clear image of what ship speeds are
safe for the crew on board of the ’Castillo de Tebra’. Possible alternatives that could
have been implemented to look into different ship speeds were either by multiplying
all SEACAL RAOs by the ratio of the ship speed to the design ship speed. this would
however not be realistic, as for instance with a zero ship speed there would be zero
velocity changes due to waves. This is naturally not true, as waves cause circular
water motions and thus velocities, even with zero ship speed.

A different way of changing the RAOs is by changing the ship speed in the equa-
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tion for the encounter frequency (equations 4.30). This would however only lead to
different RAOs at different encounter frequencies, but not specifically changing them
based to the actual ship speed in SEACAL.

Nevertheless, this section will provide a brief evaluation of the thrust and torque
generation and power requirements at lower ship speeds and propeller revolutions.
This is realized by finding out what ship speeds are attained at which propeller
revolutions in calm water. In other words, the vs−np graph needs to be found. From
the propulsion and engine model used in Sui (2021) this graph could be extracted.
This is shown in figure 33.

Figure 33: Ship speed - propeller revolutions graph

From this graph, three additional sailing points have been read, given in table 10.

np [rpm] vs [kn]
80 7.2
100 8.8
133 11.9

Table 10: Sailing points
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Using these points, new calculations are made for the thrust and torque production
of the propeller. Using the same procedure as the one discussed in paragraph 5.4.2,
the brake power can again be depicted in the engine operating envelope and ship
thrust envelope. These are given in figure 34 for following waves (0◦).

Figure 34: Engine operating envelope and ship thrust envelope for reduced ship and
propeller speeds

In the engine operating envelope, it can be clearly seen that running on reduced
ship and propeller speeds, the engine has enough power to account for the torque
variations caused by the waves. However, when looking at the ship thrust envelope,
only the reduction to 11.9 knots suffices, as the other reductions exceed the lower
load limits. This indicates that more time and effort needs to be put into calculating
engine loading in adverse weather at lower ship and propeller speeds. Taking into
account added resistance is also vital here.

For lower engine loads and speeds, an auxiliary blower can be used. This is an
electrically driven machine that assists in air supply to the engine below an engine
load of about 30% (Yum et al. (2017)). Below this engine load, the turbocharger is
not able to sufficient air for the scavenging process. Sui (2021) modeled the effect of
an auxiliary blower on the engine process for different engine loads. Figure 35 shows
the engine mass flow as well as the specific fuel consumption for the full range of
engine load (0% - 100%).
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Figure 35: Mass flow (left) and specific fuel consumption (right) of the engine with
auxiliary blower (Sui (2021))

Below en engine load of 35%, it can be seen that the auxiliary blower is used as
the mass flow is higher there than if it were switched off. It also helps in decreasing
the fuel consumption slightly, which leads to a decrease in emissions. When the
engine load passes the 35% mark, the auxiliary blower is switched off again as the
turbocharger can do its work well enough. This shows that at low engine loads, an
auxiliary blower is helpful in increasing the mass flow and reducing fuel consumption.

5.7.4 Power Take Off & Power Take In

The benchmark chemical tanker uses the main engine for PTO mode, meaning that
power is taken off from the main engine to generate electric power. The results from
the present work did not take PTO mode into account. Actually, using PTO mode
would only result in having less available power for propulsion, ultimately resulting
in the ship becoming even more underpowered in adverse weather. However, if the
shaft generator of the benchmark chemical tanker were to be updated to be able to
have a power take-in (PTI) mode as well, then the engine would be able to provide
more power. PTI mode means that the shaft generator provides additional power to
boost the main engine. This would mean that both the engine operating envelope as
well as the ship thrust envelope would widen. Additional research should investigate
whether the engine with PTI mode would overload in adverse weather. Obviously it
would overload in the present work in PTO mode as less propulsion power would be
available.

Some drawbacks of using a shaft generator are that the efficiency of propeller and
engine is reduced at low propulsion power. Besides that, no power generation is re-
alised in port as the primary mover is in stop condition. Also, engine load increases
slightly when the shaft generator is used due to the additional attachment of the shaft
to the engine (MAN (2021)).

A quantitative evaluation of the benefits of PTI for the present work will be given
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here. Two different PTI power modes will be used, namely 500 kW and 1000 kW.
What basically changes, is that these amounts of power are added to the MCR of the
engine. That would indicate that the new MCR of the engine would be 4670 kW and
5170 kW respectively. This naturally enlarges the engine operating envelope. The
new operating envelopes for a PTI of 500 kW and 1000 kW are shown in figure 36
for following waves.

Figure 36: Engine operating envelopes for following waves with installed PTI of 500
kW (left) and 1000 kW (right)

Here it can be seen that the adverse weather load lines fall within the operating
envelope of the engine, indicating that the ship could sail at the design speed with
the engine running at its design speed in following waves. For a PTI of 500 kW, this
conclusion was also drawn for waves coming from 15◦, 90◦, 105◦, 165◦ and 180◦ wave
directions. For a PTI of 1000 kW, more wave directions are viable for sailing at the
design speeds, namely 75◦, 135◦ and 150◦ waves are added to the prior list. Installing
a PTI would therefore be a viable solution for the present work.

The ship thrust envelope also changes as a result of the use of a PTI. Figure 37
shows the ship thrust envelope for following waves with a PTI of 1000 kW. Here it
can be clearly seen that only for the lower advance velocities, the ship thrust envelope
limits increase in comparison to figure 31. The actual ship thrust that is generated
by the propeller still goes over the limits for the same ship speed and propeller speed.
Therefore, at lower advance velocities, there is more ship thrust availability when a
PTI is installed. At higher advance velocities, the ship thrust availability remains
equal.
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Figure 37: Ship thrust envelope with PTI

5.7.5 Controllable Pitch Propeller

The present work made all calculations based on having a fixed pitch propeller. The
chemical tanker ’Castillo de Tebra’ actually has a controllable pitch propeller, which
can change its pitch when operating certain manoeuvres or encountering different
weather conditions to provide the highest efficiency per operating condition. The
calculations that have been performed so far only considered the design pitch of the
CPP, thus making it a fixed pitch propeller. Different pitch settings however will
influence the propeller load in the engine operating envelope. Also the limits in
the ship thrust envelope will be affected, as these are dependent on the open-water
characteristics, which change with different pitch settings. The pitch that has been
used for all calculations was P/D = 0.7075. Figure 38 shows two engine operating
envelopes with propeller load lines having a pitch of P/D = 0.6 and P/D = 0.8,
respectively.

69



Figure 38: Effect of CPP on propeller load (left: PD=0.6, right: PD=0/8)

What is clear here, is that lowering the pitch setting of the propeller lowers the
propeller load at the design ship speed and propeller speed. In other words, less
torque is produced. A larger pitch shows that the load is increased, generating more
torque.

The change of the propeller pitch also changes the ship thrust envelope. Figure
39 shows the thrust envelopes and the propeller loads for P/D = 0.6 and P/D = 0.8.

Figure 39: Ship thrust envelopes with P/D = 0.6 (left) and P/D = 0.8 (right)

Lowering the pitch ratio ensures more ship thrust availability in lower advance
velocities whereas increasing the pitch ratio gives a bit more ship thrust availability
in the larger advance velocity at the expense of lower advance velocities. In both
cases, the propeller load does not fit inside the ship thrust envelope. Decreasing the
ship speed and propeller speed again in adverse weather would probably make the
propeller load fit inside the envelope. Further research must point that out. Another
thing that needs to be noted is that lowering the pitch ratio decreases the ship thrust
production and therefore will probably automatically decrease the ship speed, because
the ship thrust does not cover the ship resistance.
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5.7.6 Larger Engine

Another idea to omit engine overloading is installing a larger engine on the ship. Sui
(2021) found that if an engine with an MCR of 5220 kW, 167 rpm was installed, then
the larger engine has a larger reserved power for ship operation in heavy loading con-
ditions. Besides that, in adverse weather conditions, the ship could attain larger ship
speeds due to larger ship thrust availability. Thus, the ship’s propulsion capability
and the ship operational safety are improved when a larger engine is installed. At
high ship speeds, the larger engine would not influence the emissions much. However,
during manoeuvring and low loads, the engine would not run at its design condition
and therefore would ensure a lower efficiency and higher emissions.

5.7.7 Manoeuvring Operations

The ship propulsion characteristics in adverse weather that have been calculated in
this section used forward sailing at the design speed as its main sailing condition.
This is already a step forward in the design process, as adverse weather conditions
are rarely taken into account. However, operations such as crash-stop and zig-zag
manoeuvres need to be investigated as well. These operations require large off-design
engine loads, especially when the ship in an area with large waves. Leaving these out
of the research means that there is still a conclusion to be drawn on whether the ship
is underpowered when performing manoeuvres in adverse weather.
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6 Conclusions & Recommendations

The need for ships to be designed taking into account how they behave in adverse
weather conditions is gaining more attention, as it is important to find out whether a
ship is underpowered or not when it sails in large waves. The present work aimed at
determining whether the installed engine in the chemical tanker ’Castillo de Tebra’ is
capable of delivering enough power to propel the ship in large waves at its design ship
speed and design engine speed, without overloading. The conclusions drawn from
this research will be summarized here, adding to that a number of recommendations
for further research.

6.1 Addressing the Research Questions

The main research question for the present work was:

What is the influence of waves on the ship operational safety
of the ocean-going chemical tanker ‘Castillo de Tebra’, sailing
forward at its design speed?

With the following sub-questions:

1. How is ship operational safety defined and how can it be
quantified?
2. What methods can be used to determine the influence of
waves on the ship operational safety?

To answer these questions, firstly a literature review has been carried out on what
the state-of-the art is in the field of ship propulsion in adverse weather conditions,
specifically how the propeller and engine behave when a ship sails in waves. The ship
operational safety is defined as the ship thrust availability when operating in adverse
weather. This was quantified by determining the thrust and torque generation of the
propeller when the ship sails forward in various wave directions and frequencies in the
research part of this work. This part saw numerous simulations being done on a 3D
hull of the chemical tanker. The variable that was sought after was the water velocity
change at the propeller plane. This was then used to determine what the thrust and
torque generation is of the propeller at a specific wave height and period, for a number
of wave directions. It was concluded that when a ship sails at its design speed and
has nominal engine speed, the engine overloads in all wave directions. Naturally, the
engine will decrease its speed according to the fluctuations of the propeller torque to
not overload. This will however be at the expense of ship speed. Added resistance
was not taken into account in the present work. If this were considered, then the ship
speed would also decrease, as the ship needs more (unavailable) power to sail at a
constant speed.

There are a number of ways to make sure that the ship does not become under-
powered in adverse weather. One of them is installing an engine with more available
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propulsion power. An evaluation of the engine load in waves when sailing at lower
ship speeds and engine speeds has also been done and showed that for following waves,
the engine has enough power to sail at lower ship speeds. However, the lower ship
thrust limit would be reached at ship speeds lower than 12 knots. When a Power
Take-In of 1000 kW were to be installed, the engine would not be overloaded anymore
for 0◦, 15◦, 75◦, 90◦, 105◦, 135◦, 150◦, 165◦, and 180◦ waves. Lowering the pitch of
the propeller would also decrease the engine load for following waves such that the
engine limits would not be reached and the ship would not become underpowered.
However, lowering the pitch would also lead to a decrease in thrust production, which
ultimately would lead to a decrease in ship speed. This has not been considered in
the calculations.

A number of additional questions were also asked at the beginning of this thesis,
being:

• What sea states are relevant for the assessment of the propulsive performance
of the chemical tanker?

• What methods are used for determining the effects of waves on propeller per-
formances in straight ahead sailing in waves, manoeuvring in calm water and
manoeuvring in waves?

• Using the provided geometrical coefficients and parameters of the vessel, how
can a 3D model of the ship hull be made for further use? And how does this
hull shape compare to other similar tankers?

It was found that adverse weather conditions were defined by IMO (2013) with
the following parameters:

Significant wave height H1/3 [m] 4.0
Peak wave period TP [s] 7.0

Mean wind speed Vw [m/s] 15.7

Table 11: Adverse sea condition definition

For the second additional question, it has been found that potential flow theory
works well for determining the effects of the excited forces of waves on ship hulls.
However, it would be better to take into account viscous effects when looking into
effects of waves on propulsors. Computational fluid dynamics would be a good alter-
native to use instead of potential flow. This would however lead to longer and more
complex simulations.

The third additional question was answered in section 4.4.2. Here it was shown
that a simple KVLCC2-model was modified to have approximately the same geomet-
rical coefficients as the hull of the Castillo de Tebra. A more detailed hull than the
one used here would lead to more accurate results. However, it was assumed that the
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used hull would suffice for the present work.

After answering all the research questions, it can be concluded that the present
work was limited by looking at what the influence of waves would be on the ship,
sailing at the design speed and the engine turning at its rated speed. A ship how-
ever would not sail at the design speed in adverse weather conditions, due to both
voluntary as well as involuntary speed reduction. The voluntary speed reduction is
caused by the captain, reducing the speed for safety reason. The involuntary speed
reduction is caused by the added resistance of the waves on the ship, leading to the
engine needing more power to sail at a constant speed and therefore the ship reducing
its speed.

6.2 Recommendations for Further Research

One of the biggest shortcomings in the present work is that velocity changes near the
propeller plane have been determined using a potential flow solver. The flow at the
stern of a ship is largely viscous in nature, as the ship’s hull form changes a lot at
the stern, which would alter the boundary layers and make the flow turbulent and
possibly even separate. Using a potential flow solver, these effects are neglected. A
uniform flow is assumed along the hull, which is not realistic. A way to solve this
problem in the future, is to use Computational Fluid Dynamics (CFD). With CFD,
viscous effects are not neglected and will therefore give more accurate results. The
downside of CFD is the time consumption it takes for a single simulation to com-
plete. Besides that, it is even harder to simulate waves in a CFD simulation, together
with a ship that has a forward speed. For the present work, the potential flow solver
SEACAL made it very simple to simulate different wave directions combined with a
forward ship speed. However, as mentioned, the results would be more accurate if
CFD was used.

Neglecting the effects of oblique propeller inflow was a simplification that was
made for the present work, which in reality would result in an incomplete represen-
tation of the amount of forces and moments that occur by the propeller as well as
on the propeller. Taking into account the effects of oblique propeller inflow, either
analytically or numerically, a better picture can be drawn of the forces the propeller
generates as well as the side-forces and moments the propeller and ship experience.

Further research should investigate what the ship speed change and engine load is
when performing certain manoeuvres in adverse weather. Only taking into considera-
tion that the ship sails forward at its design speed does not paint the whole picture of
whether a ship is underpowered when sailing or manoeuvring in large waves. During
manoeuvres, velocity changes at the propeller plane will change differently then when
it sails forward. Oblique propeller inflow will also occur, indicating that propeller
performance will change and additional side-forces and moments will be generated on
the hull.
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The present work made use of a 3D hull that had similar geometrical coefficient
as the chemical tanker ’Castillo de Tebra’. However, the exact hull form has not been
achieved. Especially the stern of the used hull form was not very realistic, nor did
it exactlty look like the one of the chemical tanker. The stern of the ship however,
is the most important part for the present work, since the advance velocity is highly
dependent on the form of the stern. By putting more time into creating the most
accurate hull form, the results would be more accurate. This would require a lot of
experience and time however which was not available for this moment.

A ship sailing in waves experiences added resistance, which was neglected in the
present work. Added resistance ultimately leads to a decrease of ship speed when the
engine operates at its maximum continuous rating, because the engine needs more
power than it has available when it want to sail at the design speed. For the present
work, the added resistance component has been left out, mainly due to lack of time.
It is however important to take it into account to figure out how the engine operates
in adverse weather conditions.
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A Appendix

A.1 Ship Meshes

Figure 40: Coarse mesh

Figure 41: Medium mesh
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Figure 42: Medium mesh 2

Figure 43: Fine mesh

Figure 44: Very fine mesh
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A.2 Longitudinal Velocity RAOs for All Wave Directions

Figure 45: Longitudinal velocity RAOs at 5 reference points (0◦ and 15◦ waves)

Figure 46: Longitudinal velocity RAOs at 5 reference points (30◦ and 45◦ waves)

Figure 47: Longitudinal velocity RAOs at 5 reference points (60◦ and 75◦ waves)
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Figure 48: Longitudinal velocity RAOs at 5 reference points (90◦ and 105◦ waves)

Figure 49: Longitudinal velocity RAOs at 5 reference points (120◦ and 135◦ waves)

Figure 50: Longitudinal velocity RAOs at 5 reference points (150◦ and 165◦ waves)
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Figure 51: Longitudinal velocity RAOs at 5 reference points (180◦ waves)

A.3 Ship Motions in All Wave Directions

Figure 52: Ship motion RAOs at 0◦ and 15◦ waves

Figure 53: Ship motion RAOs at 30◦ and 45◦ waves
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Figure 54: Ship motion RAOs at 60◦ and 75◦ waves

Figure 55: Ship motion RAOs at 90◦ and 105◦ waves

Figure 56: Ship motion RAOs at 120◦ and 135◦ waves
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Figure 57: Ship motion RAOs at 150◦ and 165◦ waves

Figure 58: Ship motion RAOs at 180◦ waves

A.4 Inflow Velocity Fluctuations in All Wave Directions

Figure 59: Inflow velocity fluctuation at 0◦ and 15◦ waves
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Figure 60: Inflow velocity fluctuation at 30◦ and 45◦ waves

Figure 61: Inflow velocity fluctuation at 60◦ and 75◦ waves

Figure 62: Inflow velocity fluctuation at 90◦ and 105◦ waves
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Figure 63: Inflow velocity fluctuation at 120◦ and 135◦ waves

Figure 64: Inflow velocity fluctuation at 150◦ and 165◦ waves

Figure 65: Inflow velocity fluctuation at 180◦ waves
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A.5 Engine Operating Envelopes in All Wave Directions

Figure 66: Engine operating envelopes at 0◦ and 15◦ waves

Figure 67: Engine operating envelopes at 30◦ and 45◦ waves

Figure 68: Engine operating envelopes at 60◦ and 75◦ waves
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Figure 69: Engine operating envelopes at 00◦ and 105◦ waves

Figure 70: Engine operating envelopes at 120◦ and 135◦ waves

Figure 71: Engine operating envelopes at 150◦ and 165◦ waves
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Figure 72: Engine operating envelope at 180◦ waves

A.6 Ship Thrust Envelopes in All Wave Directions

Figure 73: Ship thrust envelopes at 0◦, 15◦, 30◦, and 45◦ waves

Figure 74: Ship thrust envelopes at 60◦, 75◦, 90◦, and 105◦ waves
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Figure 75: Ship thrust envelopes at 120◦, 135◦, 150◦, and 165◦ waves

Figure 76: Ship thrust envelope at 180◦ waves
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