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Abstract 
 
As economical anti-rolling devices, bilge keels are usually attached on each bilge of 
container carriers to reduce their large amplitude roll motion at sea. Due to the com-
plexity of ship manoeuvring motions, traditional predictions are mainly based on sim-
plified bare hulls. However, to predict the ship manoeuvrability more accurately, ap-
pended ship hulls, e.g. with bilge keels, could be considered. In view of the cost and 
the time consumed by physical experiments, original zigzag manoeuvres are repro-
duced by means of virtual zigzag tests to analyse the influence of bilge keels on 
manoeuvring.  
 
In the framework of this thesis, the marine-dedicated CFD software FINETM/Marine is 
chosen to build the numerical environment. Full hexahedral unstructured meshes are 
adopted to discretise computation domains. The flow solver couples RANS equations 
with the ship motion equations. Menter’s robust turbulence model (k-ω SST) with the 
wall function is devoted to solving the flow field near walls. A high-accuracy technique 
called blended reconstruction interface capturing scheme (BRICS) is employed to han-
dle the free surface of the two-phase fluid. To efficiently calculate the propeller thrust, 
an actuator disk is implemented to model the effect of a real rotating propeller. The 
relative motion between the ship and the rudder in zigzag manoeuvres is achieved by 
the overset grid technique.  
 
A recommended standard model of container ship called KCS is adopted as the initial 
object. It begins with the simulations of calm water resistance to check the feasibility 
of the overset grid strategy. Then, the model self-propulsion point (MSPP) is deter-
mined through a virtual self-propulsion test. Next, two straight-motion tests at con-
stant speed, namely oblique towing tests and rudder deflection tests, are conducted 
to verify the ability of the grids prepared for the final unsteady manoeuvring simula-
tions. Finally, virtual 3 DOF and 4 DOF zigzag manoeuvres are performed with and 
without bilge keels, respectively.  
 
In conclusion, bilge keels can enlarge overshoot angles for the current ship model. This 
influence is apparent on the second overshoot angle, which means that ship yaw 
checking ability will deteriorate. On the other hand, course changing ability is not in-
fluenced. Contrary to expectations, the maximal roll angle with attached bilge keels 
also becomes larger than in the similar case using the bare hull. Furthermore, 4 DOF 
simulations can deliver a more accurate prediction for the second overshoot angle 
than 3 DOF simulations for this ship type.  
 
[Keywords]  Zigzag manoeuvres, Bilge keels, CFD, RANS, Overset grids, 4 DOF 
 
  



Zusammenfassung 
 
Als wirtschaftliche Rolldämpfungsanlagen sind Schlingerkiele üblicherweise an jeder 
Kimm von Containerschiffen befestigt, um ihre großen Rollamplituden auf See zu re-
duzieren. Aufgrund der Komplexität der Schiffsmanövrierbewegungen basieren tradi-
tionelle Vorhersagen hauptsächlich auf vereinfachten nackten Rümpfen. Um die Ma-
növrierfähigkeit des Schiffes jedoch genauer vorherzusagen, könnten Schiffsrümpfe 
mit Anhängen, z.B. Schlingerkielen, berücksichtigt werden. Im Hinblick auf Kosten und 
Zeitaufwand, die durch physikalische Experimente entstehen, werden ursprüngliche 
Zickzack-Manöver mittels virtueller Zickzack-Tests reproduziert, um den Einfluss von 
Schlingerkielen auf das Manövrieren zu untersuchen. 
 
Im Rahmen dieser Arbeit wird die speziell für schiffstechnische Anwendungen entwi-
ckelte CFD-Software FINETM/Marine für den Aufbau des numerischen Szenarios aus-
gewählt. Es werden vollständig hexaedrische unstrukturierte Gitter zur Diskretisierung 
der Berechnungsdomains verwendet. Der Strömungslöser koppelt RANS-Gleichungen 
mit den Schiffsbewegungsgleichungen. Das robuste Turbulenzmodell von Menter (k-
ω SST) mit der Wandfunktion trägt zur Lösung des Strömungsfeldes in Wandnähe. Eine 
hochpräzise Technik, die blended reconstruction interface capturing scheme (BRICS) 
genannt wird, wird angewendet, um die freie Oberfläche der Zweiphasenströmung zu 
behandeln. Zur effizienten Berechnung des Propellerschubes wird eine Aktuatordisk 
zur Modellierung des Effektes eines echten rotierenden Propellers implementiert. Die 
Relativbewegung zwischen dem Schiff und dem Ruder bei Zickzack-Manövern wird mit 
der Overset Grid Technik realisiert. 
 
Ein vorgeschlagenes Standardmodell des Containerschiffes KCS wird als Ausgangsob-
jekt angenommen. Zunächst werden die Widerstandsversuche in Glattwasser simu-
liert, um die Durchführbarkeit der Gitterstrategie zu überprüfen. Anschließend wird 
der Modellselbstpropulsionspunkt (MSPP) durch einen virtuellen Propulsionsversuch 
bestimmt. Danach werden zwei Geradeausversuche mit konstanter Geschwindigkeit 
durchgeführt, nämlich Schrägschleppversuch und Ruderlegeversuch, um die Fähigkeit 
der für die letzten instationären Manöversimulationen vorbereiteten Gitter zu verifi-
zieren. Schließlich werden 3-DOF- und 4-DOF-Zickzack-Manöver mit und ohne Schlin-
gerkiele ausgeführt. 
 
Zusammenfassend kann gesagt werden, dass Schlingerkiele die Überschwingwinkel 
für das aktuelle Schiffsmodell vergrößern können. Dieser Einfluss ist beim zweiten 
Überschwingwinkel schwerwiegend, was bedeutet, dass sich die Stützfähigkeit des 
Schiffes verschlechtert. Dagegen wird das Andrehvermögen nicht beeinflusst. Entge-
gen den Erwartungen wird auch der maximale Rollwinkel mit angebrachten Schlinger-
kielen größer als im ähnlichen Fall mit nacktem Rumpf. Weiterhin können 4-DOF-Si-
mulationen eine genauere Vorhersage für den zweiten Überschwingwinkel erbringen 
als 3-DOF-Simulationen für diesen Schiffstyp. 
 
[Schlüsselwörter]  Zickzack-Manöver, Schlingerkiele, CFD, RANSE, Überlappende Git-
ter, 4-DOF  
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Chapter 1. Introduction 

 
 
1.1. Background and Motivation 
 
Due to the economy of scale, modern merchant ships are being built to be huge; con-
tainer ships are a prominent example. Currently, 36 megamax container vessels, which 
have a capacity of over 20,000 twenty-foot equivalent units (TEUs), are in service 
around the world ("Largest Container Ships," 2018). Major liner companies are also 
hurrying to order more of this ship type to expand their fleets so as to provide a com-
petitive freight rate. The first two container ships with a capacity of 22,000 TEUs are 
expected to be delivered in 2019 (World Maritime News Staff, 2018). However, 
megamax container carriers characterised by a lower transverse metacentric height 
(𝐺𝐺𝐺𝐺�����𝑇𝑇) and moderate-high speed (𝑣𝑣𝑆𝑆) can behave more sensitively to the roll motion 
at sea, which will lead to the damage of cargo and the discomfort of seafarers. To 
decrease the tendency to roll, bilge keels, a passive anti-rolling device, are usually at-
tached on each bilge of container ships in view of their small impact on the hold space 
comparing with other anti-rolling devices such as fin stabiliser or anti-rolling tanks; see 
Figure 1.1. Nevertheless, appendages like bilge keels are usually neglected in tradi-
tional manoeuvring predictions. To achieve more realistic and reasonable predictions, 
the influence of bilge keels on ship manoeuvring could be considered.  
 

 
Figure 1.1 The second megamax containership built in Dalian Shipbuilding Industry Co., Ltd. (DSIC) 

 
Furthermore, during SIMMAN 2014, researchers from MARIN presented a group of 
free-running manoeuvres employing a container ship model attached with bilge keels 
(Quadvlieg, Stern, Simonsen, & Otzen, 2014). In comparison with test groups using 
bare hull, some change of turning ability and yaw checking ability was observed in the 
presence of bilge keels. 
 
Motivated by this background, original direct zigzag manoeuvres that need to be con-
ducted in a real basin are reproduced in a virtual numerical tank in the present study 
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to analyse how the ship manoeuvrability will be affected taking into account bilge 
keels. With these direct virtual tests, cost and time consumption can be tremendously 
reduced in comparison with traditional physical experiments. Furthermore, it is also 
possible to visualise the flow details during the zigzag manoeuvres in the most inter-
esting place and at each temporal step, which cannot be done in the virtual captive 
model tests. 
 
1.2. State of the Art 
 
1.2.1. International Regulations 
 
Ship manoeuvrability is one of the most essential ship hydrodynamic performances 
and is closely bound to operation safety for example, to change course, to prevent 
collision, and to berth. Therefore, the International Maritime Organization (IMO), 
which is a United Nations (UN) specialised agency responsible for the safety and secu-
rity of shipping and the prevention of marine and atmospheric pollution by ships, has 
established a series of conventions and regulations about ship manoeuvring perfor-
mance. In 2002, the IMO adopted the final standards for ship manoeuvrability in res-
olution MSC.137(76) after a follow-up study that lasted 20 years (IMO, 2002). These 
standards are aimed at evaluating the ship manoeuvring performance at the initial 
stage of design. It is true that newly built ships have been designed with an increasing 
focus on improved manoeuvring performance since the initial proposal of these crite-
ria. However, some views must be still highlighted. The current criteria were initiated 
for the main types of merchant ships and served only as the minimum standards. This 
means that for unconventional vessels, e.g. high-speed vehicles, or for ships in con-
fined circumstances, more attention should be paid to yielding a more accurate 
manoeuvring prediction.  
 
In addition to the design phase, the IMO also raised the requirement about provision 
and display of manoeuvring information on board ships with pilot card, wheelhouse 
poster, and manoeuvring booklet in resolution A.601(15), to assist seafarers in better 
understanding ship manoeuvrability in service (IMO, 1987). 
 
In 2013, the Marine Environment Protection Committee (MEPC) of the IMO issued 
interim guidelines to assist recognised organisations in verifying that ships have suffi-
cient installed propulsion power to maintain the manoeuvrability in adverse condi-
tions in resolution MEPC.232(65) (IMO, 2013). These guidelines include a more realis-
tic scenario considering waves and wind during the ship operation.  
 
Furthermore, the International Convention for the Safety of Life at Sea (SOLAS), which 
sets minimum safety standards in the construction, equipment, and operation of mer-
chant ships, requires full scale ships to prove that their rudder engines have enough 
capability to move the rudder from +30° to -35° in 28 seconds or less (IMO, 1974). 
 
In brief, all above mentioned regulations encourage naval architects to make more 
accurate predictions for ship manoeuvrability. 
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1.2.2. Manoeuvring Prediction Methods 
 
Currently, large numbers of prediction methods are available to estimate ship ma-
noeuvrability. Each research team prefers to classify them according to their own ex-
perience. The 24th manoeuvring committee of the International Towing Tank Confer-
ence (ITTC) presented an overview to demonstrate the typical methods in their final 
report (ITTC, 2005). However, a more straightforward categorisation is adopted in this 
thesis: there are three main categories, namely empirical methods, experimental 
methods, and numerical methods. Table 1.1 shows this classification based on the 
state of the art.  
 

Manoeuvring Prediction Methods 

Empirical Methods 

Experimental Methods Numerical Methods 

Captive Model Tests 
Potential Flow Methods 

Viscous Flow Methods 

Free-running Model Tests 
Virtual Captive Model Tests 

Virtual Free-running Model Tests 

Free-running Model Tests 
with System Identification 

Virtual Free-running Model Tests 
with System Identification 

Table 1.1 Overview of general manoeuvring prediction methods 
 
For empirical methods, either derived manoeuvring parameters or hydrodynamic de-
rivatives can be obtained directly based on the hull forms of similar ships already 
stored in the database. Although this method is quite efficient as a preliminary esti-
mation of ship manoeuvrability at the initial design phase, it still seems incapable of 
handling ships whose frame lines are far from those in the database. In such situations, 
other alternatives have to be considered.  
 
As a traditional research approach, experimental methods play a prominent role in 
studying ship hydrodynamics. In the field of manoeuvring performance, two broad 
types are captive model tests (CMTs), including static and dynamic forced motions, 
and free-running model tests (FRMTs). Captive model tests are a fairly mature method 
to predict ship manoeuvrability. They are usually used to measure forces and mo-
ments acting on ship models, and then to calculate the corresponding hydrodynamic 
derivatives. After that, these derivatives are coupled with mathematical models to 
calculate the trajectories of free-running model tests. Two well-developed models are 
available:  the whole model (Abkowitz model) and the modular model (MMG model). 
However, numerous static and dynamic tests are necessary to obtain all the coeffi-
cients in the testing matrix, which significantly increase the time and the cost con-
sumption significantly. Furthermore, high-accuracy facilities and experienced 
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engineers are requisites. In contrast, free-running model tests are an effective method 
to directly obtain the trajectories directly. Ship models are employed to conduct tests 
in a basin with large dimensions so that wall interference can be prevented. They can 
either be designed to run autonomously with wireless remote control, or be posi-
tioned under a carriage which follows the model during the manoeuvre. Trajectories 
are recorded through the tests without any post-processing. This method can reflect 
the closest reality besides full scale sea trials. Compromising accuracy with efficiency, 
free-running model tests are an acceptable alternative for most cases. However, gen-
eral research institutes do not own this kind of testing basin. 
 
Together with the system identification method, hydrodynamic coefficients can be 
derived from the trajectories carried out through the free-running model tests to build 
databases for empirical methods or to develop simulators for the training of seafarers. 
The system identification procedure can be seen as an input-output model (applied 
rudder angle-measured ship motion), by which the hydrodynamic derivatives are de-
termined. A mathematical model is still essential for this method. It is mostly used for 
the design of control and navigation systems. 
 
Owing to the development of high-performance computers and numerical techniques 
in progress, CFD presents another choice. Early studies were mainly based on the po-
tential flow, such as small wing aspect ratio theory, strip theory, and slender body 
theory. After that, efficient 3D panel method broadened the application using poten-
tial flow. However, the accuracy is still limited because of the own shortcoming of the 
theory. Some complicated physical phenomena, e.g. flow separation in oblique mo-
tion and hull-propeller-rudder interaction, cannot be solved accurately. Now, viscous 
flow solvers are widely applied in ship hydrodynamics. The accuracy for normal re-
sistance and self-propulsion simulations is already quite reliable. For the prediction of 
ship manoeuvrability, original physical tests can be reproduced in the RANS based vir-
tual tanks with reasonable time and cost consumption, using either virtual captive 
model tests (VCMTs) or virtual free-running model tests (VFRMTs). Detailed flow phe-
nomena can be easily captured and visualised. However, although most current vis-
cous flow simulations are specific to model scale, direct manoeuvring simulations for 
full scale can be a more promising tool to reproduce standard sea trials in the near 
future, and can fully eradicate the scale effects. In addition, environmental influence 
can also be integrated to obtain a more realistic scenario. In place of conventional 
FRMT, it is also possible to use VFRMT together with system identification method to 
build databases, etc.  
 
All in all, each method has its advantages and disadvantages. Users have to evaluate 
the possible accuracy against the computational effort.  
 
1.2.3. Virtual Manoeuvring Tests 
 
Traditionally, manoeuvring model tests are carried out in real water basins or tanks. 
However, as mentioned in the previous section, they can also be conducted in the 
numerical environment and thus defined as virtual tests. In current numerical ship 
hydrodynamics, a virtual test usually means that the flow field is solved with a viscous 
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flow solver with RANS equations. Characterised by its numerous advantages and in-
creasing reliability, it is preferred to adopt this tool to estimate ship manoeuvrability. 
This can be achieved either by using the RANS code to calculate the hydrodynamic 
forces and moments acting on ship models during the prescribed motions (VCMT), or 
in a direct way by coupling the flow solver and motion equations of the rigid body to 
predict the trajectories considering the moving rudder and the rotating propeller 
(VFRMT).  
 
Although viscous fluid solvers originally arose in the 1980s, they were initially only 
used to simulate the steady flow around a ship moving straight ahead. From the late 
1990s to the early 2000s, however, they went through a boom stimulated by numer-
ous advanced numerical technologies, such as more accurate turbulence models and 
free surface treatment approaches, and diverse mesh generation techniques. The lat-
est VCMT can be tracked back to 1993, when Ohmori and Miyata developed a finite-
volume method to solve the Navier-Stokes equations for oblique tow simulation 
(Ohmori & Miyata, 1993). Comparison of numerical results with experimental results 
of a bulk carrier model, a tanker model, and a slender hull yielded promising results. 
Cura-Hochbaum presented a multi-block computational method that can deal with 
complicated geometry, e.g. ship appendages (Cura Hochbaum, 1998). Nowadays, 
VCMT is already a well-developed approach to manoeuvring predictions. Some more 
realistic environment effects can also be solved, for instance, Uharek and Cura-Hoch-
baum extended the common VCMT to calculate the coefficients of the mathematical 
model induced by waves (Cura Hochbaum & Uharek, 2014). However, VCMT does 
have some disadvantages resulting from original captive model tests. For example, it 
still requires hundreds of numerical simulations and a large amount of post-processing 
work before acquiring the final trajectories. This usually takes at least two weeks for 
experienced researchers. Furthermore, scale effects and uncertainties from each set 
of simulations cannot be neglected either. Consequently, a complete mimic of FRMT 
in a numerical environment, namely VFRMT, may be a good tool besides VCMT. 
 
Limited by the difficulty of moving the rudder during free-running manoeuvres, the 
application of VFRMT first started at the beginning of the 20th century. Jensen et al. 
used commercial code COMET to achieve the turning circle manoeuvre by deflecting 
the spade rudder (Jensen, Klemt, & Xing-Kaeding, 2004). In this case, the movement 
of the rudder was realised by sliding interfaces, and the propeller effect was modelled 
by a body force field. The direct manoeuvring simulations showed reasonable results 
in terms of yaw rate, tactical diameter, and heel angle. Nevertheless, only by applying 
overset grids can VFRMT be enabled when ship stern configuration is equipped with a 
semi-balanced rudder. At SIMMAN 2008, Carrica et al. presented direct free-running 
manoeuvres for a surface combatant at both model and full scale using in-house code 
CFD Ship-Iowa V4, which is an unsteady RANS solver packaged with dynamic overset 
grids to allow the deflection of rudders during 6 DOF motions (Carrica, Ismail, Hyman, 
Bhushan, & Stern, 2008). Although issues were caused by the inaccurate body force 
model, the results demonstrated the feasibility of VFRMT. Furthermore, Dubbioso et 
al. simulated zigzag manoeuvre of a tanker-like vessel by means of the global second 
order accurate finite volume solver Xnavis coupled with overlapping grids on block-
structured meshes (Dubbioso, Durante, & Broglia, 2013). Numerical results of zigzag 
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manoeuvring taking into account different propeller models were compared with 
free-running model tests. The effect of rudder rate was also investigated. It was con-
cluded that the improvement of a simplified propeller model was necessary. In an-
other study, by implementing the dynamic overset grid into the open source code 
OpenFOAM, Shen et al. achieved the direct simulations of standard zigzag 10/10 and 
modified 15/1 manoeuvres using the HSVA KCS model (Shen, Wan, & Carrica, 2015). 
This implementation relies on the library Suggar++ to compute the domain connectiv-
ity information (DCI) dynamically at run time. Although numerical results agree well 
with experimental results, the research applications were still subject to months of 
computation time. Furthermore, Carrica et al. studied a zigzag manoeuvre in shallow 
water both experimentally and numerically (Carrica, Mofidi, Eloot, & Delefortrie, 
2016). Numerical simulations were conducted using unsteady RANS code REX, a 
merge of the codes CFD Ship-Iowa V4.5 and the more modern code Magnus. Three 
different density meshes were applied to verify the CFD simulations, which suggested 
that forces, moments, and motions could be well predicted with coarse grids. In com-
parison with the experiment data, for most variables, numerical predictions satisfac-
torily matched the experimental results, except for the under-prediction of yaw and 
yaw rate. 
 
Because of the complexity of direct free-running manoeuvring, still fewer research 
groups are contributing to this topic. However, with more accurate propeller models 
and more powerful computation resources, VFRMT will eventually become a truly re-
liable choice besides experiments to predict ship manoeuvrability. Real-time simula-
tions based on VFRMT could also be possible in the future. In addition, together with 
system identification methods, new databases can be built with a reasonable budget. 
Finally, numerical sea trials considering all kinds of environmental conditions can be 
achieved based on virtual free-running tests as well. 
 
1.2.4. Influence of Bilge Keels on Ship Manoeuvrability 
 
Bilge keels are equipped on most merchant ships that have a severe roll motion, since 
these anti-rolling devices cannot deteriorate the cargo spaces. Historically, the influ-
ence of bilge keels was mostly studied in the field of seakeeping. To evaluate ship ma-
noeuvrability, they are often neglected. Therefore, only a handful of studies have ex-
amined them. The first one dates back to 1974, when Karimata analysed the effect of 
bilge keels on ship manoeuvrability with full-scale sea trials for a fishing training ship 
with and without bilge keels (Karimata, 1974). Comparison of two different testing 
scenarios indicated that when bilge keels were attached, ship turning ability increased 
whereas course stability decreased. However, some doubt still remained because of 
the limited experimental equipment. Forty-four years later, Yasukawa et al. restarted 
this study using a model of modern container ship KCS with and without bilge keels 
(Yasukawa, Hirata, & Yamazaki, 2018). The authors investigated the effect of bilge 
keels on manoeuvrability both experimentally and theoretically. Similar changes of 
manoeuvring performance affected by bilge keels were observed in the experiment. 
Furthermore, this trend had become more distinct with increasing ship speed. To clar-
ify the reason for this effect, the authors conducted CMTs to derive the forces and 
moments acting on the ship. They concluded that course stability would deteriorate 
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due to the change of the hydrodynamic derivatives in the presence of bilge keels, and 
that the roll-coupling effect would significantly influence ship manoeuvrability, espe-
cially for ships with small 𝐺𝐺𝐺𝐺�����𝑇𝑇 and moderate-high 𝑣𝑣𝑆𝑆. 
 
1.3. Thesis Outline 
 
In general, bilge keels are considered in the field of seakeeping. However, some 
changes were observed at SIMMAN 2014 indicating that they may also affect the ship 
manoeuvring performance. To analyse the influence of bilge keels on ship manoeu-
vrability, a modern container ship model KCS at the scale of 37.89 with a semi-balance 
rudder is chosen as the objective ship. In view of the availability of current resources, 
the study is carried out adopting the numerical software FINETM/Marine. In the frame-
work of this thesis, 10/10 and 20/20 zigzag tests of VFRMT are simulated considering 
the free water surface. To reduce computational effort, the propeller effect is approx-
imated by an actuator disk. The only simplification of the geometry of the rudder is a 
slight expansion of the gap between the rudder horn and the rudder blade. The fol-
lowing presents an outline of the main content of the study. 
 
Chapter 1 first introduces the background and motivation for the current study. The 
state of the art is then briefly described regarding the aspects of international stand-
ards, manoeuvring prediction methods, virtual manoeuvring tests, and the influence 
of bilge keels on ship manoeuvrability. Finally, the structure of the thesis is presented 
in an outline. 
 
The theoretical bases are stated in Chapter 2, which contains three principal parts: 
ship manoeuvring theory, numerical framework, and verification and validation meth-
odology.  
 
Chapter 3 and 4 discuss the procedure of the pre-study. First, a calm water resistance 
test without trim and sinkage is simulated by using three groups of meshes with dif-
ferent cell sizes to perform the grid dependence study. Meanwhile, overset grids are 
implemented to examine the mesh strategy to be employed in virtual zigzag tests. 
Second, MSPP is determined using the model self-propulsion test neglecting dynamic 
change. Propeller effect is simplified by an actuator disk. Finally, virtual static captive 
model tests are conducted to verify that the generated meshes have the ability to 
solve complicated manoeuvring motions.  
 
Next, the objective zigzag manoeuvres are analysed in Chapter 5. Comparison of sim-
ulations in 3 DOF and 4 DOF and simulations with and without bilge keels are demon-
strated to show the influence of bilge keels on ship manoeuvring performance in zig-
zag tests.  
 
Finally, the last chapter addresses some conclusions based on the current study and 
recommendations for future work.   
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Chapter 2. Theoretical Basis 

 
 
This chapter mainly explains the theoretical basis of ship manoeuvrability and numer-
ical technique to achieve virtual zigzag tests. Although the numerical framework is 
built on the FINETM/Marine environment, most of these concepts are widely applied 
in all CFD as tools. Furthermore, the mechanism of bilge keels is also presented as 
background knowledge. Finally, the used verification and validation methodology is 
elaborated.  
 
2.1. Theory on Ship Manoeuvring 
 
In principle, theoretical knowledge about ship hydrodynamics is the fundament to 
study all kinds of marine vehicle performances. The numerical approach serves engi-
neers or researchers only as a supplementary tool besides the experimental approach. 
Therefore, the following presents the basic theory involved in this thesis before dis-
cussing the numerical framework. 
 
2.1.1. Coordinate Systems 
 
In the field of analysing manoeuvring performances, a ship is usually considered as a 
rigid body. All motions are discussed in a certain coordinate system. Conventionally, 
two general types of coordinate systems are employed, namely the fixed coordinate 
system (relative to earth) and the moving coordinate system (relative to the ship), as 
shown in Figure 2.1. The following definition can be found in the literature of Lewan-
dowski (Lewandowski, 2004).  
 

 
Figure 2.1 Coordinate systems 



 2.1 Theory on Ship Manoeuvring  

— 10 — 
 

 
The fixed coordinate system is fixed on earth, and does not change with time. Here, 
the original point in this frame is defined as 𝛺𝛺. It can be considered as the centre of 
ship gravity or the middle point of the length between perpendiculars (𝐿𝐿𝐴𝐴𝐴𝐴) at time of 
𝑡𝑡 = 0. Right-handed Cartesian coordinates 𝜉𝜉, 𝜂𝜂, and 𝜁𝜁 are taken to be fixed, with 𝜉𝜉 
and 𝜂𝜂 orthogonally lying in a horizontal plane, and 𝜁𝜁 is perpendicular to this plane and 
points downward as the positive direction. This system is typically used to present ship 
trajectories. Heading refers to the direction of the longitudinal axis of ship with respect 
to the fixed axis 𝜉𝜉. The difference between the ship’s longitudinal axis and the velocity 
vector 𝑉𝑉�⃗  is the drift angle 𝛽𝛽 in the ship coordinate system. 
 
In contrast, the moving system originates from the centre of ship gravity 𝐺𝐺. Of course, 
it can also be defined at the middle point of 𝐿𝐿𝐴𝐴𝐴𝐴, namely 𝑂𝑂, but, with more compli-
cated expression of motion equations. The longitudinal coordinate 𝑥𝑥 is positive for-
ward to the bow. The transverse coordinate corresponds to 𝑦𝑦, which is positive to the 
starboard. 𝑧𝑧 is the vertical coordinate positive downwards followed by the right-hand 
system. In total, 6 DOF can be described in this system: three translations along the 𝑥𝑥, 
𝑦𝑦, and 𝑧𝑧 axis, and three rotations defined by Euler angles around main axes.  
 
Using transformation matrices 𝑇𝑇𝑉𝑉 and 𝑇𝑇𝛺𝛺, the kinematic parameters of a ship can be 
described in the fixed system with respect to the motion in the moving system. The 
left-hand side (L.H.S.) in Eq. (2.1) and Eq. (2.2) represents the velocities in the fixed 
coordinate system, whereas the velocities in the ship coordinate system are expressed 
on the right-hand side (R.H.S.). This derivation can be also found in the literature of 
Lewandowski (Lewandowski, 2004). 
 
 ��̇�𝜉𝑜𝑜 , �̇�𝜂𝑜𝑜 , 𝜁𝜁�̇�𝑜�

−1
= 𝑇𝑇𝑉𝑉(𝑢𝑢, 𝑣𝑣,𝑤𝑤)−1  (2.1) 

 
 ��̇�𝜑, �̇�𝜃, �̇�𝜓�

−1
= 𝑇𝑇𝛺𝛺(𝑝𝑝, 𝑞𝑞, 𝑟𝑟)−1  (2.2) 

 

 𝑇𝑇𝑉𝑉 = �
𝑐𝑐𝐶𝐶𝑐𝑐 𝜃𝜃 𝑐𝑐𝐶𝐶𝑐𝑐 𝜓𝜓 𝑐𝑐𝑠𝑠𝑛𝑛𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛 𝜃𝜃 𝑐𝑐𝐶𝐶𝑐𝑐 𝜓𝜓 − 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛 𝜃𝜃 𝑐𝑐𝐶𝐶𝑐𝑐 𝜓𝜓 + 𝑐𝑐𝑠𝑠𝑛𝑛 𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓
𝑐𝑐𝐶𝐶𝑐𝑐 𝜃𝜃 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓 𝑐𝑐𝑠𝑠𝑛𝑛𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛 𝜃𝜃 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓 + 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛 𝜃𝜃 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓 − 𝑐𝑐𝑠𝑠𝑛𝑛𝜑𝜑 𝑐𝑐𝑠𝑠𝑛𝑛𝜓𝜓
−𝑐𝑐𝑠𝑠𝑛𝑛 𝜃𝜃 𝑐𝑐𝑠𝑠𝑛𝑛 𝜑𝜑 𝑐𝑐𝐶𝐶𝑐𝑐 𝜃𝜃 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑐𝑐𝐶𝐶𝑐𝑐 𝜃𝜃

�   

   (2.3) 
 

 𝑇𝑇𝑉𝑉 = �
1 𝑐𝑐𝑠𝑠𝑛𝑛 𝜑𝜑 𝑡𝑡𝑎𝑎𝑛𝑛 𝜃𝜃 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑡𝑡𝑎𝑎𝑛𝑛 𝜃𝜃
0 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 −𝑐𝑐𝑠𝑠𝑛𝑛 𝜑𝜑
0 𝑐𝑐𝑠𝑠𝑛𝑛 𝜑𝜑 𝑐𝑐𝑠𝑠𝑐𝑐 𝜃𝜃 𝑐𝑐𝐶𝐶𝑐𝑐 𝜑𝜑 𝑐𝑐𝑠𝑠𝑐𝑐 𝜃𝜃

�  (2.4) 

 
2.1.2. Motion Equations of Rigid Body 
 
Assuming that a ship is a rigid body and following by the Euler's laws of motion, the 
motion equations in 6 DOF are directly presented below. For the detailed derivation, 
refer to Lewandowski (Lewandowski, 2004).  
 
𝑚𝑚[�̇�𝑢 + 𝑤𝑤𝑞𝑞 − 𝑣𝑣𝑟𝑟 − 𝑥𝑥𝐺𝐺(𝑞𝑞2 + 𝑟𝑟2) + 𝑦𝑦𝐺𝐺(𝑝𝑝𝑞𝑞 − �̇�𝑟) + 𝑧𝑧𝐺𝐺(𝑝𝑝𝑟𝑟 + �̇�𝑞)] = 𝑋𝑋  (2.5) 
 



 Chapter 2. Theoretical Basis  

— 11 — 
 

𝑚𝑚[�̇�𝑣 + 𝑢𝑢𝑟𝑟 − 𝑤𝑤𝑝𝑝 − 𝑦𝑦𝐺𝐺(𝑟𝑟2 + 𝑞𝑞2) + 𝑧𝑧𝐺𝐺(𝑞𝑞𝑟𝑟 − �̇�𝑝) + 𝑥𝑥𝐺𝐺(𝑞𝑞𝑝𝑝 + �̇�𝑟)] = 𝑌𝑌  (2.6) 
 
𝑚𝑚[�̇�𝑤 + 𝑣𝑣𝑝𝑝 − 𝑢𝑢𝑞𝑞 − 𝑧𝑧𝐺𝐺(𝑝𝑝2 + 𝑞𝑞2) + 𝑥𝑥𝐺𝐺(𝑟𝑟𝑝𝑝 − �̇�𝑞) + 𝑦𝑦𝐺𝐺(𝑟𝑟𝑞𝑞 + �̇�𝑝)] = 𝑍𝑍  (2.7) 
 
𝐼𝐼𝑏𝑏𝑏𝑏�̇�𝑝 + 𝐼𝐼𝑏𝑏𝑦𝑦(�̇�𝑞 − 𝑝𝑝𝑟𝑟) + 𝐼𝐼𝑏𝑏𝑧𝑧(�̇�𝑟 + 𝑝𝑝𝑞𝑞) + 𝐼𝐼𝑦𝑦𝑧𝑧(𝑞𝑞2 − 𝑟𝑟2) + �𝐼𝐼𝑧𝑧𝑧𝑧 − 𝐼𝐼𝑦𝑦𝑦𝑦�𝑞𝑞𝑟𝑟 + 𝑚𝑚[𝑦𝑦𝐺𝐺(�̇�𝑤 +
𝑣𝑣𝑝𝑝 − 𝑢𝑢𝑞𝑞) − 𝑧𝑧𝐺𝐺(�̇�𝑣 + 𝑢𝑢𝑟𝑟 − 𝑤𝑤𝑝𝑝)] = 𝐾𝐾   (2.8) 
 
𝐼𝐼𝑦𝑦𝑦𝑦�̇�𝑞 + 𝐼𝐼𝑦𝑦𝑧𝑧(�̇�𝑟 − 𝑞𝑞𝑝𝑝) + 𝐼𝐼𝑦𝑦𝑏𝑏(�̇�𝑝 + 𝑞𝑞𝑟𝑟) + 𝐼𝐼𝑧𝑧𝑏𝑏(𝑟𝑟2 − 𝑝𝑝2) + (𝐼𝐼𝑏𝑏𝑏𝑏 − 𝐼𝐼𝑧𝑧𝑧𝑧)𝑟𝑟𝑝𝑝 + 𝑚𝑚[𝑧𝑧𝐺𝐺(�̇�𝑢 +
𝑤𝑤𝑞𝑞 − 𝑣𝑣𝑟𝑟) − 𝑥𝑥𝐺𝐺(�̇�𝑤 + 𝑣𝑣𝑝𝑝 − 𝑢𝑢𝑞𝑞)] = 𝐺𝐺   (2.9) 
 
𝐼𝐼𝑧𝑧𝑧𝑧�̇�𝑟 + 𝐼𝐼𝑧𝑧𝑏𝑏(�̇�𝑝 − 𝑟𝑟𝑞𝑞) + 𝐼𝐼𝑧𝑧𝑦𝑦(�̇�𝑞 + 𝑟𝑟𝑝𝑝) + 𝐼𝐼𝑏𝑏𝑦𝑦(𝑝𝑝2 − 𝑞𝑞2) + �𝐼𝐼𝑦𝑦𝑦𝑦 − 𝐼𝐼𝑏𝑏𝑏𝑏�𝑝𝑝𝑞𝑞 + 𝑚𝑚[𝑥𝑥𝐺𝐺(�̇�𝑣 +
𝑢𝑢𝑟𝑟 − 𝑤𝑤𝑝𝑝) − 𝑦𝑦𝐺𝐺(�̇�𝑢 + 𝑤𝑤𝑞𝑞 − 𝑟𝑟𝑣𝑣)] = 𝑁𝑁   (2.10) 
 
where 𝑚𝑚 is ship mass; 𝑢𝑢, 𝑣𝑣, 𝑤𝑤 and 𝑝𝑝, 𝑞𝑞, 𝑟𝑟 are the velocity components with respect to 
the moving system; 𝐼𝐼𝑖𝑖𝑖𝑖 (𝑠𝑠 or 𝑗𝑗 = 𝑥𝑥, 𝑦𝑦 ,𝑧𝑧) are the inertia matrices including the inertial 
momentums and the inertial products regarding point 𝑂𝑂; and 𝑥𝑥𝐺𝐺 , 𝑦𝑦𝐺𝐺 , and 𝑧𝑧𝐺𝐺 are the 
coordinates of ship gravity in the moving system. The R.H.S. in the above equation 
systems presents the forces and moments acting on the ship with respect to the origin 
of ship coordinate system. 
 
Considering the characteristics of ship geometry, 𝐼𝐼𝑏𝑏𝑦𝑦 = 𝐼𝐼𝑦𝑦𝑧𝑧 = 0 and 𝑦𝑦𝐺𝐺 = 0 for the 
symmetrical shape of ship and 𝐼𝐼𝑏𝑏𝑧𝑧 ≈ 0 for a slender body, and considering that ne-
glecting pitch and heave motions leads to 𝑤𝑤 = 𝑞𝑞 = 0, motion equations can be sim-
plified as follows:  
 
 𝑚𝑚(�̇�𝑢 − 𝑣𝑣𝑟𝑟 − 𝑥𝑥𝐺𝐺𝑟𝑟2 + 𝑧𝑧𝐺𝐺𝑝𝑝𝑟𝑟) = 𝑋𝑋  (2.11) 
 
 𝑚𝑚[�̇�𝑣 + 𝑢𝑢𝑟𝑟 + 𝑥𝑥𝐺𝐺�̇�𝑟 − 𝑧𝑧𝐺𝐺�̇�𝑝] = 𝑌𝑌  (2.12) 
 
 𝐼𝐼𝑏𝑏𝑏𝑏�̇�𝑝 − 𝑚𝑚𝑧𝑧𝐺𝐺(�̇�𝑣 + 𝑢𝑢𝑟𝑟) = 𝐾𝐾  (2.13) 
 
 𝐼𝐼𝑧𝑧𝑧𝑧�̇�𝑟 + 𝑚𝑚𝑥𝑥𝐺𝐺(�̇�𝑣 + 𝑢𝑢𝑟𝑟) = 𝑁𝑁  (2.14) 
 
2.1.3. Free-running Model Tests 
 
As mentioned in Chapter 1, various methods can be used to predict and evaluate ship 
manoeuvring performances. However, the unique element to achieve the final output 
is that trajectories need to be rebuilt. The free-running model tests have the highest 
level of this reproduction by a straightforward approach. Usually, there are six 
manoeuvring characteristics to assess ship manoeuvrability: 
 

• Inherent dynamic stability or straight-line stability 
• Course-keeping ability 
• Course-changing or initial turning ability 
• Yaw checking ability 
• Turning ability 
• Stopping ability 



 2.1 Theory on Ship Manoeuvring  

— 12 — 
 

 
In the current standard for evaluation of ship manoeuvrability, three tests are pro-
posed for full scale ships to evaluate these manoeuvring abilities, namely turning circle 
tests, zigzag manoeuvres, and stopping tests (IMO, 2002). For model scale tests, the 
first two tests are usually conducted. Therefore, stopping tests are not introduced 
here. 
 
1) Turning Circle Tests 
 
These tests are performed to both starboard and port with ±35° rudder angle or the 
maximum rudder angle permissible at the test speed, after obtaining a steady advanc-
ing condition. The essential derived parameters are given below, corresponding to the 
symbols in Figure 2.2. These tests can be used to evaluate the manoeuvring charac-
teristics including course-changing and turning abilities. 
 

 
Figure 2.2 Turning circle test 

 
• Tactical diameter 𝑦𝑦𝑜𝑜,180: transfer at 180o change of heading 
• Advance 𝑥𝑥𝑜𝑜,90: distance travelled along original heading until vessel has turned 

90o 
• Transfer 𝑦𝑦𝑜𝑜,90: transfer at 90o change of heading 
• Diameter of steady turning circle 𝐷𝐷𝑐𝑐: constant diameter on steady turn 
• Maximal transfers 𝑥𝑥𝑜𝑜,𝑚𝑚𝑠𝑠𝑏𝑏  and 𝑦𝑦𝑜𝑜,𝑚𝑚𝑠𝑠𝑏𝑏 : maximal longitudinal and transversal 

transfer 
• Speed loss up to steady turn ∆𝑣𝑣𝑆𝑆: speed decrease from the initial condition up 

to steady turn 
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2) Zigzag Tests 
 
The initial conditions are identical to the turning circle. Then, a given rudder angle is 
applied for the first execution for instance 10o to the starboard. Once a ship heading 
deviation from the original starting course of 10o is reached, the rudder angle is de-
flected at the same angle to the counter side in this case, the second execution is to 
the port. The ship will continue yawing in the original direction of the starboard but 
with a decreasing yaw rate until it changes sign, so that the ship eventually yaws to 
the port in response to the counter rudder. When the heading is 10o off the course 
port, the rudder is reversed again to the starboard for the third execution. The total 
number of rudder executions can be decided in accordance with actual conditions. 
They should be performed both to the starboard and to the port for 10/10 and 20/20. 
The aim of these tests is to evaluate the ship course-changing and yaw checking abili-
ties. Related criteria of IMO standards are given in Appendix C. The principal parame-
ters derived from the tests can be found in Figure 2.3 and are listed below. 
 

 
Figure 2.3 Zigzag manoeuvre 

 
• Initial turning time 𝑡𝑡𝑠𝑠: time from the instant the rudder is put at the outset of 

the manoeuvre (first execution) until the execute heading is reached 
• Execute heading angle 𝜓𝜓: heading at which the rudder is reversed 
• Execute rudder angle 𝛿𝛿: target rudder angle for each execution 
• Overshoot angle 𝛼𝛼: yaw angle through which the ship continues to turn in the 

original direction after the application of the counter rudder. The first and sec-
ond overshoot angles correspond to the maximum heading angle reached af-
ter the second and third execution, respectively 

• Time to check yaw 𝑡𝑡𝛼𝛼: time between the rudder execution and the maximum 
heading change in the original direction 

• Reach 𝑡𝑡𝐴𝐴: time between the first execution and the instant when the ship’s 
heading is zero after the second execution 

• Time of a complete cycle 𝑇𝑇: time between the first execution and the instant 
when the ship’s heading is zero after the third execution 

 
2.1.4. Propeller Effects 
 
In simulations of direct ship manoeuvring, the ship must be able to propel itself with 
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its own propulsive devices. However, calculating a real rotating propeller requires a 
rather small time step to capture the complicated flow field around the propeller. 
Compared with the development of an energy saving device and so forth, a simple 
modelled actuator disk is realistic to reduce the computational effort. Based on the 
state of the art, the prescribed body force model and the iterative body force model 
are the two main selections. The former only needs several geometric parameters of 
a propeller and a few distribution equations, while the latter requires a dedicated pro-
peller code or data base, which needs interactive procedure between RANS solver and 
propeller code or data base (Cura Hochbaum & Uharek, 2014). In this way, the nominal 
wake flow can be considered to give a more accurate force field with an increasing 
computation time. However, the prescribed body force model is attempted in this 
thesis without increasing computational effort. Its code is given in Appendix D. 
 
In fact, the implementation of the prescribed body force model is quite simple. In the 
momentum equations, the body force term of propeller 𝑓𝑓𝑏𝑏 can be added into the nor-
mal source term of momentum equations to model the effects of a propeller. 𝑓𝑓𝑏𝑏 is 
decomposed into the axial component 𝑓𝑓𝑏𝑏𝑏𝑏, the tangential component 𝑓𝑓𝑏𝑏𝑏𝑏, and the ra-
dial component 𝑓𝑓𝑏𝑏𝑏𝑏. However, the latter is not embedded for now. An illustration of 
the used body force model can be found in Figure 2.4, in which 𝑅𝑅𝑜𝑜 and 𝑅𝑅𝑖𝑖 is the radius 
of propeller and propeller hub, respectively.  
 

 
Figure 2.4 Parameters of body force model 

 
The equations to calculate two body force components are given below according to 
the computation of propeller-hull interaction (Stern, Kim, & Patel, 1988). 
 
 𝑓𝑓𝑏𝑏𝑏𝑏 = 𝐴𝐴𝑏𝑏𝑟𝑟∗√1 − 𝑟𝑟∗  (2.15) 
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 𝑓𝑓𝑏𝑏𝑏𝑏 = 𝐴𝐴𝑏𝑏
𝑏𝑏∗√1−𝑏𝑏∗

𝑏𝑏∗�1−𝑏𝑏ℎ
′�+𝑏𝑏ℎ

′  (2.16) 

 
They represent body forces per unit of volume. Coefficients are expressed as 
 

 𝑟𝑟∗ = 𝑏𝑏′−𝑏𝑏ℎ
′

1−𝑏𝑏ℎ
′   (2.17) 

 

 𝑟𝑟ℎ′ = 𝑅𝑅𝑖𝑖
𝑅𝑅𝑜𝑜

  (2.18) 

 

 𝑟𝑟′ = �(𝑦𝑦−𝑌𝑌𝑃𝑃𝑃𝑃)2+(𝑧𝑧−𝑍𝑍𝑃𝑃𝑃𝑃)2

𝑅𝑅𝑜𝑜
  (2.19) 

 

 𝐴𝐴𝑏𝑏 = 𝑃𝑃𝑇𝑇
∆

105
16�4+3𝑏𝑏ℎ

′��1−𝑏𝑏ℎ
′�

  (2.20) 

 

 𝐴𝐴𝑏𝑏 = 𝐵𝐵𝑄𝑄
∆𝐽𝐽2

105
𝜋𝜋�4+3𝑏𝑏ℎ

′��1−𝑏𝑏ℎ
′�

  (2.21) 

 

 𝐽𝐽 = 𝑈𝑈
𝑛𝑛𝐷𝐷𝑜𝑜

  (2.22) 

 

 𝐷𝐷𝑜𝑜 = 2𝑅𝑅𝑜𝑜  (2.23) 
 

 𝐶𝐶𝑇𝑇 = 2𝑇𝑇
𝜌𝜌𝜋𝜋𝑈𝑈2𝑅𝑅𝑜𝑜2

  (2.24) 

 

 𝐾𝐾𝑇𝑇 = 𝑇𝑇
𝜌𝜌𝑛𝑛2𝐷𝐷𝑜𝑜4

  (2.25) 

 

 𝐾𝐾𝑄𝑄 = 𝑄𝑄
𝜌𝜌𝑛𝑛2𝐷𝐷𝑜𝑜5

  (2.26) 

 
where 𝑈𝑈 is the reference velocity and Do is the diameter of propeller. 𝐾𝐾𝑇𝑇 and 𝐾𝐾𝑄𝑄 are 
the thrust and torque coefficients, 𝐽𝐽 is the advance coefficient, and 𝑛𝑛 is the number of 
rotations per second (RPS). ∆ is the actuator disc thickness, and 𝑌𝑌𝐴𝐴𝑃𝑃  and 𝑍𝑍𝐴𝐴𝑃𝑃  define 
the propeller centre coordinates. Variable 𝑟𝑟′ is the normalised distance to propeller 
centre on the propeller plane. As derived, these forces are defined over an actuator 
disk with volume defined by 𝑅𝑅𝑜𝑜, 𝑅𝑅𝑖𝑖, and ∆. Integration of the body forces over this 
analytical volume exactly recovers the prescribed thrust and torque. 
 
2.1.5. Mechanism of Bilge Keels 
 
Bilge keels are the most widely used and the simplest kind of anti-rolling device. They 
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are usually attached perpendicularly to the hull at or near the bilge; see Figure 2.5. In 
principle, bilge keels are a couple of profile-like bars. The length normally varies from 
25 to 50% of ship length, and the width is between 0.3 and 0.9m (Bhattacharyya, 1978). 
There are continuous and discontinuous forms from which to choose. The advantages 
and disadvantages of bilge keels can be found in Table 2.1, whereby the data of disad-
vantages can also be found in the literature of Bhattacharyya (Bhattacharyya, 1978). 
 

 
Figure 2.5 Damping effect of bilge keels 

 
Advantages 

No power unit 

No loss of cargo space 

Effective at both low and high speed 

Cheap and easy installation and maintenance 

Disadvantages 

Low anti-rolling effect at about 30% 

Slight increase of resistance about 1-2% 
Table 2.1 Advantages and disadvantages of bilge keels application 

 
This thesis does not focus on the pure study of roll damping, but rather on the influ-
ence of bilge keels on manoeuvring performance. The detailed theoretical knowledge 
can be found in Himeno’s report (Himeno, 1981). The mechanism of bilge keels is in-
troduced only briefly in the following. First, a simplified motion equation without con-
sideration of non-linear roll damping effect in one degree can be written as 
 
 (𝐼𝐼44 + 𝐴𝐴44)�̈�𝜑 + 𝐵𝐵44�̇�𝜑 + 𝐶𝐶44𝜑𝜑 = 𝐺𝐺44  (2.27) 
 
where 𝐴𝐴44 is the added mass induced by roll motion, 𝐼𝐼44 is the moment of inertia, 𝐵𝐵44 
is the roll damping coefficient, 𝐶𝐶44 is the restoring coefficient, and 𝜑𝜑 is the roll angle 
and 𝐺𝐺44 is the roll moment (Faltinsen, 1993). 
 
According to Himeno’s article, the total roll damping coefficient 𝐵𝐵44 can be divided 
into different contributions presented as  
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 𝐵𝐵44 = 𝐵𝐵44𝑊𝑊 + 𝐵𝐵44𝐿𝐿 + 𝐵𝐵44𝐹𝐹 + 𝐵𝐵44𝑅𝑅 + 𝐵𝐵44𝐴𝐴𝐴𝐴𝐴𝐴  (2.28) 
 
where 𝐵𝐵44 is the roll damping coefficient, which is composed of the components of 
wave, lift, frictional, eddy, and the contributions of appendages like bilge keels, skeg, 
rudder, etc. 
 
In the case of attaching bilge keels, 𝐵𝐵44𝐴𝐴𝐴𝐴𝐴𝐴 is 𝐵𝐵44𝐵𝐵𝐵𝐵; more roll damping can be generated 
around the ship hull to counteract the excited roll moment, as shown in Figure 2.5, 
and then to reduce the amplitude of the roll angle. The damping moment consists of 
mainly two components: one is supplied by the pressure difference between the up-
per and lower surface of bilge keels, which is dependent on the area of bilge keels and 
flow velocity. The other one is caused by the change in the pressure distribution on 
the hull, which is decided by the ship form (Bhattacharyya, 1978). In general, bilge 
keels serve to reduce the large amplitude roll motion induced by waves for seakeeping 
application. Their influence on manoeuvring behaviour is analysed in this thesis.  
 
2.2. Numerical Framework 
 
The standard resolution of CFD problems involves three main steps: spatial discretisa-
tion of the flow domain (pre-processing), flow computation (solution), and visualisa-
tion of the results (post-processing). To perform these steps, three programmes have 
been developed. The first one is an automated all-hexahedral unstructured grid gen-
eration tool, HEXPRESSTM. The second one is a 3D unstructured flow solver to simulate 
Euler or Navier-Stokes (laminar or turbulent) flows. The third one is the highly inter-
active computational field visualisation tool CFViewTM. These three programmes have 
been integrated in a unique numerical environment, FINETM/Marine, through a 
friendly graphical user interface (GUI). 
 
The flow solver in the FINETM/Marine environment is called as ISIS-CFD code and is 
mainly devoted to ship hydrodynamics with several marine-dedicated features. In 
principle, it solves the incompressible unsteady RANS equations based on the finite 
volume method (FVM). 
 
2.2.1. Governing Equations 
 
The ISIS-CFD code has the ability to deal with multi-phase flows and moving grids. Fur-
thermore, it can also handle large boundary motion problems like fluid-structure-in-
teraction (FSI). Therefore, an arbitrary Lagrangian–Eulerian (ALE) formulation combing 
the advantages of two description methods is used to give the governing equations 
(Hirt, Amsden, & Cook, 1974). The general mass and momentum conservation equa-
tions in the integral form can be written as 
 
 𝜕𝜕

𝜕𝜕𝑠𝑠 ∫ 𝜌𝜌𝜌𝜌𝑉𝑉𝑉𝑉 + ∫ 𝜌𝜌�𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑑𝑑� ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆𝑆𝑆 = 0  (2.29) 

 
𝜕𝜕
𝜕𝜕𝑠𝑠 ∫ 𝜌𝜌𝑈𝑈��⃗ 𝜌𝜌𝑉𝑉𝑉𝑉 + ∫ 𝜌𝜌𝑈𝑈��⃗ �𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑑𝑑� ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆𝑆𝑆 = ∫ �𝜏𝜏𝑖𝑖𝑖𝑖𝐼𝐼𝑖𝑖 − 𝑝𝑝𝐼𝐼𝑖𝑖� ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆𝑆𝑆 + ∫ 𝜌𝜌𝑏𝑏𝑖𝑖𝜌𝜌𝑉𝑉𝑉𝑉   (2.30) 
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where 𝑡𝑡 is time,  𝜌𝜌 is the density of fluid, and 𝑉𝑉 is the control volume, enclosed by the 
surface 𝑆𝑆 moving at the velocity 𝑈𝑈��⃗ 𝑑𝑑. 𝑛𝑛�⃗  is the unit normal vector directed outwards. 𝑈𝑈��⃗  
and 𝑝𝑝 represent the flow velocity vector and pressure, respectively. 𝜏𝜏𝑖𝑖𝑖𝑖 and 𝑏𝑏𝑖𝑖 are the 
components of the viscous stress tensor and the body force vector, whereas  𝐼𝐼𝑖𝑖 is a 
vector whose components vanish, except for the component 𝑗𝑗 which is equal to unity. 
Eq. (2.30) is usually called the Navier-Stokes equations (NS equations).   
 
The governing equation for pressure is also called the Poisson equation. It is con-
structed by taking the divergence of momentum conservation equations at first, and 
then simplified by substituting the mass conservation equation. Using the Einstein 
convention, this equation can be expressed in the differential form as 
 

 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖
� = − 𝜕𝜕

𝜕𝜕𝑏𝑏𝑖𝑖
�𝜕𝜕𝜌𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑖𝑖

𝜕𝜕𝑏𝑏𝑖𝑖
�  (2.31) 

 
where 𝑥𝑥𝑖𝑖  are the Cartesian coordinates and 𝑢𝑢𝑖𝑖  are the Cartesian components of the 
velocity vector (Ferziger & Peric, 2012). 
 
2.2.2. Turbulence Models 
  
Turbulent flow is commonly observed in ship hydrodynamics such as flow separation 
and vortex structure. It is characterised by the features of irregularity, diffusivity, ro-
tationality, and dissipation. The onset of turbulence can be predicted by a dimension-
less constant called the Reynolds number, which is the ratio of inertial forces to vis-
cous forces within a fluid. It is defined as 
 
 𝑅𝑅𝑠𝑠 = 𝑈𝑈𝐿𝐿

𝜐𝜐
  (2.32) 

 
where 𝜐𝜐 is the kinematic viscosity of the fluid, 𝑈𝑈 is the characteristic velocity of the 
fluid and 𝐿𝐿 is a characteristic linear dimension (Stokes, 1851). 
 
When the Reynolds number is small, the influence of viscous force on the flow field is 
greater than the inertial force. The disturbance of the flow velocity in the flow field is 
attenuated by the viscous force, and the fluid flow is stable and laminar. In contrast, 
if the Reynolds number is large, the influence of inertial force on the flow field is 
greater than the viscous force. The fluid flow is unstable, and small changes in the flow 
velocity are easy to develop and enhance, forming a turbulent and irregular turbulent 
flow field. In the applications of ship hydrodynamics, the flow basically has a high Re.  
 
Due to the chaotic property of turbulent flow, accurate capturing in space and time is 
still a sizeable task. In total, four numerical approaches are available to study this phe-
nomenon. An overview can be seen in Figure 2.6.  
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Figure 2.6 Overview of available approaches to deal with turbulence 

 
Using direct numerical simulation (DNS) in the whole range of space and time scales 
to capture all the detailed structures is still not affordable for industrial applications, 
although the computer technology is already well developed nowadays. Large eddy 
simulation (LES) is also quite expensive for current marine applications, since partial 
unfiltered large eddies must be solved directly. On the other hand, the RANS method 
is based on the modelling of turbulent effects with the lowest computation effort. 
Another promising alternative is DES, which is a hybrid approach of RANS and LES to 
improve the accuracy of the RANS method. Because of its complexity, this new 
method is still being developed. Hence, the RANS method seems to be the most prac-
tical choice for now. It stems from the theory of statistics. Each quantity ϕ can be de-
composed into a mean value and a fluctuating part, as follows (Reynolds, 1895):  
 
 𝜙𝜙(𝑥𝑥𝑖𝑖 , 𝑡𝑡) = 𝜙𝜙� + 𝜙𝜙′(𝑥𝑥𝑖𝑖, 𝑡𝑡)  (2.33) 
 
where 𝜙𝜙� can be defined by an adequate averaging value, either time average or en-
semble average, and ϕ′ is defined as a fluctuating value. For steady flow, 𝜙𝜙� is a time-
averaged quantity 𝜙𝜙�(𝑥𝑥𝑖𝑖), while for unsteady flow, 𝜙𝜙� is an ensemble averaging value 
𝜙𝜙�(𝑥𝑥𝑖𝑖 , 𝑡𝑡). Since the mean of the fluctuating quantity is equal to zero, substituting 𝑈𝑈��⃗ =
𝑈𝑈��⃗� + 𝑈𝑈��⃗ ʹ and 𝑝𝑝 = �̅�𝑝 + 𝑝𝑝′ into Eq. (2.30) and Eq. (2.31) yields the RANS equations, which 
govern the mean flow. Then, the averaged continuity and momentum equations for 
incompressible flow can be written in the differential form as 
 

 
𝜕𝜕�𝑢𝑢�𝑖𝑖�
𝜕𝜕𝑏𝑏𝑖𝑖

= 0  (2.34) 

 

 𝜕𝜕(𝜌𝜌𝑢𝑢�𝑖𝑖)
𝜕𝜕𝑠𝑠

+ 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�𝜌𝜌𝑢𝑢�𝑖𝑖𝑢𝑢�𝑖𝑖 + 𝜌𝜌𝑢𝑢i
′𝑢𝑢j

′������� = 𝜇𝜇 𝜕𝜕2𝑢𝑢�𝑖𝑖
𝜕𝜕𝑏𝑏𝑖𝑖

2 −
𝜕𝜕�̅�𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

+ 𝜌𝜌�̅�𝑔𝑖𝑖  (2.35) 

 
The overlines above the variables indicate their averaged values. A new term is intro-
duced by this averaging procedure because of the nonlinearity of the NS equations, in 
which the differential variable −𝜌𝜌𝑢𝑢i

′𝑢𝑢j
′������ is defined as the Reynolds stress 𝜏𝜏𝑠𝑠𝑖𝑖𝑖𝑖  (Tennekes 

& Lumley, 1972). It has a relationship with the averaged fluctuation velocities. How-
ever, six more new variables are brought by the Reynolds stress into the equation 
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system, namely three normal stresses and three shear stresses. To close this new 
equation system, a turbulence model must be introduced which can be either calcu-
lated or modelled. A brief introduction of these two models is described below. 
 
1) Reynolds stress model (RSM) 
 
RSM closes the RANSE by solving transport equations for the Reynolds stresses, which 
means another six equations need to be solved. Although it is more accurate for flows 
with high degrees of anisotropy, such as flow separation or zones of recirculating flow, 
it increases computational effort.  
 
2) Eddy viscosity model (EVM) 
 
This model is built on the Boussinesq hypothesis by modelling the Reynolds stress with 
the turbulent viscosity and mean flow as 
 

 𝜏𝜏𝑠𝑠𝑖𝑖𝑖𝑖 = −𝜌𝜌𝑢𝑢i
′𝑢𝑢j

′������ = 𝜇𝜇𝑠𝑠 �
𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕𝑏𝑏𝑖𝑖

+ 𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕𝑏𝑏𝑖𝑖
� − 2

3
𝜌𝜌𝑘𝑘𝛿𝛿𝑖𝑖𝑖𝑖   (2.36) 

 
where 𝑢𝑢�𝑖𝑖  is the mean flow, 𝜇𝜇𝑠𝑠 is the turbulence eddy viscosity and 𝑘𝑘 = 1

2
𝜌𝜌𝑢𝑢i

′𝑢𝑢i
′������ is the 

turbulent kinetic energy (Boussinesq, 1877). 𝛿𝛿𝑖𝑖𝑖𝑖 is the Kronecker delta, which means 
its value is 1 if two subscripts are equal, and 0 otherwise. Here, the turbulent viscosity 
is not a physical property but a variable depending on the flow state. When substitut-
ing Eq. (2.36) into (2.30), the effective viscosity can be decomposed into original mo-
lecular viscosity which is the physical property, and the turbulence eddy viscosity: 
 
 𝜇𝜇𝑒𝑒𝑓𝑓𝑓𝑓 = 𝜇𝜇 + 𝜇𝜇𝑠𝑠  (2.37) 
 
The advantage of this approach is its relatively low computational cost. In contrast, it 
is not strictly true to assume that the eddy viscosity is an isotropic scalar quantity. 
However, this assumption typically works well for shear flows dominated by only one 
of the turbulent shear stresses covering many technical flows (Pope, 2000). The key 
point of EVM is transformed to determine the eddy viscosity. Depending on the num-
ber of additional equations to model the eddy viscosity, turbulence models can be 
classified as zero-equation models, one-equation models, and two-equation models. 
 
There are three main types of k-ω model: standard, baseline (BSL) and shear-stress 
transport (SST) model (Wilcox, 1998). In this thesis, Menter’s robust and accurate SST 
turbulence model (k-ω SST) is chosen to close the RANS equations. Since it stems from 
original k-ω model, it inherits the characteristics of the k-ω model. Furthermore, it 
blends the k-ε model such that the k-ω is used in the inner region of the boundary 
layer and switches to the k-ε in the free shear flow. Transport equations for these two 
turbulence models and their brief introductions are given in Appendix B. The switch 
between the two models is achieved by a blending function 𝐹𝐹1. In addition, it is an 
extension of k-ω model that accounts for the transport of the turbulent shear stress 
and thus offers improved predictions of flow separation under adverse pressure gra-
dients, which is achieved when a limiter is applied to the eddy-viscosity relationship 
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with the auxiliary function 𝐹𝐹2; see Eq. (2.40). The two transport equations of this tur-
bulence model are defined as below (Menter, 1994; Menter, Kuntz, & Langtry, 2003): 
 

 𝜕𝜕𝜌𝜌𝜕𝜕
𝜕𝜕𝑠𝑠

+ 𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝜕𝜕�
𝜕𝜕𝑏𝑏𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�(𝜇𝜇 + 𝜎𝜎𝜕𝜕𝜇𝜇𝑠𝑠)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖
� + 𝜏𝜏𝑠𝑠𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 − 𝛽𝛽∗𝜌𝜌𝜔𝜔𝑘𝑘  (2.38) 

 
𝜕𝜕𝜌𝜌𝜕𝜕
𝜕𝜕𝑠𝑠

+ 𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝜕𝜕�
𝜕𝜕𝑏𝑏𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�(𝜇𝜇 + 𝜎𝜎𝜕𝜕𝜇𝜇𝑠𝑠)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖
� + 𝑃𝑃𝜕𝜕 − 𝛽𝛽𝜌𝜌𝜔𝜔2 + 2(1 − 𝐹𝐹1) 𝜌𝜌𝜎𝜎𝜔𝜔2

𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

  (2.39) 

 

where all overlines are removed. 𝑆𝑆𝑖𝑖𝑖𝑖 = 1
2
�𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑏𝑏𝑖𝑖

+ 𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑏𝑏𝑖𝑖
� is the mean strain rate tensor. k 

and 𝜔𝜔 is the turbulent kinetic energy and the specific dissipation rate, respectively. 𝛽𝛽∗ 
is a constant given in Table 2.2. The turbulent eddy viscosity 𝜇𝜇𝑠𝑠, the production term 
of the specific dissipation rate 𝑃𝑃𝜕𝜕, and the blending function 𝐹𝐹1 can be written as 
 
 𝜇𝜇𝑠𝑠 = 𝜌𝜌𝛼𝛼1𝜕𝜕

𝑚𝑚𝑠𝑠𝑏𝑏{𝛼𝛼1𝜕𝜕,𝛺𝛺𝐹𝐹2}  (2.40) 

 
 𝑃𝑃𝜕𝜕 = 2𝛾𝛾𝜌𝜌�𝑆𝑆𝑖𝑖𝑖𝑖 − 𝜔𝜔𝑆𝑆𝑛𝑛𝑛𝑛𝛿𝛿𝑖𝑖𝑖𝑖 3⁄ �𝑆𝑆𝑖𝑖𝑖𝑖 ≈ 𝛾𝛾𝜌𝜌𝛺𝛺2  (2.41) 
 

 𝐹𝐹1 = 𝑡𝑡𝑎𝑎𝑛𝑛ℎ ��𝑚𝑚𝑠𝑠𝑛𝑛 �𝑚𝑚𝑎𝑎𝑥𝑥 � √𝜕𝜕
𝛽𝛽∗𝜕𝜕𝑑𝑑

, 500𝜇𝜇
𝜌𝜌𝜕𝜕𝑑𝑑2

� , 4𝜌𝜌𝜎𝜎𝜔𝜔2𝜕𝜕
𝑃𝑃𝐷𝐷𝑘𝑘𝜔𝜔𝑑𝑑2

��
4
�  (2.42) 

 
where 𝛼𝛼1 is a constant given in Table 2.2 and 𝛺𝛺 is the absolute value of vorticity here. 
𝐶𝐶𝐷𝐷𝜕𝜕𝜕𝜕 stands for the cross-diffusion in the k-ω model defined as 
 

 𝐶𝐶𝐷𝐷𝜕𝜕𝜕𝜕 = 𝑚𝑚𝑎𝑎𝑥𝑥 �2𝜌𝜌𝜎𝜎𝜔𝜔2
𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

, 10−20�  (2.43) 

 
While the limiter function F2 is defined as 
 

 𝐹𝐹2 = 𝑡𝑡𝑎𝑎𝑛𝑛ℎ ��𝑚𝑚𝑎𝑎𝑥𝑥 � 2√𝜕𝜕
𝛽𝛽∗𝜕𝜕𝑑𝑑

, 500𝜇𝜇
𝜌𝜌𝜕𝜕𝑑𝑑2

��
2
�  (2.44) 

 
where 𝜌𝜌 is a function of distance to wall. The constants in the k-ω SST model: 𝜎𝜎𝜕𝜕𝑖𝑖, 𝜎𝜎𝜕𝜕𝑖𝑖, 
𝛽𝛽𝑖𝑖, and 𝛾𝛾𝑖𝑖 denoted with generic symbol 𝛷𝛷 in Eq. (2.45) are used to blend the original 
k-ω model (𝑠𝑠 = 1) and k-ε model (𝑠𝑠 = 2). Their values are listed in Table 2.2. The con-
stant 𝜅𝜅 in this table is used to determine the constants 𝛾𝛾𝑖𝑖 (Menter, 1994). 
 
 𝛷𝛷 = 𝐹𝐹1𝛷𝛷1 + (1 − 𝐹𝐹1)𝛷𝛷2  (2.45) 
 

𝜿𝜿 𝜷𝜷∗ 𝜶𝜶𝟏𝟏 𝝈𝝈𝒌𝒌𝟏𝟏 𝝈𝝈𝝎𝝎𝟏𝟏 𝜷𝜷𝟏𝟏 𝜸𝜸𝟏𝟏 𝝈𝝈𝒌𝒌𝟐𝟐 𝝈𝝈𝝎𝝎𝟐𝟐 𝜷𝜷𝟐𝟐 𝜸𝜸𝟐𝟐 

0.41 0.09 0.31 0.85 0.500 0.0750 0.553 1.00 0.856 0.0828 0.440 
Table 2.2 Constants of k-ω SST model 

 
2.2.3. Near-wall Treatments 
 
Ship flows are strongly affected by the presence of solid walls. Direct on ship hull, the 
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flow field must satisfy the no-slip condition. Very close to the wall, the viscous effect 
reduces the tangential velocity fluctuations, while kinematic blocking reduces the nor-
mal fluctuations. Flow in this region has a low Re. Toward the outer part of the near-
wall region, the turbulence is rapidly augmented by the production of turbulence ki-
netic energy due to the large gradients in mean velocity. As a result, accurate repre-
sentation of the flow in the different near-wall zones determines successful predic-
tions of wall-bounded turbulent flows.  
 
Numerous experiments have shown that the near-wall region can be subdivided into 
three main layers (Lindgren, 1965). In the innermost layer called the viscous sublayer, 
the flow is almost laminar, and the molecular viscosity plays a dominant role in mo-
mentum and mass transfer. In the outer layer, the fully-developed turbulent layer, 
turbulent viscosity plays a major role. Of course, there is an interim region between 
the viscous sublayer and the fully-developed turbulent layer, where the effects of mo-
lecular viscosity and turbulent viscosity are equally important. Figure 2.7 illustrates 
these subdivisions of the near-wall region, plotted in semi-log coordinates (Wilcox, 
1998). 
 

 
Figure 2.7 Subdivision of the near-wall region 

 
There are generally two approaches to deal with the flow of the near-wall region. One 
is the low Re turbulence model method and the other is the wall-function method.  
 
1) Low Re turbulence model method 
 
This approach involves modification of the turbulence models, which allows the near-
wall region to be resolved. Of course, resolution of the near-wall region including the 
viscous sub-layer requires a very fine grid resolution. Hence, it costs a large amount of 
computational power compared with the following approach.  
 
2) Wall functions method 
 
In this method, the viscosity-affected near-wall region is not resolved. Instead, wall 
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functions are used as a ‘bridge’ to connect the first grid point from the wall with the 
solid walls. Then, interested variables such as mean velocity components and turbu-
lent quantities can be estimated by the empirical rules which are based on the loga-
rithmic law of the distance from that first grid point to the wall. The wall functions 
approach can save considerable computational resources. Hence, it is usually pre-
ferred for simulations with model scale ships. However, the first point adjacent to the 
wall must be located within the logarithmic region. Ideally, it should be placed as close 
to the lower bound of the log-law region as possible to have as many grid points in the 
boundary layer as possible. This can be achieved by checking the dimensionless dis-
tance 𝑦𝑦+: 
 
 𝑦𝑦+ = 𝜌𝜌𝑢𝑢𝜏𝜏𝑦𝑦

𝜇𝜇
  (2.46) 

 
with 
 

 𝑢𝑢𝜏𝜏 = �
𝜏𝜏𝑤𝑤
𝜌𝜌

  (2.47) 

 
where 𝑢𝑢𝜏𝜏 is the friction velocity or shear velocity, 𝑦𝑦 is the normal distance between 
the first cell from the solid surface and the wall, and 𝜏𝜏𝑤𝑤  represents the wall shear 
stress. According to the user guide recommendation (NUMECA Int., 2018b), the range 
from 30 to 50 is normally chosen for model ships. To verify a feasible value of 𝑦𝑦+, it is 
necessary to plot its value on solid patches after approximately 100 iterations to en-
sure the proper range has been specified. 
 
2.2.4. Free Surface Modelling 
 
For maritime applications, the free surface is mostly a nonnegligible interface on 
which air and water are separated. However, computation of free surfaces is complex 
because of the continuous change of their location and shape. Therefore, the accurate 
solution of their location and shape is the foundation of a high-fidelity simulation. Two 
main kinds of approaches are available for an arbitrary Eulerian mesh, namely inter-
face tracking method (ITM) and the interface capturing method (ICM). A schematic 
representation of the two methods is illustrated in Figure 2.8 (Yeoh & Tu, 2010). 
 

 
Figure 2.8 Comparison of meshes between ITM and ICM 
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1) ITM (Surface method) 
 
In this method, the free surface is treated as a sharp interface. It requires that meshes 
‘track’ the interfaces and are updated as the flow evolves. The accurate shape of the 
free surface can be determined, but, much computational effort is involved in remesh-
ing, especially for 3D simulations. In addition, it cannot accommodate an interface that 
breaks apart or intersects, like wave breaking. 
 
2) ICM (Volume method) 
 
Compared to the ITM, the ICM does not normally require costly mesh update steps, 
but only solves an extra transport equation of scalar quantity on each cell to deter-
mine the location and the shape of the interface. This quantity can be either the vol-
ume of fraction 𝑐𝑐 (VOF method) or the distance to the undisturbed free surface 𝜙𝜙 
(Level-Set method).  
 
In the ISIS-CFD code, the VOF method is applied to determine the free surface inter-
face. In this method, the fraction of the cell occupied by the liquid phase can be calcu-
lated by solving the transport equation 
 
 𝜕𝜕

𝜕𝜕𝑠𝑠 ∫ 𝑐𝑐𝑖𝑖𝜌𝜌𝑉𝑉𝑉𝑉 + ∫ 𝑐𝑐𝑖𝑖�𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑑𝑑� ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆𝑆𝑆 = 0  (2.48) 

 
with the following constitutive relations: 
 
 𝜌𝜌 = ∑ 𝑐𝑐𝑖𝑖𝜌𝜌𝑖𝑖𝑖𝑖   (2.49) 
 
 1 = ∑ 𝑐𝑐𝑖𝑖𝑖𝑖   (2.50) 
 
𝑐𝑐𝑖𝑖 is the volume fraction for fluid 𝑠𝑠 and is used to distinguish the presence (𝑐𝑐𝑖𝑖 = 1) or 
the absence (𝑐𝑐𝑖𝑖 = 0) of fluid. Since volume fraction between 0 and 1 indicates the 
presence of a mixture, the value of 0.5 is selected as a definition of the interface. The 
normal direction of the fluid interface is found where the value of 𝑐𝑐𝑖𝑖 changes most 
rapidly. However, the free-surface is not defined sharply with this method, instead it 
is distributed over the height of a cell.  
 
The VOF method is computationally friendly, as it introduces only one additional equa-
tion and thus requires minimal storage. The method is also characterised by its ability 
to dealing with highly non-linear problems in which the free surface experiences sharp 
topological changes. By using the VOF method, one also avoids the use of complicated 
mesh deformation algorithms used by surface-tracking methods. The major difficul-
ties associated with this method are as follows: a first order upwind difference scheme 
(UDS) smears the interface because of numerical diffusion, a first order downwind dif-
ference scheme (DDS) causes a false distribution problem, and a high order central 
differencing scheme (CDS) induces non-physical oscillations around the interface and 
produces values of the mass fraction outside the physically meaningful bounds [0,1]. 
To avoid these problems, BRICS scheme is implemented to keep the free-surface sharp 
while also producing monotonic profiles for 𝑐𝑐𝑖𝑖 in ISIS-CFD (Wackers et al., 2011). It can 
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switch between different schemes to discretise the convection term. With the recon-
struction ability, a better determination of upwind point value can be achieved to give 
a much smoother interface description. In addition, it can break through the re-
striction of cell Courant number (Co), which is crucial to determine the convergence 
and stability of free surface simulation. 
 
2.2.5. Boundary Conditions and Initial Conditions 
 
In principle, RANS equations are a set of differential equations which have multiple 
solutions. To find the unique solution satisfying the physical property, boundary con-
ditions are necessary. For unsteady flow, the initial conditions are also required. All 
above conditions provide the corresponding mathematical expressions applied in the 
simulations. The boundary conditions used in this thesis are described below. 
 
1) External Boundary Conditions 
 
These boundary conditions are provided to treat velocity and pressure conditions. For 
the current study, a specific overset boundary condition is also required.  
 
Far Field Condition 
 
The inlet, outlet, and two sides are defined as far field condition. A dynamic switch 
between the Dirichlet or the Neuman condition is implemented in the code depending 
on the local flow direction. This means the variable value is given when the flow enters 
the domain, or the gradient of the variable is fixed when the flow leaves the domain.  
 
Prescribed Pressure Condition 
 
Top and bottom patches use the prescribed pressure condition, which means it is a 
Dirichlet condition. The implementation is conducted by updating the hydrostatic 
pressure pstat defined as 
 
 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜌𝜌𝑔𝑔[𝑧𝑧(𝑡𝑡) + 𝑧𝑧(0)]  (2.51) 
 
where 𝑔𝑔 is the absolute value of the gravity intensity, 𝑧𝑧(𝑡𝑡) is the vertical free surface 
position, and 𝑧𝑧(0) is the initial free surface position. This value will evolve during the 
computation if the mesh is moving vertically or according to the free surface position. 
In addition, the fluid is free to enter or exit this boundary. 
 
Overset boundary condition 
 
This boundary condition is implemented for overset grids. It can intersect with other 
physical and solid boundaries existing in all the domains of the simulation. It has no 
impact on the physics of the flow but allows the transfer of information between the 
different grids during the simulation. Section 2.2.6 further discusses the transfer pro-
cedure.  
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2) Solid wall boundary conditions 
 
Wall-function condition 
 
As was mentioned in the part on near-wall treatment, wall-function is used to calcu-
late the flow field near the solid patches to avoid the generation of extreme fine 
meshes.  
 
Slip wall condition 
 
The patch of deck is always surrounded by air with a very low density. Re is much less 
important and the turbulence effect can be neglected Therefore, the slip wall condi-
tion is given, which corresponds to a zero-shear stress at the wall. The tangential com-
ponent of the velocity is different from 0 and the turbulent production due to shear is 
neglected. 
 

 
Figure 2.9 Boundary conditions in all virtual tests 

 
2.2.6. Mesh Techniques 
 
Mesh generation is the starting point of a numerical simulation because all governing 
equations need to be solved on the discretised cells. As a result, high quality meshes 
are the prerequisite of accurate simulations. Usually, generating a moderate mesh will 
take 70% of the whole simulation period. Therefore, it is necessary to discuss the mesh 
strategies used in this thesis.  
 
1) Structured Mesh 
 
Structured grids are identified by regular connectivity. The possible cell shapes are 
quadrilateral in 2D and hexahedra in 3D. This model is highly space efficient since the 
neighbourhood relationships are defined by storage arrangement. Some other 
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advantages of structured over unstructured grids are better convergence and higher 
resolution. Furthermore, the code can be programmed more easily. However, it is dif-
ficult to mesh the complicated geometry, and local refinement is still not possible 
without overset grids. 
 
2) Unstructured Mesh 
 
An unstructured grid is characterised by irregular connectivity. Arrangement of cells 
and nodes is arbitrary. Cell shapes have several possibilities. Therefore, it is convenient 
to mesh complicated geometry. Local refinement can also be implemented without 
significantly increasing the total number of cells. Achievement of parallel simulation is 
more straightforward. On the other hand, the internal storage will be double or more 
depending on the cell shapes. Accuracy is slightly lower than for structured mesh.  
 
3) Hybrid Mesh 
 
A hybrid grid contains a mixture of structured portions and unstructured portions. It 
integrates the structured meshes and the unstructured meshes in an efficient manner 
by absorbing both of their advantages. Those parts of the geometry that are regular 
can have structured grids and those that are complex can have unstructured grids. 
This on-demand meshing technique could be a tendency of mesh generation for the 
future.  
 
4) Overset Grids 
 
Basic concept 
 
Overset grids, also known as overlapping grids or chimera approach, provide capabil-
ities for solving complex case configurations with relative motion, especially involving 
multi-body motions. Their earliest use dates back to the aerospace application of 
NASA (Steger, Dougherty, & Benek, 1983). Relative body motion is frequently encoun-
tered in marine application, such as the large amplitude motion of ships in waves or 
the relative motion of appendages. With the increasing complexity of numerical sim-
ulations in marine engineering, overset grids show greater superiority over the tradi-
tional mesh techniques. In the common implementation, meshes need to be gener-
ated separately for different bodies in different component domains, and then em-
bedded in one background domain. The flow field information among these domains 
is interpolated across the overset boundaries. To make overset meshing successful, 
cell zones must overlap sufficiently. 
 
Although overset grids have a number of advantages, they are not preferred when 
standard approaches can be applied, such as mesh deformation or sliding grids. The 
main reason is that the overset grid approach relies on multiple interpolations be-
tween several computational grids (more than sliding grids), which can lead to diffi-
culties for mass conservation or local flow transfer. As a result, convergence instabili-
ties including force oscillations might be inevitable. 
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Cell types and Topology 
 
As the overlapping domain moves within the background region, the overlapping cells 
will evolve during the simulation. Information is transferred between the two regions 
through these overlapping cells. During an overset computation, each cell is attributed 
a specific status (NUMECA Int., 2018a). The statuses of related cells are presented be-
low, and also illustrated in Figure 2.10. 
 

 
Figure 2.10 Cell types of overset grid technique 

 
• Active or field cells: cells for which the governing equations are solved nor-

mally 
• Blanked or cells: cells that are ignored in the computation 
• Interpolated or fringe or acceptor cells: cell values need to be interpolated 

from active cells located in another overlapping domain 
• Donor cells: cells that provide interpolated cells flow information  
• Orphan cells: when an interpolated cell cannot find a valid donor cell it be-

comes an orphan cell, for example in case of insufficient overlapping 
 
To avoid orphan cells, sufficient overlapping meshes from different domains should 
be guaranteed. Hence, combining overset grid technique with adaptive grid refine-
ment (AGR) technique could be a good choice to avoid this problem. AGR can refine 
meshes automatically on the overset boundaries of both the component domains and 
the background domain to ensure enough donor cells are available. However, it is not 
verified in the current study. 
 
Implementation 
 
Usually, the core implementations of overset grids involve: hole cutting, donor search 
and interpolation, and possibly mesh optimisation, by which minimise overlapping 
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regions among different domains by converting additional active cells into interpo-
lated cells and turning unnecessary interpolated cells into blanked cells to improve 
computational efficiency (Ramakrishnan & Scheidegger, 2016); see Figure 2.11. 
 

 
Figure 2.11 Mesh optimisation for overset grids 

 
The following describes an example of the overlapping scenario between a back-
ground domain and a component domain to explain the implementation in 
FINETM/Marine (NUMECA Int., 2018a). First, all cells in the component domain are as-
signed as active cells (status 1 in the red line in Figure 2.12). Boundary cells of the 
component domain are assigned as interpolated cells (status -1). All cells of the back-
ground domain within the component domain (cells located between A and B in line 
a) are considered as blanked cells (status 0). Then, active cells are propagated one 
layer into the blanked region (see line b). Finally, blanked cells next to active cells 
change their status to interpolated cells (status -1). 
 

 
Figure 2.12 Implementation of overset grids in FINETM/Marine 
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To provide the connection between domains during calculation, data exchange is sup-
ported by the interpolation in either the least-squares method or the distance-
weighted method in the code. The former is generally used with a second order accu-
racy based on linear polynomial. However, it sometimes suffers from a numerical sta-
bility problem when the interpolation stencil is not good enough. The latter is based 
on a simple distance weighted interpolation with a better numerical stability. Both 
interpolation schemes rely on an interpolation stencil, which is constructed based on 
cell connectivity of the donor cell by including all active and interpolated neighbour 
cells. The default interpolation scheme is the least-squares approach and is also used 
in the current study. 
 
2.2.7. Discretisation Methods 
 
As can be seen, the governing equations of the fluids are partial differential equations 
(PDEs) which have no analytic solution. According to the discretisation concept, com-
putational domains are subdivided into numerous control volumes, on which flow 
quantities can be approximated by solving algebraic equation systems. Depending on 
the form of approximated equations, three different methods are available: finite dif-
ference method (FDM), finite volume method (FVM), and finite element method 
(FEM). In the ISIS-CFD code, equations are solved based on the FVM method. The com-
putational domain is discretised with unstructured grids and each individual cell vol-
ume 𝑉𝑉 is considered as a control volume where the integral formulation of the NS 
equations has to be satisfied. All variables are located at the cell geometric centres of 
control volume made of an arbitrary number of constitutive faces noted as 𝑆𝑆. This pe-
culiarity is fundamental if one wants to implement local mesh adaption strategies later 
on. The code uses the integral form of the conservation equations, which is character-
ised by the clear physical meaning of each term. As long as each conservation equation 
for each control volume is satisfied, the conservation principle is valid for the whole 
domain.  
 
Before writing out the complete discretised form of governing equations, approxima-
tions of different terms in governing equations are first expounded. The expanded 
discretisation is based on the generic conservation equation as below: 
 

𝜕𝜕
𝜕𝜕𝑡𝑡
� 𝜌𝜌𝑄𝑄𝜌𝜌𝑉𝑉
𝑉𝑉

+� 𝜌𝜌𝑄𝑄�𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑑𝑑� ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆
𝑆𝑆

= � 𝛤𝛤(𝛻𝛻𝑄𝑄) ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆
𝑆𝑆

+ � 𝑆𝑆𝑄𝑄,𝑉𝑉𝜌𝜌𝑉𝑉
𝑉𝑉

� 𝑆𝑆𝑄𝑄,𝑓𝑓 ∙ 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆
𝑆𝑆

 
where 𝑄𝑄 is a scalar quantity, 𝛤𝛤 stands for the diffusivity of the quantity 𝑄𝑄, and 𝑆𝑆𝑄𝑄,𝑉𝑉 
and 𝑆𝑆𝑄𝑄,𝑓𝑓 are the source terms for cell volume and cell face, respectively. The discreti-
sation of the pressure equation is similar to the diffusion term, which is not repeated 
here. The detailed deduction of the following equations can be found in the theory 
guide of FINETM/Marine (NUMECA Int., 2018a).  
 
1) Integration of time term 
 
The integration of the time terms is straightforward. To achieve more accurate 
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approximations, a three-level second order upwind scheme is used. A general nota-
tion for time discretisation reads 
 
 𝜕𝜕𝑄𝑄

𝜕𝜕𝑠𝑠
≈ 𝛿𝛿𝑄𝑄

𝛿𝛿𝑠𝑠
= 𝑎𝑎𝑐𝑐𝑄𝑄𝑃𝑃𝑐𝑐 + 𝑎𝑎𝜕𝜕𝑄𝑄𝑃𝑃

𝜕𝜕 + 𝑎𝑎𝑞𝑞𝑄𝑄𝑃𝑃
𝑞𝑞  (2.53) 

 
where superscripts 𝑐𝑐, 𝑝𝑝, and 𝑞𝑞 refer to the current time, previous time, and time an-
terior to 𝑝𝑝, respectively. Coefficients 𝑎𝑎𝑐𝑐, 𝑎𝑎𝜕𝜕, and 𝑎𝑎𝑞𝑞 are obtained from Taylor series 
expansion from current time and depend on a possible prescribed variable time step 
law.  
 
2) Volume integrals 
 
For a simple second-order accurate approximation, the volume integral is approxi-
mated by the product of the mean value of the integral and the CV volume 
 
 ∫ 𝑄𝑄𝜌𝜌𝑉𝑉𝑉𝑉 = 𝑄𝑄�𝑉𝑉 ≈ 𝑄𝑄𝑃𝑃𝑉𝑉  (2.54) 

 
where the mean value 𝑄𝑄�  is approximated by the value of 𝑄𝑄 at the CV centre defined 
as 𝑄𝑄𝑃𝑃. Since all values at the CV centre are available, the approximation is also straight-
forward.  
 
3) Surface integrals 
 
The surface integral of control volume splits into a sum of faces of the discrete volume 
of integration 𝑉𝑉 
 
 ∫ 𝑄𝑄𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆𝑆𝑆 = ∑ ∫ 𝑄𝑄𝜌𝜌𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓 ≈ ∑ 𝑄𝑄𝑓𝑓𝑆𝑆𝑓𝑓𝑓𝑓   (2.55) 

 
where 𝑓𝑓 is each face of CV, and 𝑄𝑄𝑓𝑓 is the value of 𝑄𝑄 at the centre of the face 𝑓𝑓. Since 
the value of 𝑄𝑄𝑓𝑓 is not available at the cell face centre, it has to be obtained by recon-
struction. Several schemes can be used to preserve the second-order accuracy. In the 
ISIS-CFD code, the values at the centre of the face first have to be rebuilt from the cell 
centred values (𝑄𝑄𝐿𝐿 and 𝑄𝑄𝑅𝑅) from each side of the face, see Figure 2.13. 
 

 
Figure 2.13 Reconstruction of quantities on cell face 
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Then quantity 𝑄𝑄𝑓𝑓 can be expressed as 
 

 𝑄𝑄𝑓𝑓 = 𝐿𝐿𝑓𝑓����⃗ ∙𝑛𝑛�⃗
𝐿𝐿𝑅𝑅�����⃗ ∙𝑛𝑛�⃗

𝑄𝑄𝐿𝐿 + 𝑓𝑓𝑅𝑅�����⃗ ∙𝑛𝑛�⃗
𝐿𝐿𝑅𝑅�����⃗ ∙𝑛𝑛�⃗

𝑄𝑄𝑅𝑅 + 𝜎𝜎1  (2.56) 

 
where 𝐿𝐿𝑓𝑓����⃗ , 𝑓𝑓𝑅𝑅�����⃗ , and 𝐿𝐿𝑅𝑅�����⃗  are the distance vectors. 𝜎𝜎1 is a correlation term for the quan-
tity 𝑄𝑄𝑓𝑓 due to non-orthogonal grids and contains gradients of 𝑄𝑄𝑃𝑃  of neighbouring cells. 
These gradients are treated explicitly during the resolution.  
 
With a similar formula, the normal-to-face gradients can be written as 
 
 (𝛻𝛻𝑄𝑄 ∙ 𝑛𝑛�⃗ )𝑓𝑓 = 𝑄𝑄𝑅𝑅−𝑄𝑄𝐿𝐿

𝐿𝐿𝑅𝑅�����⃗ ∙𝑛𝑛�⃗
+ 𝜎𝜎2  (2.57) 

 
where 𝜎𝜎2 is a correlation term for the gradient due to non-orthogonal grids.  
 
Based on the reconstructed values on cell faces, the mass flux through each cell face 
can be defined as 
 
 �̇�𝑚𝑓𝑓 = 𝜌𝜌�𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑑𝑑�𝑓𝑓 ∙ 𝑛𝑛�⃗ 𝑓𝑓𝑆𝑆𝑓𝑓  (2.58) 
 
Then mass conservation equation can be approximated as 
 
 ∑ �𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑑𝑑�𝑓𝑓𝑓𝑓 ∙ 𝑛𝑛�⃗ 𝑓𝑓𝑆𝑆𝑓𝑓 = 0  (2.59) 

 
4) Gradient on cell 
 
To determine the values of 𝜎𝜎1 and 𝜎𝜎2,  the gradients of quantities in the cell centres 
are still necessary. Two discretisation schemes are available in the ISIS-CFD code: the 
Gauss method and the weighted least-squares method. Only the first one is given here.  
 
For a volume 𝑉𝑉 bounded by 𝑆𝑆, 
 
 ∫ 𝛻𝛻𝑄𝑄𝑉𝑉 𝜌𝜌𝑉𝑉 = ∫ 𝑄𝑄𝑆𝑆 𝑛𝑛�⃗ 𝜌𝜌𝑆𝑆  (2.60) 

 
Consequently, the gradient over the cell can be evaluated by discretising Eq. (2.60): 
 
 (𝛻𝛻𝑄𝑄)𝑃𝑃 = ∑ 𝑄𝑄𝑓𝑓𝑆𝑆𝑓𝑓𝑓𝑓   (2.61) 

 
The outcome of the discretisation of previous mass and momentum conservation 
equations yields a set of algebraic equations: 
 
 𝑎𝑎𝐶𝐶𝑄𝑄𝑃𝑃 = ∑ 𝑎𝑎𝑁𝑁𝐵𝐵𝑄𝑄𝑁𝑁𝐵𝐵𝑁𝑁𝐵𝐵 + 𝑆𝑆𝑃𝑃   (2.62) 
 
2.2.8. Solution Algorithm 
 
In practice, the pressure is coupled with the velocity, as shown in the momentum 
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equations. However, there is no explicit equation for solving the pressure. The still 
unused continuity equation suggests a coupling method to determine the pressure 
field. Eq. (2.31) is the used pressure equation. However, the ISIS-CFD code uses the 
cell-centred storage arrangement. To avoid the checker-board pressure field, a meth-
odology based on the SIMPLE method by Rhie and Chow is implemented in the code, 
but, with modification for the reconstruction of pressure on the free surface to solve 
the discontinuity (Rhie & Chow, 1983; Wackers et al., 2011).  
 
The governing equations have been discretised on each cell. Using matrix notation, Eq. 
(2.62) can be written as follows: 
 
 𝐴𝐴𝜙𝜙 = 𝑄𝑄  (2.63) 
 
where 𝐴𝐴 is the coefficient matrix, 𝜙𝜙 is a vector containing the quantity values at each 
cell centre, and 𝑄𝑄 is a vector containing the presumed known values here. The matrix 
assembled from all control volumes is sparse, symmetric, and positive definite so that 
conjugate gradient based iterative solvers can be used. The flow solver uses an effi-
cient preconditioned biconjugate gradient stabilised multiblock method 
(PCGSTAB_MB) based on a Krylov subspace method (Wackers et al., 2011). Although 
another alternative, an algebraic multigrid technique (BoomerAMG), is also available, 
it is not recommended for the simulation using overset grids by FINETM/Marine. 
 
Since the governing equations are characterised by nonlinearity. A segregated algo-
rithm is used in the ISIS-CFD code to solve the coupled equations, as shown in Figure 
2.14. The solving process of flow field can be described as follows: 
 

1) Initialise flow field quantities 𝑄𝑄0 at 𝑡𝑡 = 𝑡𝑡0. 
2) New time step 𝑡𝑡 = 𝑡𝑡 + ∆𝑡𝑡. 
3) Start iterative procedure with 𝑄𝑄 = 𝑄𝑄0. 
4) If needed, compute the phase concentration for each fluid phase and update 

global fluid properties. 
5) If needed, compute the turbulent quantities from the field of step reference. 
6) Solve the momentum equations to obtain a new prediction of the velocities. 
7) Solve the pressure equation to obtain a new pressure field. 
8) Update the velocity face fluxes and correct the velocity components with the 

new pressure field. 
9) If the nonlinear residuals are not low enough, go to step 3 and update the it-

eration counter within the time step. 
10) Go to step 2 and update the time t. 

 
In addition to solving the flow quantities, ship motions in all 6 DOFs can be calculated 
by resolving Newton’s second law. The body's kinematics are linked to the flow at the 
same time-step by forces acting on them. Reciprocally, the body's motion modifies the 
flow through the displacement velocity fluxes, as illustrated in Figure 2.14. To ensure 
a strong and accurate flow-motion coupling, the internal implicit procedure is used to 
update the kinematics of the body at each non-linear iteration. At the end of each 
single non-linear iteration, the estimated flow is used to calculate the forces and 
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moments acting on the bodies and then to compute the new positions of the bodies. 
Thus, both the flow equations and Newton's laws are solved during each iteration of 
Picard's procedure. Consequently, the flow field and the body's kinematics are solved 
at the same time step without lag time. 
 

 
Figure 2.14 Flow chart of the solving process 

 
2.3. Verification and Validation 
 
As is known, numerical simulations have been widely used in all kinds of industry ap-
plications such as design and optimisation of new products. However, this approach 
is only an approximation of the reality. To achieve high-fidelity simulations which can 
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contribute to industrial objectives and research purposes, it is necessary to establish 
the credibility of simulations. There are two principles to assess the credibility of nu-
merical simulations. One is verification to determine whether a numerical simulation 
accurately represents the mathematical model. The other is validation to determine 
whether a numerical simulation represents the real physical phenomenon. In principle, 
both should be evaluated quantitatively with the error and uncertainty. A possible 
definition for these two parameters is defined as follows (AIAA, 2002):  
 

• Uncertainty 𝑼𝑼: A potential deficiency in any phase or activity of the modelling 
process that is due to the lack of knowledge. 

 
• Error 𝜹𝜹: A recognisable deficiency in any phase or activity of modelling and 

simulation that is not due to lack of knowledge.  
 
Currently, various kinds of procedures or guidelines are available to conduct the eval-
uation of uncertainties. In this thesis, a version recommended by the ITTC is chosen to 
assess the numerical simulations quantitatively (ITTC, 2017b). Then a simulation error 
𝛿𝛿𝑆𝑆 can be expressed as follows: 
 
 𝛿𝛿𝑆𝑆 = (𝑆𝑆 −𝐺𝐺) + (𝐺𝐺− 𝑇𝑇) = 𝛿𝛿𝑆𝑆𝑆𝑆 + 𝛿𝛿𝑆𝑆𝑁𝑁  (2.64) 
 
where 𝑆𝑆 and 𝑇𝑇 represent the simulation and the true values, while 𝐺𝐺 represents the 
analytical solution of model. 𝛿𝛿𝑆𝑆𝑆𝑆 and 𝛿𝛿𝑆𝑆𝑁𝑁 are modelling and numerical errors. Mean-
while, the uncertainty equation corresponds to the error equation is written as 
 
 𝑈𝑈𝑆𝑆2 = 𝑈𝑈𝑆𝑆𝑆𝑆2 + 𝑈𝑈𝑆𝑆𝑁𝑁2   (2.65) 
 
2.3.1. Verification Procedure 
 
According to the ITTC guidelines of uncertainty analysis (UA) in CFD, the numerical 
error and the numerical uncertainty should be assessed in the verification procedure. 
For the uncorrected simulation approach, the numerical error is defined as 
 
 𝛿𝛿𝑆𝑆𝑁𝑁 = 𝛿𝛿𝐼𝐼 + 𝛿𝛿𝐺𝐺 + 𝛿𝛿𝑇𝑇 + 𝛿𝛿𝐴𝐴  (2.66) 
 
where 𝛿𝛿𝐼𝐼 stands for the iteration error, 𝛿𝛿𝐺𝐺 for the discretisation error from the grid 
size, 𝛿𝛿𝑇𝑇 for the discretisation error from the time step, and 𝛿𝛿𝐴𝐴 for the error of other 
parameters, e.g. the error caused by the interpolation scheme using overset grids. 
However, this error is not assessed in this thesis. Iteration error is the difference be-
tween the current approximate solution to an equation or a system of equations and 
the exact solution. It occurs any time an iterative method is used to solve algebraic 
equations, which is a general case in numerical simulations. Usually, the iterative re-
sidual is used to monitor the iteration convergence. The iteration process is stopped 
when the residual reaches an acceptably small value (i.e. a convergence criterion). In 
FINETM/Marine, the flow solver computes the residuals with the 𝐿𝐿2 norm: 
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 𝐿𝐿2(∆𝜙𝜙) = �∑ (∆𝜙𝜙𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛
  (2.67) 

 
with ∆𝜙𝜙𝑖𝑖 as the residual in the cell 𝑠𝑠 and 𝑛𝑛 as the total number of cells. 
 
Although the iteration error and the iterative residual have a similar parallel tendency, 
they are not equal to each other. In steady simulations, the iteration uncertainty can 
be estimated with the iteration history of variables, e.g. forces or moments. In con-
trast, this cannot be easily achieved in transient simulations, since all variables change 
with the evolution of time. In addition, the magnitude of the iteration error usually 
appears much smaller than that of the discretisation error. Therefore, the iteration 
error for zigzag simulations is not presently considered. Interested readers can refer 
to the workshop on iterative errors in unsteady flow simulations . Furthermore, the 
discretisation error of the time step is also neglected for steady simulations.  
 
The general numerical uncertainty can be expressed as: 
 
 𝑈𝑈𝑆𝑆𝑁𝑁2 = 𝑈𝑈𝐼𝐼2 + 𝑈𝑈𝐺𝐺2 + 𝑈𝑈𝑇𝑇2 + 𝑈𝑈𝐴𝐴2  (2.68) 
 
To determine the discretisation errors and their uncertainties, the following proce-
dure can be applied.  
 
First, changes of solutions with different grid sizes are expressed as 
 
 𝜀𝜀𝑖𝑖,𝑚𝑚(𝑚𝑚−1) = 𝑆𝑆𝑖𝑖,𝑚𝑚 − 𝑆𝑆𝑖𝑖,𝑚𝑚−1  (2.69) 
 
where 𝑠𝑠 represents 𝐺𝐺 for a grid size convergence study and 𝑇𝑇 for a time step conver-
gence study, and 𝑚𝑚 is an integer greater than one.  
 
Then the convergence ratio can be defined as 
 
 𝑅𝑅𝑖𝑖 = 𝜀𝜀𝑖𝑖,𝑚𝑚(𝑚𝑚−1)

𝜀𝜀𝑖𝑖,(𝑚𝑚+1)𝑚𝑚
  (2.70) 

 
Finally, convergence conditions can be determined according to the value of 𝑅𝑅𝑖𝑖: 
 

1) Monotonic convergence: 0 < 𝑅𝑅𝑖𝑖 < 1 
2) Oscillatory convergence: 𝑅𝑅𝑖𝑖 < 0 
3) Divergence: 𝑅𝑅𝑖𝑖 > 1 

 
For condition 1, generalised Richardson extrapolation (RE) is used to determine the 
discretisation error and the corresponding uncertainty. The adopted method for this 
determination is described in the following. With three systematically changing solu-
tions, the estimated error 𝛿𝛿𝑅𝑅𝑅𝑅,𝑖𝑖 is defined as: 
 
 𝛿𝛿𝑅𝑅𝑅𝑅,𝑖𝑖 = 𝜀𝜀𝑖𝑖,21

𝑏𝑏𝑖𝑖
𝑝𝑝𝑖𝑖−1

  (2.71) 
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where 𝑟𝑟𝑖𝑖 stands for a uniform parameter refinement ratio: 
 
 𝑟𝑟𝑖𝑖 = ∆𝑏𝑏𝑖𝑖,𝑚𝑚

∆𝑏𝑏𝑖𝑖,𝑚𝑚−1
  (2.72) 

 
and ∆𝑥𝑥 can be replaced by ∆𝑡𝑡 when a time step convergence study is conducted.  
 
In Eq. (2.71) the order of accuracy 𝑝𝑝𝑖𝑖 is expressed as: 
 

 𝑝𝑝𝑖𝑖 = 𝑙𝑙𝑛𝑛�𝜀𝜀𝑖𝑖,32 𝜀𝜀𝑖𝑖,21⁄ �
𝑙𝑙𝑛𝑛(𝑏𝑏𝑖𝑖)

  (2.73) 

 
Then the uncertainty is calculated by multiplying a factor of safety 𝐹𝐹𝑆𝑆 by the estimated 
error 𝛿𝛿𝑅𝑅𝑅𝑅,𝑖𝑖: 
 
 𝑈𝑈𝑖𝑖 = 𝐹𝐹𝑆𝑆�𝛿𝛿𝑅𝑅𝑅𝑅,𝑖𝑖�  (2.74) 
 
According to the guidelines of UA, the recommended factor of safety is 1.25 when 
careful grid studies are performed. 
 
For condition 2, the uncertainty is estimated by half the solution range between the 
maximum and minimum values of 𝑆𝑆 obtained with three grid sizes or time steps: 
 
 𝑈𝑈𝑖𝑖 = 1

2
|𝑆𝑆𝑚𝑚𝑠𝑠𝑏𝑏 − 𝑆𝑆𝑚𝑚𝑖𝑖𝑛𝑛|  (2.75) 

 
For condition 3, error and uncertainty cannot be determined. 
 
2.3.2. Validation Procedure 
 
Following the guidelines, the modelling error and the modelling uncertainty are eval-
uated by using benchmark experimental data in the validation procedure. For the un-
corrected simulation approach, the comparison error 𝐸𝐸 is defined as 
 
 𝐸𝐸 = 𝐷𝐷 − 𝑆𝑆 = 𝛿𝛿𝐷𝐷 − 𝛿𝛿𝑆𝑆  (2.76) 
 
where 𝐷𝐷  is the experimental data, 𝑆𝑆 is the simulation results and 𝛿𝛿𝐷𝐷  is the experi-
mental data error. The validation uncertainty can be expressed as: 
 
 𝑈𝑈𝑉𝑉2 = 𝑈𝑈𝐷𝐷2 + 𝑈𝑈𝑆𝑆𝑁𝑁2   (2.77) 
 
where 𝑈𝑈𝑉𝑉  and 𝑈𝑈𝐷𝐷  are the validation uncertainty and the experimental data uncer-
tainty. In Eq. (2.77), the input uncertainty is negligible because of its smaller magni-
tude than others. By comparing 𝑈𝑈𝑉𝑉 with |𝐸𝐸| and 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑, validation can be evaluated in 
the following six combinations: 
 

1) |𝐸𝐸| < 𝑈𝑈𝑉𝑉 < 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 
2) |𝐸𝐸| < 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 < 𝑈𝑈𝑉𝑉 
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3) 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 < |𝐸𝐸| < 𝑈𝑈𝑉𝑉 
4) 𝑈𝑈𝑉𝑉 < |𝐸𝐸| < 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 
5) 𝑈𝑈𝑉𝑉 < 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 < |𝐸𝐸| 
6) 𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 < 𝑈𝑈𝑉𝑉 < |𝐸𝐸| 

 
For cases 1 to 3 (|𝐸𝐸| < 𝑈𝑈𝑉𝑉), validation is achieved at the 𝑈𝑈𝑉𝑉 level. Especially for case 
1, validation is achieved at a level below the programmatic validation requirement 
𝑈𝑈𝑏𝑏𝑒𝑒𝑞𝑞𝑑𝑑 , so validation is successful from a programmatic standpoint. In contrast, for 
cases 4 to 6 (𝑈𝑈𝑉𝑉 < |𝐸𝐸|), the comparison error is above the noise level and using 𝐸𝐸 to 
estimate the error of modelling assumptions is feasible from an uncertainty stand-
point. For case 4, validation is realised at the |𝐸𝐸| level from a programmatic standpoint.  
 
In the absence of experimental data uncertainty, a complete validation cannot be ac-
complished. Therefore, all the following validation procedures are simplified by using 
the comparison error. 
 
2.4. Summary 
 
This chapter briefly introduced the theoretical basis to contribute to understanding 
the thesis content. First, ship dynamics relating to the manoeuvring theory was pro-
vided, e.g. coordinate systems and motion equations. Standard free-running tests 
were described with the necessary evaluation parameters. The applied propeller 
model and the mechanism of bilge keels were shortly explained. Next, the numerical 
framework was discussed, combined with its implementation in FINETM/Marine, in-
cluding basic governing equations, the RANS method to deal with the turbulent flow, 
and free surface modelling. Frequently used mesh techniques were reviewed. Since a 
commercial code is used in the current thesis, the solution-related algorithms can only 
be found in part. The coupling between the flow solver and the motion equation was 
illustrated in a flow chart. Finally, the used verification and validation procedure and 
methodology were elaborated according the guidelines recommended by the ITT 
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Chapter 3. Virtual Calm Water Resistance Tests 

and Self-Propulsion Test 

 
 
The free-running simulations are quite complicated for the studied ship geometry, 
since the gap between the moving rudder blade and the fixed rudder horn is signifi-
cantly small, 2 mm. To verify the feasibly of the mesh strategy, i.e. overset grids, the 
standard calm water resistance tests are simulated with three different mesh densi-
ties. After that, verification and validation are performed. The second part focuses on 
the self-propulsion test, which is restarted from the former case using a medium mesh 
to determine the MSPP. 
 
3.1. Virtual Calm Water Resistance Tests 
 
3.1.1. Description of Tests 
 
Three virtual tests of calm water resistance are simulated in the FINETM/Marine soft-
ware using a coarse, medium, and fine grid with a refinement ratio of 1.25, which is 
recommended in the user guide based on unstructured meshes for grid convergence 
study (NUMECA Int., 2018b). Table 3.1 lists the number of cells corresponding to each 
simulation. The ship main particulars are given in the next section. 
 

Mesh den-
sity 

Background do-
main cells [M] 

Ship domain 
cells [M] 

Rudder domain 
cells [M] 

Total cells 
[M] 

Coarse 0.4 2.3 0.9 3.6 

Medium 0.9 4.6 1.8 7.4 

Fine 1.6 8.3 3.3 13.2 
Table 3.1 Number of cells of meshes at three different densities 

 
Compared with the normal fixed ship condition with the given inflow, the ship will be 
towed in current virtual tests. Therefore, there is an acceleration process that takes 8 
seconds, just as in a real towing tank. Finally, the steady towing velocity is 2.005 m/s. 
 

 
Figure 3.1 Solving flow in FINETM/Marine environment 
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3.1.2. Ship Geometry 
 
The model of a modern container ship KCS is used in this thesis. It has a bulbous bow 
and has been the benchmark model since the CFD workshop 2000. Many experimental 
data are available to validate numerical simulations. In case of validation with the ex-
perimental data for zigzag tests, the model used here corresponds to the ship in the 
experiment with a scale of 37.89. A 3D geometry is illustrated in Figure 3. The main 
particulars are listed in Table 3.2 . 
 

 
Figure 3.2 KCS model with semi-balanced rudder configuration 

 
Main Particulars Full Scale Model Scale 

𝐿𝐿𝐴𝐴𝐴𝐴 [m] 230.00 6.0702 

𝐵𝐵𝑊𝑊𝐿𝐿 [m] 32.20 0.8498 

𝑇𝑇 [m] 10.80 0.2850 

𝛻𝛻 [m3] 52030 0.9565 

𝑆𝑆 w/o rudder [m2] 9530 6.6381 

𝐿𝐿𝐶𝐶𝐺𝐺 [m] 111.60 2.9450 

𝐾𝐾𝐺𝐺���� [m] 14.34 0.3785 

𝐺𝐺𝐺𝐺�����𝑇𝑇  [m] 0.60 0.0160 

𝐼𝐼𝑏𝑏𝑏𝑏 𝐵𝐵⁄  [-] 0.40 0.4000 

𝐼𝐼𝑧𝑧𝑧𝑧 𝐿𝐿𝐴𝐴𝐴𝐴⁄  [-] 0.25 0.2500 

Rudder   

𝑆𝑆 of rudder [m2] 115.00 0.0801 

Propeller   

Diameter [m] 7.90 0.2080 

Hub ratio [-] 0.18 0.1860 
Table 3.2 Main particulars of KCS 
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3.1.3. Mesh Generation 
 
All meshes in the current study are generated by HEXPRESSTM, which is an automatic 
unstructured hexahedral mesh generator designed to automatically generate meshes 
in complex 2D and 3D geometries. Following a top-down revolutionary approach, it 
generates meshes containing only hexahedral elements. There are five different steps 
in the meshing process (NUMECA Int., 2018c); see Figure 3.3. 
 

 
Figure 3.3 Meshing process in HEXPRESSTM 

 
1) Initial Mesh 
 
HEXPRESSTM automatically generates an initial hexahedral mesh of the bounding box 
of the computational domain. The system computes an isotropic subdivision of the 
domain with a minimum number of cells. 
 
2) Adapt to Geometry 
 
HEXPRESSTM successively adapts the mesh by cell anisotropic subdivision until the cell 
sizes match some specific geometric criteria. The adaptation criteria are either fully 
automated or depend on user specification. 
 
3) Snap to Geometry 
 
HEXPRESSTM projects the mesh on the geometry and recovers lower dimensional geo-
metric features by some very specific corner and curve capturing.  
 
4) Optimisation 
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HEXPRESSTM optimises the mesh to ensure that all cells are convex and of high quality.  
 
5) Insert viscous layers 
 
HEXPRESSTM inserts additional layers of high aspect ratio cells in the mesh by further 
anisotropic cell subdivisions to generate a mesh suitable for resolving highly sheared 
flows. 
 
As is known, high-quality meshes are the foundation of accurate numerical simula-
tions. Since the meshes are extended to use for all simulations in the thesis, an overall 
consideration about the feasibility must be performed. For the current study, there 
are two main challenges. The first one is how to solve the large amplitude roll motion 
during the zigzag manoeuvres, since a roll angle of almost 17° was observed in the 
physical tests of zigzag 10/10. Considering the possible numerical errors, the mesh 
should have the ability to handle a roll angle of at least 20°. According to the state of 
the art, three approaches are available to deal with the large amplitude roll motion, 
namely mesh morphing, sliding mesh, and overset grid; see Figure 3.5. However, mesh 
morphing will cause a number of negative volume meshes at about the moment of 
maximal roll angle, and sliding mesh can capture at most 5 DOF motions without pitch. 
In view of the possibility of the expansion to the all 6 DOF motions, an overset grid is 
chosen for the current study. The dimensions of the adopted mesh are labelled in Fig-
ure 3.4. 
 
The second challenge is how to guarantee that there are enough overlapping meshes 
across the 2 mm gap between the rudder blade and the rudder horn to avoid orphan 
cells, which cannot obtain the interpolated information from donor cells. Based on 
experience, at least 6-8 cells should be generated to fill this gap, which will increase 
the number of cells significantly. Regarding this point, the gap is slightly enlarged, 
however, but the area of the rudder blade is maintained to ensure the identical rudder 
force.  
 
To prove the credibility of the numerical results, three gradually refined meshes are 
generated to prepare for the further verification procedure, as shown in Figure 3.6. 
 

 
Figure 3.4 Dimensions of domains in current overset grid strategy 
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Figure 3.5 Comparison of different dynamic mesh techniques 
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Figure 3.6 Three systematically refined meshes 
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After mesh generation, a quality report is created based on the characteristics of the 
mesh, such as the skewness, the aspect ratio, and the expansion ratio. A further im-
provement of the mesh quality can be achieved with the help of this report.  
 
3.1.4. Computation Settings 
 
The current simulation is a steady case in which only the final condition is of interest. 
The robust turbulence model k-ω SST is chosen. The free water surface is solved using 
the VOF method with a high-resolution interface scheme BRICS, described in the Chap-
ter 2. The boundary conditions have also been explained in Section 2.2.5 and are fol-
lowed by all simulations in this thesis. The background domain and the ship domain 
are set to follow the ship motion. The maximal iteration number is 3000 and the time 
step is 0.06 s.  
 
3.1.5. Results and Discussion 
 
The calculated resistance coefficients are listed in Table 3.3. Grid1, Grid2, and Grid3 
correspond to fine mesh, medium mesh, and coarse mesh, respectively. To verify the 
reliability of the numerical results, verification and validation are performed following 
the procedure described in Chapter 2. 
 

Parameter Grid1 Grid2 Grid3 

𝑪𝑪𝑽𝑽 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 2.837 2.846 2.872 

𝑪𝑪𝑷𝑷 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 0.678 0.703 0.748 

𝑪𝑪𝑻𝑻 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 3.515 3.549 3.620 
Table 3.3 Calculated resistance coefficients 

 
1) Verification 
 
The current verification is performed with quantitative consideration of grid uncer-
tainty. Time step uncertainty is negligible since it is a steady case and pseudo time 
stepping is only used for convergence purpose. The iterative convergence is assessed 
by examining the iterative history of ship forces and residuals, which are shown in 
Figure 3.7 and Figure 3.8, respectively. As can be seen in Figure 3.7, the residuals show 
a decreasing tendency from the 1500th iteration, however, this tendency is quite slow. 
On the other hand, the resistance components in Figure 3.8 also tend to be stable 
after the 1500th iteration. It means that the simulation has an iterative convergence, 
but the convergence rate is not satisfactory. Since KCS model has a large block coeffi-
cient 𝐶𝐶𝐵𝐵, the viscous resistance plays a prominent role in the total resistance, as shown 
in Figure 3.8. 
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Figure 3.7 Residuals of quantities in virtual calm water resistance test with fine mesh 

 

 
Figure 3.8 Resistance components in virtual calm water resistance test with fine mesh 

 
The grid uncertainty is evaluated quantitatively in Table 3.4. As can be seen, all re-
sistance coefficients show monotonic convergence with the increasing number of cells. 
Since the magnitude of the pressure coefficient is small, the calculated grid uncer-
tainty is relatively larger than others. This convergence behaviour can also be found 
in Figure 3.9. As the number of grids increases, the magnitude of decline becomes 
lower. A good grid convergence is achieved using overset grids. In addition, the differ-
ence of the results between medium mesh and fine mesh is significantly small, which 
means further simulations can be conducted using medium mesh. Since the resistance 
of rudder in the case of coarse mesh has a violent oscillation, the coarse mesh will not 
be used any more.  
 
 



 Chapter 3. Virtual Calm Water Resistance Tests and Self-Propulsion Test  

— 47 — 
 

Parameter 𝜺𝜺𝟑𝟑𝟐𝟐 𝜺𝜺𝟐𝟐𝟏𝟏 𝑹𝑹𝑮𝑮 𝒑𝒑𝑮𝑮 𝜹𝜹𝑹𝑹𝑹𝑹,𝑮𝑮 𝑼𝑼𝑮𝑮%𝑺𝑺𝟏𝟏 Type 

𝑪𝑪𝑽𝑽 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 0.026 0.009 0.346 4.754 0.005 0.210 MC 

𝑪𝑪𝑷𝑷 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 0.045 0.025 0.556 2.634 0.031 5.761 MC 

𝑪𝑪𝑻𝑻 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 0.071 0.034 0.479 3.300 0.031 1.111 MC 
Table 3.4 Grid convergence study of virtual calm water resistance tests 

 

 
Figure 3.9 Grid convergence behaviours of different resistance coefficients 

 
2) Validation 
 
The numerical results are validated against the experimental data of the KCS model 
appended with rudder, which corresponds to case 2.2a from the CFD Workshop 2010 
(Larsson, Stern, & Visonneau, 2010). However, the ship model has another scale of 
7.2786 m in length. A conversion under the Froude similarity law is performed below. 
Usually, the total resistance can be expressed as: 
 
 𝐶𝐶𝑇𝑇 = 𝐶𝐶𝐹𝐹 + 𝐶𝐶𝑅𝑅  (3.1) 
 
where C𝐹𝐹 can be calculated using the ITTC 1957 formula (ITTC, 2017a): 
 
 𝐶𝐶𝐹𝐹 = 0.075

(𝑙𝑙𝑜𝑜𝑙𝑙 𝑅𝑅𝑒𝑒−2)2 = 2.832 ∙ 10−3  (3.2) 

 
The residuary resistance coefficient can be calculated as: 
 
 𝐶𝐶𝑅𝑅 = 𝐶𝐶𝑇𝑇 − 𝐶𝐶𝐹𝐹 = 0.725 ∙ 10−3  (3.3) 
 
where 𝐶𝐶𝑇𝑇  amounts to 3.557 ∙ 10−3  for the experimental ship model. Under the 
Froude law, the residuary resistance coefficient is identical for the current ship model. 
Then, the total resistance coefficient can be written as follows: 
 
 𝐶𝐶𝑇𝑇 = 𝐶𝐶𝐹𝐹 + 𝐶𝐶𝑅𝑅 = 3.691 ∙ 10−3  (3.4) 
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A comparison of all the numerical results with experimental data is shown in Table 3.5. 
As can be seen, the comparison errors for all test groups are smaller than 5%, which 
means the ISIS-CFD code has an outstanding ability to predict ship calm water re-
sistance. Although overset grids are used, the accuracy is still not affected by the pos-
sible interpolation error. On the other hand, the comparison error of the resistance 
coefficient increases with systematically refined mesh, which could be explained by 
the increasing interpolation calculation. 
 

Parameter EFD 
Grid1 Grid2 Grid3 

CFD E%D CFD E%D CFD E%D 

𝑪𝑪𝑻𝑻 ∙ 𝟏𝟏𝟏𝟏𝟑𝟑 [-] 3.691 3.515 4.768 3.549 3.847 3.620 1.924 
Table 3.5 Comparison of calculated results with experimental data in virtual calm water resistance 

tests 
 
In Figure 3.10 and Figure 3.11, the wave elevation and the wake flow obtained from 
virtual tests are compared with the available experimental data of CFD Workshop 
2005 (Hino, 2005). The calculated wave elevation has a good agreement with the data 
of the experiment. In addition, the Kelvin wave is well captured and this wave system 
can still be accurately resolved even after one ship length after the ship. The calculated 
wake flow shows also a similar result compared with the local flow in experiment. 
However, the axial velocity is overestimated at 12 o’clock. A possible reason could be 
attributed to the accuracy of turbulence model.  
 

 
Figure 3.10 Comparison of wave elevation between CFD and EFD 

 



 Chapter 3. Virtual Calm Water Resistance Tests and Self-Propulsion Test  

— 49 — 
 

 
Figure 3.11 Comparison of local flow on cutting plane of x/LPP = -0.4825 between CFD and EFD 

 
3.2. Virtual Self-Propulsion Test 
 
3.2.1. Description of Test 
 
After the calm water resistance simulations, a self-propulsion test is restarted using 
previous converged solution. In the restarted computation, the initial disk position 
must first be specified in the GUI; the solver will automatically adapt it to its dynamic 
position. Of course, it would also be possible to start a new self-propulsion simulation 
from an initial condition like in the calm water resistance case, but the computation 
time would be as well long. The object of this simulation is to determine the MSPP, at 
which the model ship resistance is fully balanced by the propeller thrust. The ship in 
the final zigzag manoeuvres will sail at this obtained MSPP. 
 
3.2.2. Actuator Disk 
 
To reduce the extremely time-consuming calculation of a real propeller, an actuator 
disk based on the prescribed body force model is employed here. In this case, the 
external open water data is read to equilibrate the force between the actuator disk 
and the ship resistance. A .dat file containing the thrust, torque coefficient and the 
efficiency with regard to the advance ratio from Korea Research Institute of Ships & 
Ocean engineering (KRISO) is provided to achieve the body force updating, which is 
shown in Figure 1.1 . 
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Figure 3.12 Open water curve of KCS propeller from KRISO 

 
3.2.3. Computation Settings 
 
Besides the open water data, the essential new inputs are the geometry and the loca-
tion of the propeller. The update process in which ship total resistance is fully equili-
brated by propeller thrust is called at each time step to guarantee a more accurate 
result.  
 
3.2.4. Results and Discussion 
 
As can be seen in Figure 3.13, the ship resistance is well balanced by the current actu-
ator. The revolution rate corresponding to the sought-for MSPP is equal to 11.255 RPS 
for the current simulation, which is only 2.13% lower than the experimental value of 
11.50 RPS from MARIN (MARIN, 2010). With a fixed revolution rate during zigzag ma-
noeuvres, the flow solver can read the open water curve data stored in the case direc-
tory to determine the thrust and torque.  
 

 
Figure 3.13 Propeller thrust and total resistance in virtual self-propulsion test 
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3.3. Summary 
 
In this chapter, virtual calm water resistance tests were performed with the full over-
set grid strategy for three different grid sizes. Comprehensive verification and valida-
tion were carried out to verify the current mesh strategy. The results showed that this 
mesh strategy has the ability to obtain steady forces, although faced with the chal-
lenge of the tiny gap. Furthermore, the numerical results agree very well with the ex-
perimental data. However, the medium mesh is chosen for the further simulations 
considering the compromise between accuracy and computational effort. Based on 
the virtual self-propulsion test, the MSPP is obtained with using the simple body force 
model as the input data for the following simulations. 
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Chapter 4. Virtual Static Captive Model Tests 

 
 
To demonstrate the functionality of the overset grid strategy for the complicated hull-
propeller-rudder interaction in the manoeuvring motion, rudder deflection tests are 
first simulated. For the validation of hull forces in the large amplitude drift motion, 
oblique towing tests are calculated without rudder deflection. In all simulations, the 
propeller effect is modelled by the actuator disk described in the second chapter. Fi-
nally, non-dimensional side forces and yaw moments in each case are compared with 
the available numerical results using the in-house code Neptuno. 
 
4.1. Virtual Rudder Deflection Tests 
 
4.1.1. Description of Tests 
 
The rudder deflection test or static rudder test is a typical static captive model test to 
obtain the hydrodynamic derivatives caused by different rudder angles, such as 𝑌𝑌𝛿𝛿′, 
𝑌𝑌𝛿𝛿𝛿𝛿𝛿𝛿′ , 𝑁𝑁𝛿𝛿′ , and 𝑁𝑁𝛿𝛿𝛿𝛿𝛿𝛿′ . In the experiment, the ship is towed at a constant forward speed 
in a straight line; in contrast, the rudder angle varies systematically in each testing 
group. An illustration of the design of the simulations is shown in Figure 4.1. Since the 
aimed zigzag manoeuvres include the maximal target rudder angle of -20°, four simu-
lations are conducted here in which the rudder angle changes from 0° to -20° with an 
interval of -5°. To achieve a scenario comparable to the dynamic movement of the 
rudder, it is deflected from the 0° to each purposed rudder angle and then blocked to 
obtain the converged side force and yaw moment. An illustration of the simulation 
design can be found in Figure 4.1. 
 

 
Figure 4.1 Mesh strategy in virtual rudder deflection tests 

 
4.1.2. Computation Settings 
 
1) Numerical Meshes 
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Compared with the simulations of calm water resistance, the rudder will move in some 
range of angles. To ensure a better data interpolation for overlapping meshes, a re-
finement box is designed in which each cell size is identical to the cell size on the 
boundary of the rudder domain. This applied grid is identical to the medium one for 
virtual calm water resistance tests.  
 
2) Computational Parameters 
 
This simulation is an unsteady computation. The turbulent model and boundary con-
dition are kept the same as in the simulations in Chapter 3. Due to the implementation 
of the moving grid technique in FINETM/Marine, all domains can follow the ship motion. 
Therefore, the ship is towed at the constant speed of 2.005 m/s with an acceleration 
phase of 8 seconds at the beginning of the tests, just like in the physical tests. The 
rudder is connected to the ship body in the PIN model, which can allow the rudder to 
have the motion of ship and rotate around a fixed axis. In this case, this axis is the 
rudder shaft. The movement of the rudder is controlled by the dynamic library. The 
propeller revaluation rate corresponds to the MSPP calculated in the virtual self-pro-
pulsion test. 
 
4.1.3. Results and Discussion 
 
The calculated transversal forces 𝐹𝐹𝑦𝑦 and yaw moments 𝐺𝐺𝑧𝑧 are analysed in the ship co-
ordinate system 𝑂𝑂 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧), which was already described in Chapter 2, and nondimen-
sionalised using the following data reduction equations: 
 
 𝑌𝑌′ = 𝐹𝐹𝑦𝑦

0.5𝜌𝜌𝑈𝑈2𝐿𝐿𝑃𝑃𝑃𝑃
2   (4.1) 

 
 𝑁𝑁′ = 𝑆𝑆𝑧𝑧

0.5𝜌𝜌𝑈𝑈2𝐿𝐿𝑃𝑃𝑃𝑃
3   (4.2) 

 
The obtained transversal forces and yaw moments are compared with the results ob-
tained by the in-house code Neptuno (Cura Hochbaum & Uharek, 2014). This code 
also solves the RANS equations using FVM, but based on the structured grids. For a 
detailed information about this code, refer to Cura-Hochbaum (Cura Hochbaum, 
1994). In Figure 4.2, these two sets of data are compared with each other. As can be 
seen, for rudder angles smaller than 10° to the starboard, the two codes agree very 
well both for forces and moments, whereas discrepancy appears as the rudder angle 
increases. This is more apparent for side forces. The maximal difference of 9.88% hap-
pens at the maximal rudder angle for transversal force. It could be explained by appli-
cations of different turbulence models and body force models. k-ω SST is used in the 
current simulation, whereas k-ω is implemented in the Neptuno. The body force mod-
els used in the two codes could also be a reason for this difference. Despite this dif-
ference, the results prove that the current grid strategy has the ability to deal with the 
rudder angle even at 20°. 
 



 Chapter 4. Virtual Static Captive Model Tests  

— 55 — 
 

 
Figure 4.2 Non-dimensional transversal forces and yaw moments against different rudder angles 

 
Figure 4.3 demonstrates four cutting planes of the applied overlapping meshes on z=-
0.177 m at the steady stages. As can be seen, equivalent cell size of the overlapping 
boundaries of the rudder domain with the background domain is guaranteed for each 
rudder angle. The corresponding planes plotted with axial velocity and the streamlines 
along the surface of the rudder blade are shown in Figure 4.4, in which the deep blue 
region indicates the modelled propeller wake flow by the actuator disk. Here, the rud-
der can be seen as an aerofoil. With the increasing rudder angle, the angle of attack 
(AOA) increases as well, which produces a lift pointing to the right. As a result, the 
hydrodynamic rudder force points to the left and turns the ship to the right. The whole 
flow direction behind the rudder is changed by the deflection of the rudder, in this 
case towards the right side. 
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Figure 4.3 Overset grids at different rudder angles on cutting plane z = -0.177m  

 
Figure 4.4 Axial velocities and streamlines at different rudder angles on cutting plane z = -0.177m 
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4.2. Virtual Oblique Towing Tests 
 
4.2.1. Description of Tests 
 
The oblique towing test or static drift test is another typical static captive model test 
to obtain the hydrodynamic derivatives caused by drift angles, such as 𝑌𝑌𝑣𝑣′, 𝑌𝑌𝑣𝑣𝑣𝑣𝑣𝑣′ , 𝑁𝑁𝑣𝑣′ , 
and 𝑁𝑁𝑣𝑣𝑣𝑣𝑣𝑣′ . In this experiment, the ship is still towed at a constant forward speed in a 
straight line, but at a preset drift angle 𝛽𝛽 with a rudder angle of 0°. Two simulations 
are carried out here, namely at 10° and 20° drift angle. The design for the oblique 
towing tests is shown in Figure 4.5. 
 

 
Figure 4.5 Mesh strategy in virtual oblique towing tests 

 
4.2.2. Computation Settings 
 
Numerical Meshes 
 
The current oblique towing simulations are achieved without the pre-defined inflow 
on the inlet. Instead, they are done by rotating the three domains directly, which does 
not require the new generation of mesh for each drift angle either. The reason is that 
the application of moving grid technique in the towing condition is equivalent to a 
simulation under the prescribed boundary condition for inflow.  
 
Computational Parameters 
 
This simulation is a steady computation. The turbulent model and boundary condition 
are also kept the same as in simulations in Chapter 3 for the virtual calm water re-
sistance tests. Due to the implementation of the moving grid technique in FINETM/Ma-
rine, all domains can follow the ship motion. Therefore, the ship is towed at the con-
stant speed of 2.005 m/s with an acceleration phase of 8 seconds at the beginning of 
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each test, just like the procedure in a real towing tank. Except for rotating the domains, 
all computational parameters are kept the same as in the virtual calm water resistance 
tests. 
 
4.2.3. Results and Discussion 
 
The same coordinate system and dimensionless expressions are used again. Calcu-
lated forces and moments are compared with the results obtained by Neptuno in Fig-
ure 4.5. At 10° drift angle, the results of two codes agree extraordinarily well. Similar 
to the rudder deflection tests, the values diverge slightly at 20° drift angle. In particu-
lar, the transversal force of the current simulation is 1.94% smaller than the value us-
ing Neptuno. One possible reason could be the application of different turbulence 
models, since the oblique flow is dominated by a strong cross flow characterised by 
the separation phenomena, which need a more sophisticated turbulence model. In 
general, these deviations are acceptable in manoeuvring prediction.  
 

 
Figure 4.6 Non-dimensional transversal forces and yaw moments against different drift angles 

 
The free surfaces of these two simulations are shown in Figure 4.7. The cockscomb 
form is sufficiently described. With the increasing drift angle, the flow field shows a 
significant asymmetry. Figure 4.8 illustrates the flow field for these two simulations. 
The contours are plotted by the axial vorticity and the purple lines represent the 
streamlines. At a small drift angle, the flow velocity around the hull is not apparently 
affected, the leeward fore-body keel vortex (LW-FBKV) still evolves along the ship bilge, 
and the streamlines rotate strongly only at the starting point. In contrast, at a large 
drift angle, the near-ship velocity field is intensively depressed, and the LW-FBKV ex-
tends away from the hull. On the last contour, the distance between the vortex core 
and the ship longitudinal axis has doubled. The streamlines whirl dramatically. All of 
these phenomena arise from the oblique inflow, which is fully captured by the current 
simulations. 
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Figure 4.7 Contours of wave elevation at 10° drift angle and 20° drift angle 
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Figure 4.8 Flow field on leeward side at 10° drift angle and 20° drift angle 

 
4.3. Summary 
 
On the basis of the medium mesh used for calm water resistance simulations, virtual 
rudder deflection tests were performed to demonstrate the functionality of the cur-
rent overlapping grid strategy in the complicated hull-propeller-rudder interaction. At 
a rudder angle smaller than 10°, high-degree consistency was achieved between the 
current numerical results and those calculated by in-house code Neptuno. The dis-
crepancy at the large rudder angle could be attributed to the application of different 
turbulence models and the implemented body force models. In addition, virtual 
oblique towing tests for a 10° and 20° drift angle were simulated to verify the ability 
of meshes to solve large amplitude drift motion in manoeuvres. The current calculated 
results and the results from Neptuno were in good agreement for 10°. However, the 
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deviation of forces and moments became larger for 20°, which might also be caused 
by the applied turbulence models, since strong vortex flow was observed in this case 
and needs to be handled carefully. Even so, the current mesh strategy and the numer-
ical settings were proven to have the ability to proceed to the further virtual zigzag 
tests. 
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Chapter 5. Virtual Zigzag Tests 

 
 
In this chapter, standard free-running manoeuvres of zigzag tests are reproduced in a 
virtual tank. Considering the huge consumption of computer resources, simulations 
are limited to 4 DOF maximum with frozen trim and sinkage. Convergence studies of 
spatial and temporal discretisation are performed using ship without bilge keels in 3 
DOF and 4 DOF to verify the reliability of the numerical simulations. Afterwards, virtual 
tests are extended to the ship with attached bilge keels. By comparing the kinematic 
and dynamic variables of zigzag manoeuvres in each condition, the influence of bilge 
keels on ship yaw checking ability and course-changing ability is analysed. 
 
5.1. Description of Tests 
 
Direct zigzag manoeuvres are simulated with a moving rudder and an actuator disk.  
Usually, trim and sinkage are negligible for manoeuvring predictions, since their am-
plitudes are relatively small compared with other degrees of freedom. Therefore, only 
3 DOF and 4 DOF are conducted in the current study. A verification procedure for these 
two conditions respectively is performed for zigzag 10/10 (ZZ10/10) to the starboard 
without bilge keels. Subsequently, similar simulations are extended to the case with 
bilge keels. Furthermore, simulations are also carried out for zigzag 20/20 (ZZ20/20) 
to the starboard in 4 DOF considering the different appendage settings. A complete 
simulation matrix is listed in Table 5.1. 
 

Case name 
Cell size Time step 

C M F 0.04s 0.02s 0.01s 

ZZ10/10 (SB) W/O BK 3 DOF X X X X X X 

ZZ10/10 (SB) W BK 3 DOF  X   X  

ZZ10/10 (SB) W/O 4 DOF X X X X X X 

ZZ10/10 (SB) W BK 4 DOF  X   X  

ZZ20/20 (SB) W/O BK 3 DOF  X   X  

ZZ20/20 (SB) W BK 3 DOF  X   X  

ZZ20/20 (SB) W/O 4 DOF  X   X  

ZZ20/20 (SB) W BK 4 DOF  X   X  
Table 5.1 Simulation matrix of virtual zigzag tests 

 
5.2. Geometry of Bilge Keels 
 
The bilge keels are reproduced according to the geometry and the position provided 
by MARIN (MARIN, 2010), where the physical experiments for SIMMAN 2014 were 
conducted . The dimensions of bilge keels are listed in Table 5.2. To reduce the number 
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of cells around the tips, the profile of each bilge keel is simplified as a sharp corner 
form rather than the arc-shaped form shown in Figure 5.2. This simplification can be 
accepted within the tolerance of model error.  
 

Bilge keels Full Scale Model Scale 

𝐿𝐿𝐵𝐵𝐵𝐵 [m] 68.84 1.8200 

𝐿𝐿𝐵𝐵𝐵𝐵 𝐿𝐿𝐴𝐴𝐴𝐴⁄  [%] 29.93 29.9300 

𝑆𝑆 of bilge keels [m2] 197 0.1370 
Table 5.2 Dimensions of bilge keels 

 

 
Figure 5.1 3D geometry of KCS model with bilge keels 

 
Figure 5.2 Profile of bilge keels in model scale 

 
5.3. Mesh Generation 
 
All meshes used in the virtual calm water resistance tests are further used for the vir-
tual zigzag tests. In addition, a new mesh is generated for the case with bilge keels on 
the basis of the medium mesh. That means the number of cells in the background 
domain and the rudder domain is kept the same as before. The only change is that the 
number of cells in the ship domain increases from 4.6 M to 6.8 M, since bilge keels 
have a small dimension; see Figure 5.2. This is worth it to obtain an accurate resolution 
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of the vortex structure near the bilge region. The mesh in the midship section is shown 
in Figure 5.3. In addition, three sets of rudder mesh used in the grid convergence stud-
ies of 3 DOF and 4 DOF are illustrated in Figure 5.4. 
 
 

 
Figure 5.3 Cutting plane of mesh on midship section 

 
 
5.4. Computation Settings 
 
Complete unsteady simulations are performed for all cases in this chapter. The robust 
turbulence model k-ω SST is chosen to close the equation system. Free water surface  
is solved using the VOF method with the high-resolution interface scheme BRICS. All 
boundary conditions are the same as in the previous simulations. Virtual zigzag simu-
lations are restarted from a virtual self-propulsion test without trim and sinkage at the 
constant approach speed. Surge, sway, and yaw are solved. In 4 DOF VFRMTs, roll is 
solved as well. The rudder motion is controlled by a compiled FORTRAN library, which 
is given in Appendix E. The body fitted overset grid for ship has a rigid motion following 
the ship motion in 3 DOF or 4 DOF, but the background domain has only 3 DOF motion 
without roll for both concepts. Due to the high requirement for the time step when 
calculating the real propeller, the propeller effect is modelled by an actuator disk 
which updates the thrust according to the open water curve. 10 non-linear iterations 
are given to solve the outer iteration. According to the convergence study of the time 
step, 0.02 second is a reasonable value for the current simulations as the trade-off 
between the accuracy and efficiency.  
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Figure 5.4 Comparison of systematically refined meshes in the after region 
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5.5. Verification and Validation for ZZ10/10 in 4 DOF without Bilge 
Keels 

 
1) Grid convergence study 
 
To verify the credibility of numerical simulations, convergence studies for grid size and 
time step are carried out for the ship without bilge keels. The concerned grids are 
described in Chapter 3. A grid refinement ratio 𝑟𝑟𝐺𝐺  of 1.25 is chosen following the 
FINETM/Marine user guide. In principle, absolute satisfaction of the total cell number 
of systematically refined grids is difficult for unstructured meshes. Therefore, the sum 
of cells in these three grids has only an approximate ratio of 1.253. For the time step 
convergence study, the corresponding refinement ratio 𝑟𝑟𝑇𝑇 is equal to 2, just as is rec-
ommended in the ITTC guidelines. Verification procedures to determine the relevant 
uncertainties follow the methodology described in Section 2.3. Since the IMO stand-
ard has only established the criterion up to the second overshoot angle, all simulations 
are stopped short after that time to reduce computational effort. Therefore, uncer-
tainty of the period to accomplish one complete zigzag manoeuvre cannot be provided 
here, and is replaced by uncertainty of the reach time. As an example, the uncertain-
ties regarding grid size and time step for ZZ10/10 to starboard in 4 DOF without bilge 
keels are given below. Similar analysis for 3 DOF concept can be conducted using the 
data in appendix A. The involved parameters include the following:  
 

• Initial turning time or time of first rudder execution: 𝑡𝑡𝑠𝑠 
• First and second overshoot angles: 𝛼𝛼01 and 𝛼𝛼02 
• First and second overshoot time or time to check yaw: 𝑡𝑡𝛼𝛼01 and 𝑡𝑡𝛼𝛼02 
• Reach time: 𝑡𝑡𝐴𝐴 
• First and second peak yaw rates: 𝑟𝑟01 and 𝑟𝑟02 
• Initial turning ability: 𝜉𝜉𝜓𝜓 𝐿𝐿𝐴𝐴𝐴𝐴⁄  
• First and second peak drift angles: 𝛽𝛽01 and 𝛽𝛽02 
• First and second peak roll angles: 𝜑𝜑01 and 𝜑𝜑02 

 
The results for convergence study of grid size and time step of ZZ10/10 to the star-
board in 4 DOF without bilge keels are shown and discussed below. A challenge com-
pared with 3DOF is the large amplitude roll motion caused by the extremely low 𝐺𝐺𝐺𝐺�����𝑇𝑇 
(0.0158 m in model scale). Additional two peak roll angles are used to conduct the 
uncertainty study.  
 
Table 5.3 shows that, the solutions of the parameters related to the second overshoot 
angle including the second overshoot angle time and the second peak yaw rate indi-
cate divergence behaviour with systematically refined grids. In addition, initial turning 
time and initial turning ability also diverge. However, the convergence ratios of di-
verged parameters are close to one, which means that there is a potential to improve 
the convergence behaviour for these parameters. Other kinematic parameters all 
have monotonic convergence, although the uncertainty of the first overshoot angle is 
relatively high, which is 55.45% with respect to the finest grid. In addition, the uncer-
tainty of the reach time is also more than 10%. The most concerned roll motion 
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parameters have monotonic convergences with 0.69% and 5.33%, respectively.  
 

Parameter 𝜺𝜺𝟑𝟑𝟐𝟐 𝜺𝜺𝟐𝟐𝟏𝟏 𝑹𝑹𝑮𝑮 𝒑𝒑𝑮𝑮 𝜹𝜹𝑹𝑹𝑹𝑹,𝑮𝑮 𝑼𝑼𝑮𝑮%𝑺𝑺𝟏𝟏 Type 
𝒕𝒕𝒂𝒂 -0.12 -0.13 1.01    D 
𝜶𝜶𝟏𝟏𝟏𝟏 -0.91 -0.82 0.90 0.46 -7.60 55.45 MC 
𝜶𝜶𝟏𝟏𝟐𝟐 -1.11 -1.70 1.53    D 
𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 -0.40 -0.23 0.59 2.34 -0.34 5.35 MC 
𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 -0.24 -0.36 1.47    D 
𝒕𝒕𝑨𝑨 -0.63 -0.51 0.80 0.99 -2.06 11.53 MC 
𝒓𝒓𝟏𝟏𝟏𝟏 0.02 0.02 0.74 1.33 0.05 1.29 MC 
𝒓𝒓𝟏𝟏𝟐𝟐 0.11 0.13 1.22    D 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  -0.04 -0.04 1.06    D 
𝝋𝝋𝟏𝟏𝟏𝟏 0.24 0.09 0.39 4.21 0.06 -0.69 MC 
𝝋𝝋𝟏𝟏𝟐𝟐 -0.65 -0.40 0.62 2.13 -0.67 5.33 MC 
𝜷𝜷𝟏𝟏𝟏𝟏 0.04 0.02 0.43 3.76 0.01 -0.32 MC 
𝜷𝜷𝟏𝟏𝟐𝟐 -0.32 -0.23 0.71 1.56 -0.55 6.74 MC 

Table 5.3 Grid convergence study for ZZ10/10 to SB in 4 DOF w/o BKs 
 
In Figure 5.5, time histories of kinematic parameters are compared with each other 
for this grid convergence study. Besides the analysed parameters, the resultant veloc-
ity is also be shown in the figure. In principle, no significant convergence behaviour 
can be found from these time histories. To achieve more convincing assessment, a 
larger grid refinement ratio could be used. 
 

 
Figure 5.5 Time histories of kinematic parameters in gird convergence study for ZZ10/10 to SB in 4 DOF 

w/o BKs 
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2) Time step convergence study 
 
In Table 5.4, the results of time step convergence study for ZZ10/10 to the starboard 
in 4 DOF without bilge keels are listed. Comparing with the previous grid convergence 
study, only three parameters have divergence behaviour, namely the second over-
shoot angle, the first peak roll angle, and the first peak drift angle. The other con-
verged parameters all have convergence behaviour with uncertainties smaller than 
5%, except for the first and the second overshoot time.  
 

Parameter 𝜺𝜺𝟑𝟑𝟐𝟐 𝜺𝜺𝟐𝟐𝟏𝟏 𝑹𝑹𝑻𝑻 𝒑𝒑𝑻𝑻 𝜹𝜹𝑹𝑹𝑹𝑹,𝑻𝑻 𝑼𝑼𝑻𝑻%𝑺𝑺𝟏𝟏 Type 

𝒕𝒕𝒂𝒂 0.20 0.09 0.46 3.44 0.08 2.11 MC 

𝜶𝜶𝟏𝟏𝟏𝟏 0.01 -0.05 -4.15   0.15 OC 

𝜶𝜶𝟏𝟏𝟐𝟐 -0.50 -0.71 1.42    D 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 -0.16 -0.15 0.96 0.19 -3.57 55.25 MC 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 -0.38 -0.32 0.84 0.78 -1.69 22.48 MC 

𝒕𝒕𝑨𝑨 0.11 -0.01 -0.05   0.25 OC 

𝒓𝒓𝟏𝟏𝟏𝟏 -0.02 0.04 -2.17   0.45 OC 

𝒓𝒓𝟏𝟏𝟐𝟐 0.08 0.04 0.47 3.34 0.03 -0.64 MC 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  0.07 0.03 0.45 3.58 0.03 2.02 MC 

𝝋𝝋𝟏𝟏𝟏𝟏 -0.02 -0.08 4.46    D 

𝝋𝝋𝟏𝟏𝟐𝟐 -0.37 -0.24 0.66 1.84 -0.48 3.81 MC 

𝜷𝜷𝟏𝟏𝟏𝟏 -0.03 -0.04 1.40    D 

𝜷𝜷𝟏𝟏𝟐𝟐 -0.06 -0.03 0.42 3.84 -0.02 0.23 MC 
Table 5.4 Time step convergence study for ZZ10/10 to SB in 4 DOF w/o BKs 

 
From Figure 5.6, it can be seen that the small time step does not contribute to the 
change in results. However, a slight discrepancy can be found for roll angle, which is 
more sensitive to the change of time step.  
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Figure 5.6 Time histories of kinematic parameters in time step convergence study for ZZ10/10 to SB in 

4 DOF w/o BKs 
 
 
3) Validation 
 
In the following, numerical results used in the verification procedure are compared 
with the experimental data from MARIN . Comparison errors from the grid conver-
gence study become greater with the refined grid for most parameters except for the 
first peak yaw rate and the first peak roll angle, which means that the refined grid 
might not increase the accuracy of prediction for zigzag tests regarding the current 
case; see Table 5.5.  
 
Table 5.6 presents the comparison errors from the time step convergence study. Com-
parison errors fall gradually for the parameters regarding the evaluation of initial turn-
ing ability, namely initial turning and initial turning distance in ship advancing direction 
at the moment when the ship reaches the first execute yaw angle. The comparison 
errors for other parameters increase with the decreased time step. 
 
 
 
 
 
 
 



 Chapter 5. Virtual Zigzag Tests  

— 71 — 
 

Parameter EFD 
Grid1 Grid2 Grid3 

CFD E%D CFD E%D CFD E%D 

𝒕𝒕𝒂𝒂 4.71 5.17 -9.70 5.04 -7.04 4.92 -4.41 

𝜶𝜶𝟏𝟏𝟏𝟏 13.00 17.13 -31.74 16.31 -25.43 15.40 -18.43 

𝜶𝜶𝟏𝟏𝟐𝟐 20.80 26.40 -26.92 24.70 -18.76 23.59 -13.41 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.21 7.99 -28.71 7.76 -24.93 7.36 -18.56 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 7.81 9.04 -15.72 8.68 -11.14 8.44 -8.02 

𝒕𝒕𝑨𝑨 19.33 22.38 -15.78 21.87 -13.15 21.24 -9.86 

𝒓𝒓𝟏𝟏𝟏𝟏 4.12 4.43 -7.44 4.44 -7.82 4.46 -8.34 

𝒓𝒓𝟏𝟏𝟐𝟐 -5.79 -6.61 -14.22 -6.48 -11.97 -6.38 -10.12 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.55 1.71 -10.14 1.66 -7.26 1.62 -4.54 

𝝋𝝋𝟏𝟏𝟏𝟏 -11.20 -10.82 3.37 -10.73 4.21 -10.49 6.35 

𝝋𝝋𝟏𝟏𝟐𝟐 13.60 15.60 -14.69 15.19 -11.72 14.54 -6.95 

𝜷𝜷𝟏𝟏𝟏𝟏 -5.00 -5.55 -11.10 -5.54 -10.72 -5.49 -9.86 

𝜷𝜷𝟏𝟏𝟐𝟐 9.00 10.20 -13.37 9.97 -10.83 9.65 -7.24 
Table 5.5 Comparison errors of kinematic parameters in grid convergence study for ZZ10/10 to SB in 4 

DOF w/o BKs 
 

Parameter EFD 
Time1 Time2 Time3 

CFD E%D CFD E%D CFD E%D 

𝒕𝒕𝒂𝒂 4.71 4.75 -0.86 4.84 -2.82 5.04 -7.04 

𝜶𝜶𝟏𝟏𝟏𝟏 13.00 16.34 -25.71 16.29 -25.34 16.31 -25.43 

𝜶𝜶𝟏𝟏𝟐𝟐 20.80 25.90 -24.54 25.20 -21.15 24.70 -18.76 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.21 8.07 -29.95 7.92 -27.49 7.76 -24.93 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 7.81 9.38 -20.15 9.06 -16.04 8.68 -11.14 

𝒕𝒕𝑨𝑨 19.33 21.77 -12.61 21.76 -12.58 21.87 -13.15 

𝒓𝒓𝟏𝟏𝟏𝟏 4.12 4.42 -7.25 4.46 -8.31 4.44 -7.82 

𝒓𝒓𝟏𝟏𝟐𝟐 -5.79 -6.60 -13.97 -6.56 -13.32 -6.48 -11.97 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.55 1.56 -0.85 1.59 -2.84 1.66 -7.26 

𝝋𝝋𝟏𝟏𝟏𝟏 -11.20 -10.63 5.05 -10.71 4.36 -10.73 4.21 

𝝋𝝋𝟏𝟏𝟐𝟐 13.60 15.81 -16.24 15.56 -14.44 15.19 -11.72 

𝜷𝜷𝟏𝟏𝟏𝟏 -5.00 -5.46 -9.29 -5.51 -10.13 -5.54 -10.72 

𝜷𝜷𝟏𝟏𝟐𝟐 9.00 10.06 -11.78 10.03 -11.49 9.97 -10.83 
Table 5.6 Comparison errors of kinematic parameters in time step convergence study for ZZ10/10 to 

SB in 4 DOF w/o BKs 
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5.6. Results and Discussion for ZZ10/10 in 3 DOF and 4 DOF without 
Bilge Keels 

 
Having completed the spatial and temporal convergence studies for ZZ10/10 in 3 and 
4 DOF without bilge keels, the influence of degrees of freedom on the current ship 
model is evaluated below. The following data correspond to each medium grid and 
the time step is 0.02s for both cases. 
 
The comparison errors of the parameters in different DOFs are listed in Table 5.7. 3 
DOF simulations behave very well for most variables. The only disadvantage is that no 
roll motion information can be provided during zigzag tests. In addition, the second 
overshoot angle is under-estimated by 30.26%, whereas it is over-estimated by 21.15% 
in 4 DOF simulations. That means if roll motion related parameters are not required, 
3 DOF can still provide accurate manoeuvring predictions, even the current ship has a 
low 𝐺𝐺𝐺𝐺�����𝑇𝑇. From Figure 5.7 can be seen, the results of 3 DOF concept have quite similar 
tendencies for all available kinematic parameters, whose values in 4 DOF are a little 
far away from experimental values.  
 
 

Parameter EFDNBK 
4DOF 3DOF 

CFD E%D CFD E%D 

𝒕𝒕𝒂𝒂 4.71 4.84 -2.82 4.67 0.82 

𝜶𝜶𝟏𝟏𝟏𝟏 13.00 16.29 -25.34 11.07 14.82 

𝜶𝜶𝟏𝟏𝟐𝟐 20.80 25.20 -21.15 14.51 30.26 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.21 7.92 -27.49 5.89 5.18 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 7.81 9.06 -16.04 6.92 11.42 

𝒕𝒕𝑨𝑨 19.33 21.76 -12.58 18.99 1.74 

𝒓𝒓𝟏𝟏𝟏𝟏 4.12 4.46 -8.31 4.30 -4.41 

𝒓𝒓𝟏𝟏𝟐𝟐 -5.79 -6.56 -13.32 -5.44 6.11 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.55 1.59 -2.84 1.53 1.01 

𝝋𝝋𝟏𝟏𝟏𝟏 -11.20 -10.71 4.36   

𝝋𝝋𝟏𝟏𝟐𝟐 13.60 15.56 -14.44   

𝜷𝜷𝟏𝟏𝟏𝟏 -5.00 -5.51 -10.13 -5.43 -8.69 

𝜷𝜷𝟏𝟏𝟐𝟐 9.00 10.03 -11.49 8.55 4.96 
Table 5.7 Comparison errors of kinematic parameters for ZZ10/10 to SB in 4 DOF and 3 DOF w/o BKs 
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Figure 5.7 Comparison of time histories of kinematic parameters for ZZ10/10 to SB in 4 DOF and 3 DOF 

w/o BKs 
 
5.7. Results and Discussion for ZZ10/10 with and without Bilge Keels 
 
Since 4 DOF can solve the roll motion, which is more essential for study the influence 
of bilge keels, the analysis is conducted using 4 DOF concept for cases with and with-
out bilge keels. The results are listed in Table 5.8. They are compared with each other 
using relative errors. As can be seen, first overshoot angle has only a slight increase of 
1.44% in the presence of bilge keels, while second overshoot angle increases by 
15.92%. Finally, the roll-yaw coupling effect can also be seen in this comparison, i.e. 
the enlarged overshoot angle leads to the enlargement of peak roll angle and vice 
versa, especially for second overshoot angle. Reach time and initial turning ability re-
main fairly constant. Surprisingly, both peak roll angles are enlarged in the presence 
of bilge keels. This could be explained by the increasing lateral force acting on the ship 
hull because of bilge keels, which create more roll moment during zigzag manoeuvres. 
Figure 5.8 shows that the main influence of bilge keels on overshoot angles and peak 
roll angles happens after 15 seconds, which means shortly after the first peak yaw 
angle.  
 
In Figure 5.9, current numerical results are compared in bar charts with different ex-
perimental data from MARIN and Prof. Yasukawa. All experiments are conducted in 6 
DOF, whereas virtual tests are performed in 4DOF. The green reference lines for the 
first and second overshoot angles denote the IMO standard to ZZ10/10 test. Both 
overshoot angles and peak roll angles are enlarged when ship model is attached with 
bilge keels. This tendency is well estimated in different experiments and virtual tests. 
Nevertheless, the first overshoot angle obtained through current simulations exceeds 
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the IMO standard. This can be explained by several reasons. For example, 𝐼𝐼𝑏𝑏𝑏𝑏 adopted 
in the current simulation is based on the empirical formula, while the real value used 
in the experiment is not available. In addition, the current body force model is a simple 
prescribed version which does not take the side force into account either. Of course, 
numerical errors could also contribute to this excess. The second overshoot angle ob-
tained by Prof. Yasukawa is apparently larger than the values of MARIN and current 
simulations. The reason is unknown, since no detailed information is provided about 
this experiment. On the other hand, the agreement between EFDs and CFD for two 
peak roll angles is quite good. 
 
 

Parameter EFDBK NBK BK NBK%BK 

𝒕𝒕𝒂𝒂 4.69 4.84 4.83 0.23 

𝜶𝜶𝟏𝟏𝟏𝟏 13.80 16.29 16.53 -1.44 

𝜶𝜶𝟏𝟏𝟐𝟐 25.80 25.20 29.21 -15.92 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.24 7.92 7.43 6.18 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 8.63 9.06 9.34 -3.08 

𝒕𝒕𝑨𝑨 19.45 21.76 21.19 2.64 

𝒓𝒓𝟏𝟏𝟏𝟏 4.19 4.46 4.51 -1.00 

𝒓𝒓𝟏𝟏𝟐𝟐 -6.09 -6.56 -7.00 -6.76 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.55 1.59 1.59 0.09 

𝝋𝝋𝟏𝟏𝟏𝟏 -11.80 -10.71 -11.86 -10.69 

𝝋𝝋𝟏𝟏𝟐𝟐 16.10 15.56 18.09 -16.27 

𝜷𝜷𝟏𝟏𝟏𝟏 -4.8 -5.51 -5.29 3.85 

𝜷𝜷𝟏𝟏𝟐𝟐 8.8 10.03 9.63 4.08 
Table 5.8 Relative errors of kinematic parameters for ZZ10/10 to SB in 4 DOF w and w/o BKs 
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Figure 5.8 Comparison of time histories of kinematic parameters for ZZ10/10 to SB in 4 DOF w and w/o 

BKs 
 
 

 
Figure 5.9 Comparison of overshoot angles and peak roll angles between EFDs and CFD for ZZ10/10 to 

SB w and w/o BKs 
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In Figure 5.10, contours of axial vorticity on cutting plane of midship section are given 
with respect to the times of two maximal headings. At the time of the first maximal 
heading, vortex structures near bilge region are created during the ship yaw motion, 
which cannot be found in the case without bilge keels. At the time of the second max-
imal heading, bilge keels truncate the original continuous vortex structure. Both phe-
nomena indicate bilge keels can influence the local flow field around ship hull in the 
zigzag manoeuvre. However, the influence of bilge keels on the dynamic pressure is 
negligible, which can be found in Figure 5.11 and Figure 5.12. The pressure fields at 
the above-mentioned times are not changed in the presence of bilge keels. Or this 
change is so small that it can be not be observed.   
 
 

 
Figure 5.10 Comparison of axial vorticities at α01 and α02 for ZZ10/10 to SB w and w/o BKs 

 
 
All in all, bilge keels will impair the yaw checking ability of the current ship model for 
ZZ10/10, and this is more remarkable at the moment of the second peak yaw angle. A 
possible reason lies in the change of local flow around the ship hull in the presence of 
bilge keels, for instance, the change of vortex structures. Besides, bilge keels will ex-
acerbate ship rolling behaviour. Despite these influences, however, initial turning abil-
ity or course changing ability has no obvious change. 
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Figure 5.11 Comparison of dynamic pressures at α01 for ZZ10/10 to SB w and w/o BKs 
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Figure 5.12 Comparison of dynamic pressures at α02 for ZZ10/10 to SB w and w/o BKs 
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5.8. Results and Discussion for ZZ20/20 in 3 DOF and 4 DOF without 
Bilge Keels 

 
To fulfil the standard zigzag manoeuvres regulated by the IMO, virtual tests are ex-
tended to the larger rudder angle and heading, namely ZZ20/20. First, simpler simula-
tion without bilge keels is performed in 3 DOF. After that, 4 DOF simulation is contin-
ued and its results are compared with those of 3 DOF simulation and experimental 
data. As can be seen in Table 5.9, two overshoot angles and two overshoot times have 
relatively larger comparison errors in the 3 DOF concept than in the 4 DOF concept, 
except for the reach time, which 3 DOF has only 2.6% comparison error. Figure 5.13 
shows the related time histories. As can be seen, although the speed loss stays closer 
to the experimental value in the 3 DOF simulation, it cannot bring more value roll mo-
tion parameters. From Figure 5.13 can be seen, roll angle and roll rate have similar 
tendency compared with the experimental data. 
 

Parameter EFDNBK 
4DOF 3DOF 

CFD E%D CFD E%D 

𝒕𝒕𝒂𝒂 5.18 5.58 -7.66 5.53 -6.82 

𝜶𝜶𝟏𝟏𝟏𝟏 23.20 25.35 -9.27 16.71 27.95 

𝜶𝜶𝟏𝟏𝟐𝟐 21.60 26.26 -21.57 16.11 25.43 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 5.80 6.42 -10.74 4.77 17.81 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 5.56 5.89 -6.02 4.62 16.90 

𝒕𝒕𝑨𝑨 20.01 21.68 -8.36 19.49 2.60 

𝒓𝒓𝟏𝟏𝟏𝟏 7.08 7.21 -1.88 6.51 7.99 

𝒓𝒓𝟏𝟏𝟐𝟐 -7.63 -8.66 -13.45 -6.79 10.95 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.66 1.81 -9.13 1.79 -7.78 

𝝋𝝋𝟏𝟏𝟏𝟏 -16.90 -16.58 1.91   

𝝋𝝋𝟏𝟏𝟐𝟐 13.70 17.25 -25.89   

𝜷𝜷𝟏𝟏𝟏𝟏 -9.5 -9.92 -4.46 -9.18 3.34 

𝜷𝜷𝟏𝟏𝟐𝟐 14.9 16.84 -13.04 13.08 12.19 
Table 5.9 Comparison errors of kinematic parameters for ZZ20/20 to SB in 4 DOF and 3 DOF w/o BKs 
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Figure 5.13 Comparison of time histories of kinematic parameters for ZZ20/20 to SB in 4 DOF and 3 

DOF w/o BKs 
 
 
5.9. Results and Discussion for ZZ20/20 with and without Bilge Keels 
 
Table 5.10 lists the results for ZZ20/20 to SB in 4 DOF with and without bilge keels 
along with the relative errors. In contrast to the case of ZZ10/10, whose second over-
shoot angle is enlarged by 15.92%, the first overshoot angle of ZZ20/20 has a greater 
increase of 20.03% when bilge keels are attached. This tendency can also be found in 
Figure 5.14. Moreover, the overshoot time corresponding to this overshoot angle is 
extended by 12.76%. Two peak roll angles are also enlarged with larger overshoot an-
gles, which can be explained by the roll-yaw coupling effect. Meanwhile, the second 
peak yaw rate has a rising trend of 11.59%. Initial turning ability is not influenced enor-
mously by the bilge keels, which can be proven by the comparison errors of initial 
turning time (0.71%) and the corresponding advance distance (0.61%). From Figure 
5.14 can be seen, ship manoeuvring performance in zigzag tests is not significantly 
affected by bilge keels.  
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Parameter EFDBK NBK BK NBK%BK 

𝒕𝒕𝒂𝒂 5.21 5.58 5.54 0.71 

𝜶𝜶𝟏𝟏𝟏𝟏 26.10 25.35 30.43 -20.03 

𝜶𝜶𝟏𝟏𝟐𝟐 26.40 26.26 27.13 -3.30 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.24 6.42 7.24 -12.76 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 6.03 5.89 5.93 -0.51 

𝒕𝒕𝑨𝑨 20.49 21.68 22.53 -3.90 

𝒓𝒓𝟏𝟏𝟏𝟏 7.20 7.21 7.51 -4.13 

𝒓𝒓𝟏𝟏𝟐𝟐 -8.43 -8.66 -9.66 -11.59 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.99 1.81 1.80 0.61 

𝝋𝝋𝟏𝟏𝟏𝟏 -18.60 -16.58 -19.08 -15.11 

𝝋𝝋𝟏𝟏𝟐𝟐 16.90 17.25 19.79 -14.75 

𝜷𝜷𝟏𝟏𝟏𝟏 -9.5 -9.92 -9.57 3.55 

𝜷𝜷𝟏𝟏𝟐𝟐 14.8 16.84 16.30 3.24 
Table 5.10 Relative errors of kinematic parameters for ZZ20/20 to SB in 4 DOF w and w/o BKs 

 

 
Figure 5.14 Comparison of time histories of kinematic parameters for ZZ20/20 to SB in 4 DOF w and 

w/o BKs 
 
In Figure 5.15, current numerical results are compared in bar charts with experimental 
data from MARIN. The green reference line for the first overshoot angle denotes the 
IMO standard to ZZ20/20 test. As can be seen, this angle exceeds the criterion of IMO 
both in physical and virtual tests in the presence of bilge keels. The increasing trends 
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of overshoot angles and peak roll angles caused by bilge keels are predicted well. How-
ever, the increase of the first overshoot angle is estimated relatively large, while a bit 
small in regard to the second overshoot angle. 
 

 
Figure 5.15 Comparison of overshoot angles and peak roll angles between EFDs and CFD for ZZ20/20 

to SB w and w/o BKs 
 
Broadly speaking, the yaw checking ability of the current ship model for ZZ20/20 will 
also be weakened. Furthermore, the ship tends to show a more severe roll motion. 
However, like in ZZ10/10, initial turning ability or course changing ability remains 
nearly unchanged. 
 
5.10. Summary 
 
Based on the foregoing pre-studies, virtual zigzag tests were performed for ZZ10/10 
in 3 and 4 DOF without bilge keels. Grid and time step convergence studies were car-
ried out for these two motion conditions. Results were also compared with the avail-
able experimental data. Due to the complexity of these transient simulations, numer-
ical uncertainties did not show the same regularity as in the steady simulations like 
virtual calm water resistance tests. Next, the results of 3 DOF and 4 DOF simulations 
were compared with each other, and after that, the influence of bilge keels for 
ZZ10/10 was analysed regarding the kinematic parameters. Similar virtual tests were 
extended to ZZ20/20 in 3 and 4 DOF. The influence of bilge keels was analysed in this 
case as well. 
 
  



 Chapter 6. Conclusions and Recommendations  

— 83 — 
 

Chapter 6. Conclusions and Recommendations 

 
 
6.1. Conclusions 
 
Based on the numerical environment of FINETM/Marine, traditional physical experi-
ments were reproduced with virtual zigzag tests to analyse the influence of bilge keels 
on ship manoeuvring. RANS equations were solved to determine the flow field and 
coupled with the motion equations of a rigid body to calculate the kinematic parame-
ters of the ship. To achieve the dynamic movement of the rudder during the zigzag 
tests, an overset grid technique was chosen as the basic mesh strategy. The propeller 
effect was modelled by an actuator disk, which was built on a prescribed body force 
model. Considering the complexity of direct manoeuvring simulations, pre-studies 
were performed first to ensure the feasibility of conducting the final virtual zigzag 
tests. Conclusions from different simulation contents are presented below. 
 
1) Virtual calm water resistance tests and virtual self-propulsion test 
 
Three systematically refined grids were used to conduct virtual calm water resistance 
tests with overset grids. The grid convergence study was performed for viscous, pres-
sure, and total resistance coefficients, which showed the monotonic convergence for 
all components. The quite low uncertainty relative to the fine grid meant that the me-
dium and even the coarse grid could be used for further simulations. However, great 
oscillation of the rudder resistance was observed, which was more stable for medium 
mesh. Therefore, medium mesh proved to be practical for the further pre-study sim-
ulations. In addition, comparing the numerical results with the experimental ones 
showed a fairly good agreement within 5% for all grids. After that, MSPP was deter-
mined using a virtual self-propulsion test. The difference in MSPP between virtual test 
and experiment was only 2.13%, which indicated that the current implemented acuter 
disk was accurate.  
 
2) Virtual static captive model tests 
 
Virtual rudder deflection tests for -5°, -10°, -15° and -20° were carried out to further 
verify whether the overset grid strategy was able to solve the complicated rudder mo-
tion. Transversal forces and yaw moments were compared with available results sim-
ulated by the in-house code Neptuno. Before 10o, both results agreed well. In contrast, 
deviation appeared as the rudder angle increased, which could be explained by the 
application of different turbulence models, since the wake flow was considerably tur-
bulent. Moreover, different implementations of body force model might have had a 
certain influence. After that, two oblique towing tests with 10o and 20o drift angles 
respectively were performed considering the propeller force. Current transversal 
force and yaw moment at 10o drift angle were in good accordance with the results of 
Neptuno, while these results deviated at 20o drift angle. This could also be attributed 
to the turbulence model since prominent vortex structures can be found at 20o drift 
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angle. 
 
3) Virtual zigzag tests 
 
Comprehensive convergence studies were conducted for grid and time step in 3 and 
4 DOF without bilge keels. However, no homogenous pattern of convergence behav-
iour could be found in these studies because of the highly transient flow during zigzag 
manoeuvres. It could be seen that the second overshoot angle diverge invariably, es-
pecially for the grid convergence study in 3 DOF with the divergence ratio of 459.67. 
On the other hand, the diverged parameters in each case had ratios varying from 1.01 
to 4.46 in small magnitude. Comparing the uncertainties for grid and time step in the 
different DOFs, the numerical results in 4 DOF had a larger average uncertainty 
(33.27%) than in 3 DOF, which means 3 DOF could be more reliable or roll motion 
could be too sensitive to convergence studies. In addition, from comparisons of results 
in different DOFs with experimental data, it could also be seen that if no information 
related to roll motion was required, 3 DOF would be a better choice for manoeuvring 
prediction for both ZZ10/10 and ZZ20/20, despite of the small ship 𝐺𝐺𝐺𝐺�����𝑇𝑇. 
 
4) Influence of bilge keels on manoeuvring in virtual zigzag tests 
 
Comparing the simulated results with and without bilge keels, both overshoot angles 
were enlarged when bilge keels were attached. Significant influence could be found in 
ZZ10/10, where the second overshoot angle was enlarged by 15.92%, and in ZZ20/20, 
where the first overshoot angle was enlarged by 20.03%. Meanwhile, the first over-
shoot time corresponding to the latter was increased by 12.76%. This indicated that 
the yaw checking ability deteriorated because of the presence of bilge keels. However, 
the initial turning ability was not considerably affected by the bilge keels for both con-
ditions. In addition, each peak roll angle was profoundly increased by more than 10% 
because of the bilge keels in zigzag manoeuvres. Its change was also strongly coupled 
with the yawing performance.  
 
6.2. Recommendations for Future Work 
 
Due to limitations in time and computational resources, virtual tests were simplified 
in some points to accomplish the initial objective. This could have affected the accu-
racy and the reliability of the numerical results. Looking ahead, the following improve-
ments or expansions based on the current case can be recommended for future work: 
 

• Further simulations of zigzag manoeuvres to complete at least one complete 
period should be considered. Eventually, the third overshoot angle could also 
be included.  

 
• 6 DOF simulations could be considered and compared with the obtained re-

sults of 4 DOF and 3 DOF to analyse whether trim and sinkage have a huge 
variation in free-running tests for the studied ship model. 

 
• Current bilge keels have a continuous form. However, they are usually 
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attached on modern container ships in small segments. The influence of this 
form on manoeuvring performance could be analysed. Furthermore, the loca-
tion and the length of bilge keels could also be intensively investigated.   

 
• Virtual turning circle tests could be carried out to analyse the influence of bilge 

keels on ship turning ability and then provide more comprehensive research. 
 

• In the current study, the propeller effect was modelled based on a prescribed 
body force model. The interaction between hull and propeller was disregarded. 
To improve the prediction accuracy, a more sophisticated method using a pro-
peller performance code, e.g. boundary element method (BEM) code, in an 
interactive fashion with the RANS solver to capture propeller-hull interaction 
could be considered. In addition, the radial component of body force could 
also be implemented in the current code to improve its capability of solving 
complicated wake flow. 

 
• The container ship is only one type of merchant ship. VFRMT could be con-

ducted to study whether the influence of bilge keels on manoeuvring remains 
the same for RORO carriers and passenger ferries.  

 
• Current uncertainty analysis is still imperfect; it does not involve the quantita-

tive assessment of iteration uncertainty and the uncertainty introduced by us-
ing overset grids. A complete verification procedure could be employed to im-
prove the credibility of current numerical simulations. 

 
• To ensure a better transfer of data for computations using overset grids, a re-

finement box is usually pre-generated to cover the region in the background 
domain through which the object body can pass. This strategy is normally re-
alised at the cost of an increased number of useless cells. AGR technique, 
which can ensure a smooth transition between cell sizes across different do-
mains, could be used in the current case to refine areas that are really neces-
sary to refine, i.e. overset boundaries. This technique checks the cell size at the 
overlapping boundaries of each domain and refines the mesh of the other do-
main such that its cell sizes are not more than two times larger to improve the 
mesh continuity between overlapping meshes. 
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Appendix A  
Grid and Time Step Convergence Studies for ZZ10/10 in 3 DOF without Bilge Keels 
 
 

Parameter 𝜺𝜺𝟑𝟑𝟐𝟐 𝜺𝜺𝟐𝟐𝟏𝟏 𝑹𝑹𝑮𝑮 𝒑𝒑𝑮𝑮 𝜹𝜹𝑹𝑹𝑹𝑹,𝑮𝑮 𝑼𝑼𝑮𝑮%𝑺𝑺𝟏𝟏 Type 

𝒕𝒕𝒂𝒂 0.01 -0.06 -5.11   0.73 OC 

𝜶𝜶𝟏𝟏𝟏𝟏 -0.49 -0.40 0.81 0.94 -1.72 18.17 MC 

𝜶𝜶𝟏𝟏𝟐𝟐 0.00 -0.14 459.67    D 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 -0.17 -0.14 0.81 0.92 -0.62 13.12 MC 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 0.06 0.01 0.13 9.09 0.00 0.02 MC 

𝒕𝒕𝑨𝑨 -0.23 -0.28 1.19    D 

𝒓𝒓𝟏𝟏𝟏𝟏 -0.03 0.04 -1.29   0.47 OC 

𝒓𝒓𝟏𝟏𝟐𝟐 0.03 0.02 0.57 2.50 0.02 -0.49 MC 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  0.01 -0.02 -3.54   0.96 OC 

𝜷𝜷𝟏𝟏𝟏𝟏 0.07 -0.02 -0.32   -0.64 OC 

𝜷𝜷𝟏𝟏𝟐𝟐 -0.12 -0.06 0.47 3.39 -0.05 0.72 MC 
Table A.1 Grid convergence study for ZZ10/10 to SB in 3 DOF w/o BKs 

 
 

 
Figure A.1 Time histories of kinematic parameters in gird convergence study for ZZ10/10 to SB in 3 

DOF w/o BKs 
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Parameter 𝜺𝜺𝟑𝟑𝟐𝟐 𝜺𝜺𝟐𝟐𝟏𝟏 𝑹𝑹𝑻𝑻 𝒑𝒑𝑻𝑻 𝜹𝜹𝑹𝑹𝑹𝑹,𝑻𝑻 𝑼𝑼𝑻𝑻%𝑺𝑺𝟏𝟏 Type 

𝒕𝒕𝒂𝒂 0.03 0.01 0.28 5.78 0.00 0.09 MC 

𝜶𝜶𝟏𝟏𝟏𝟏 0.33 0.00 0.01 19.08 0.00 0.00 MC 

𝜶𝜶𝟏𝟏𝟐𝟐 -0.18 -0.40 2.19    D 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 -0.15 -0.09 0.58 2.43 -0.12 2.59 MC 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 -0.31 -0.21 0.68 1.76 -0.44 7.69 MC 

𝒕𝒕𝑨𝑨 0.03 -0.04 -1.24   0.11 OC 

𝒓𝒓𝟏𝟏𝟏𝟏 0.01 0.03 3.63    D 

𝒓𝒓𝟏𝟏𝟐𝟐 -0.03 0.01 -0.41   -0.28 OC 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  0.01 0.00 0.33 4.92 0.00 0.13 MC 

𝜷𝜷𝟏𝟏𝟏𝟏 -0.03 -0.03 1.01    D 

𝜷𝜷𝟏𝟏𝟐𝟐 0.05 0.00 -0.08   0.29 OC 
Table A.2 Time step convergence study for ZZ10/10 to SB in 3 DOF w/o BKs 

 
 

 
Figure A.2 Time histories of kinematic parameters in time step convergence study for ZZ10/10 to SB in 

3 DOF w/o BKs 
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Parameter EFD 
Grid1 Grid2 Grid3 

CFD E%D CFD E%D CFD E%D 

𝒕𝒕𝒂𝒂 4.71 4.77 -1.17 4.70 0.11 4.72 -0.14 

𝜶𝜶𝟏𝟏𝟏𝟏 13.00 11.81 9.18 11.41 12.27 10.91 16.07 

𝜶𝜶𝟏𝟏𝟐𝟐 20.80 14.46 30.48 14.32 31.14 14.32 31.14 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.21 5.87 5.40 5.74 7.65 5.56 10.41 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 7.81 6.60 15.51 6.61 15.41 6.67 14.60 

𝒕𝒕𝑨𝑨 19.33 19.30 0.14 19.02 1.58 18.79 2.80 

𝒓𝒓𝟏𝟏𝟏𝟏 4.12 4.27 -3.64 4.31 -4.63 4.28 -3.86 

𝒓𝒓𝟏𝟏𝟐𝟐 -5.79 -5.48 5.30 -5.47 5.58 -5.44 6.06 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.55 1.57 -1.08 1.54 0.39 1.55 -0.02 

𝜷𝜷𝟏𝟏𝟏𝟏 -5.00 -5.45 -8.92 -5.47 -9.37 -5.40 -7.95 

𝜷𝜷𝟏𝟏𝟐𝟐 9.00 8.66 3.80 8.60 4.43 8.48 5.76 
Table A.3 Comparison errors of kinematic parameters in grid convergence study for ZZ10/10 to SB in 3 

DOF w/o BKs 
 
 

Parameter EFD 
Time1 Time2 Time3 

CFD E%D CFD E%D CFD E%D 

𝒕𝒕𝒂𝒂 4.71 4.66 1.02 4.67 0.82 4.70 0.11 

𝜶𝜶𝟏𝟏𝟏𝟏 13.00 11.07 14.86 11.07 14.82 11.41 12.27 

𝜶𝜶𝟏𝟏𝟐𝟐 20.80 14.91 28.34 14.51 30.26 14.32 31.14 

𝒕𝒕𝜶𝜶𝟏𝟏𝟏𝟏 6.21 5.98 3.74 5.89 5.18 5.74 7.65 

𝒕𝒕𝜶𝜶𝟏𝟏𝟐𝟐 7.81 7.13 8.73 6.92 11.42 6.61 15.41 

𝒕𝒕𝑨𝑨 19.33 19.03 1.55 18.99 1.74 14.32 25.90 

𝒓𝒓𝟏𝟏𝟏𝟏 4.12 4.27 -3.62 4.30 -4.41 4.31 -4.63 

𝒓𝒓𝟏𝟏𝟐𝟐 -5.79 -5.45 5.89 -5.44 6.11 -5.47 5.58 

𝝃𝝃𝝍𝝍 𝑳𝑳𝑷𝑷𝑷𝑷⁄  1.55 1.53 1.22 1.53 1.01 1.54 0.39 

𝜷𝜷𝟏𝟏𝟏𝟏 -5.00 -5.40 -8.00 -5.43 -8.69 -5.47 -9.37 

𝜷𝜷𝟏𝟏𝟐𝟐 9.00 8.56 4.91 8.55 4.96 8.60 4.43 
Table A.4 Comparison errors of kinematic parameters in time step convergence study for ZZ10/10 to 

SB in 3 DOF w/o BKs 
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Appendix B  
Standard k-ε and k-ω Turbulence Models 
 
1. Standard k-ε Turbulence Model 
 
This turbulence model is proposed by Launder and Spalding and is a widely-used two-
equation turbulence model in industrial flows (Launder & Spalding, 1983). It is a model 
based on model transport equations for the turbulence kinetic energy k and its dissi-
pation rate ε. The model transport equation for k is derived from the exact equation, 
while the model transport equation for ε is obtained using physical reasoning. This 
model is popular for its robustness, economy, and reasonable accuracy, however, is 
valid only for fully turbulent flow (free-shear flow) under the assumption of the iso-
tropic turbulent viscosity. In case of flows containing large adverse pressure gradient, 
e.g. flow in boundary layers, it would be inappropriate. Therefore, some modified ver-
sions have been developed to improve its performance, namely the RNG k- ε model 
and the realisable k- ε model. The transport equations of standard k-ε turbulence 
model are written as 
 

 𝜕𝜕𝜌𝜌𝜕𝜕
𝜕𝜕𝑠𝑠

+ 𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝜕𝜕�
𝜕𝜕𝑏𝑏𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖
� + 2𝜇𝜇𝑠𝑠𝑆𝑆𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜀𝜀  (B.1) 

 

 𝜕𝜕𝜌𝜌𝜀𝜀
𝜕𝜕𝑠𝑠

+ 𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝜀𝜀�
𝜕𝜕𝑏𝑏𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀

𝜕𝜕𝜀𝜀
𝜕𝜕𝑏𝑏𝑖𝑖
� + 2𝐶𝐶1𝜀𝜀

𝜀𝜀
𝜕𝜕
𝜇𝜇𝑠𝑠𝑆𝑆𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 − 𝐶𝐶2𝜀𝜀𝜌𝜌

𝜀𝜀2

𝜕𝜕
  (B.2) 

 
where 𝜎𝜎𝜕𝜕, 𝜎𝜎𝜀𝜀, 𝐶𝐶1𝜀𝜀, and 𝐶𝐶2𝜀𝜀 are model constants listed in Table B.1. 
 
The turbulent viscosity is modelled as 
 

 𝜇𝜇𝑠𝑠 = 𝜌𝜌𝐶𝐶𝜇𝜇
𝜕𝜕2

𝜀𝜀
  (B.3) 

 
with the constant 𝐶𝐶𝜇𝜇 in Table B.1. 
 

𝑪𝑪𝝁𝝁 𝝈𝝈𝒌𝒌 𝝈𝝈𝜺𝜺 𝑪𝑪𝟏𝟏𝜺𝜺 𝑪𝑪𝟐𝟐𝜺𝜺 

0.09 1.00 1.30 1.44 1.92 
Table B.1 Constants of standard k-ε turbulence model 

 
2. Standard k-ω Turbulence Model 
 
The standard k-ω turbulence model is also named as Wilcox k-ω model and is another 
commonly used two-equation turbulence model (Wilcox, 1988). This model is given 
by Wilcox. Nevertheless, the roots of this model can be traced to Kolmogorov, Prandtl 
and Saffman in collaboration with other scientists. It is a model based on model 
transport equations for the turbulence kinetic energy k and the specific dissipation 
rate ω, which can also be considered as the ratio of ε to k. Compared with standard k-
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ε model, it has an outstanding ability to solve the flow in the viscous sublayer near the 
wall. In the logarithmic region, the model gives good agreement with experimental 
results for mild adverse pressure gradient flows. In exchange, it is sensitive to small 
free-stream values of ω in free-shear layer and adverse-pressure-gradient boundary 
layer flows. The transport equations of standard k-ω turbulence model are defined 
below. 
 

 𝜕𝜕𝜌𝜌𝜕𝜕
𝜕𝜕𝑠𝑠

+ 𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝜕𝜕�
𝜕𝜕𝑏𝑏𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�(𝜇𝜇 + 𝜎𝜎𝜕𝜕𝜇𝜇𝑠𝑠)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖
� + 𝜏𝜏𝑠𝑠𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 − 𝛽𝛽∗𝜌𝜌𝜔𝜔𝑘𝑘  (B.4) 

 

 𝜕𝜕𝜌𝜌𝜕𝜕
𝜕𝜕𝑠𝑠

+ 𝜕𝜕�𝜌𝜌𝑢𝑢𝑖𝑖𝜕𝜕�
𝜕𝜕𝑏𝑏𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖

�(𝜇𝜇 + 𝜎𝜎𝜕𝜕𝜇𝜇𝑠𝑠)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑏𝑏𝑖𝑖
� + 𝛼𝛼 𝜕𝜕

𝜕𝜕
𝜏𝜏𝑠𝑠𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 − 𝛽𝛽𝜌𝜌𝜔𝜔2  (B.5) 

 
where 𝜎𝜎𝜕𝜕, 𝜎𝜎𝜀𝜀, α, β∗, and β are model constants listed in Table B.2. 
 
The turbulent viscosity is modelled as 
 
 𝜇𝜇𝑠𝑠 = 𝜌𝜌 𝜕𝜕

𝜕𝜕
  (B.6) 

 
𝜶𝜶 𝝈𝝈𝒌𝒌 𝝈𝝈𝜺𝜺 β∗ β 

0.56 0.50 0.50 0.09 0.075 
Table B.2 Constants of standard k- ω turbulence model 
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Appendix C  
Criteria of Standards for Ship Manoeuvrability in Resolution MSC.137(76) 
 
In the following, abilities which can be assessed in zigzag manoeuvres are given ac-
cording to the resolution MSC.137(76) for reference (IMO, 2002). 
 
1. Initial Turning Ability 
 
With the application of 10° rudder angle to port/starboard, the ship should not have 
travelled more than 2.5 ship lengths by the time the heading has changed by 10° from 
the original heading. 
 
2. Yaw-checking and Course-keeping abilities 
 
2.1 The value of the first overshoot angle in ZZ10/10 test should not exceed: 
 

• 10° if 𝐿𝐿/𝑉𝑉 is less than 10 s 
• 20° if 𝐿𝐿/𝑉𝑉 is 30 s or more 
• (5+0.5𝐿𝐿/𝑉𝑉) degrees if 𝐿𝐿/𝑉𝑉 is 10 s or more, but less than 30 s 

 
where 𝐿𝐿 and 𝑉𝑉 are expressed in m and m/s, respectively. 
 
2.2 The value of the second overshoot angle in ZZ10/10 test should not exceed: 
 

• 25° if 𝐿𝐿/𝑉𝑉 is less than 10 s 
• 40° if 𝐿𝐿/𝑉𝑉 is 30 s or more 
• (17.5+0.75𝐿𝐿/𝑉𝑉) degrees if 𝐿𝐿/𝑉𝑉 is 10 s or more, but less than 30 s 

 
2.3 The value of the first overshoot angle in ZZ20/20 test should not exceed 25°. 
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Appendix D  
Dynamic Library to Define Actuator Disk Body Forces Distribution 
 

1.       Subroutine ad_forces(idisk, Rin, Rout, Dx, Q_imp, &   
2.                            T_imp, Ri , Angle,Fni,Fti)   
3. !DEC$ ATTRIBUTES ALIAS:'ad_forces_'::ad_forces   
4. !DEC$ ATTRIBUTES DLLEXPORT::ad_forces   
5.       implicit none   
6.    
7.       integer, intent(in) :: idisk   
8.    
9.       double precision, intent(in) :: Rin,Rout,Dx,Q_imp,T_imp,Ri,Angle   
10.    
11.       double precision, intent(out) :: Fni,Fti   
12.    
13. !---------------------------------------------------------------------!   
14. !   
15. !     idisk : actuator disk index   
16. !     Rin   : inner radius of the actuator disk   
17. !     Rout  : outer radius of the actuator disk   
18. !     Dx    : thickness of the actuator disk   
19. !     T_imp : imposed thrust of the actuator disk   
20. !     Q_imp : imposed torque of the actuator disk   
21. !     Ri    : radius of the current position where body force is to   
22. !             be defined   
23. !     Angle : Angular position of current point   
24. !     Fni   : output axial force density   
25. !     Fti   : output tangential force density   
26. !   
27. !---------------------------------------------------------------------!   
28. !   
29.       double precision:: rhp,Ca,Cb,rp,rs,pi   
30.       pi=3.1415926535897d0   
31.       rhp=Rin/Rout   
32.       Ca=8.0d0*pi/105.0d0*Rout**2*Dx*((4.0d0+3.0d0*rhp)*(1.d0-rhp))   
33.       Cb=Q_imp/(Ca*Rout)   
34.       Ca=T_imp/Ca   
35.       rp=ri/Rout   
36.       rs=(rp-rhp)/(1.0d0-rhp)   
37.       Fni=Ca*rs*sqrt(1.0d0-rs)   
38.       Fti=Cb*rs*sqrt(1.0d0-rs)/(rs*(1.0d0-rhp)+rhp)   
39. !   
40.       End Subroutine ad_forces   
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Appendix E  
Dynamic Library to Control a Zigzag Manoeuvre 
 

1.       Subroutine kinematic_control(mybloc,nbody,ID_Body,Name_Body, &   
2.      &                             idof,ibody,itt,itnl,tp,tc, &   
3.      &                             O1ref_R0,Theta1ref, &   
4.      &                             O1tp_R0,Theta1tp, &   
5.      &                             fx_R0,fy_R0,fz_R0, &   
6.      &                             fmx_R0,fmy_R0,fmz_R0, &   
7.      &                             fx_Rb,fy_Rb,fz_Rb, &   
8.      &                             fmx_Rb,fmy_Rb,fmz_Rb, &   
9.      &                             O1tc_R0,Theta1tc, &   
10.      &                             control_type)   
11. !DEC$ ATTRIBUTES ALIAS:'kinematic_control_'::kinematic_control   
12. !DEC$ ATTRIBUTES DLLEXPORT::kinematic_control   
13.    
14.       implicit none   
15.    
16.       integer, intent(in) :: mybloc   
17.       integer, intent(in) :: nbody   
18.    
19.    
20.       integer, dimension(*), intent(in) :: ID_Body   
21.       character*150, dimension(*), intent(in) :: Name_Body   
22.    
23.       integer, intent(in) :: idof,ibody ! current index of DOF    
24.                                         ! and index of body    
25.    
26.       integer, intent(in) :: itt,itnl ! current temporal (itt)   
27.                                       ! and non-linear (itnl) iterations   
28.    
29.       double precision, intent(in) :: tp,tc ! previous and current time   
30.    
31.    
32.       double precision,dimension(3,*), intent(in) :: O1ref_R0   
33.       double precision,dimension(3,*), intent(in) :: Theta1ref   
34.       double precision,dimension(3,0:2,*), intent(in) :: O1tp_R0   
35.       double precision,dimension(3,0:2,*), intent(in) :: Theta1tp   
36.    
37.       double precision,dimension(99,0:*),intent(in) :: fx_R0, &   
38.      &                                                 fy_R0, &   
39.      &                                                 fz_R0, &   
40.      &                                                 fmx_R0, &   
41.      &                                                 fmy_R0, &   
42.      &                                                 fmz_R0   
43.      
44.       double precision,dimension(99,0:*),intent(in) :: fx_Rb, &   
45.      &                                                 fy_Rb, &   
46.      &                                                 fz_Rb, &   
47.      &                                                 fmx_Rb, &   
48.      &                                                 fmy_Rb, &   
49.      &                                                 fmz_Rb   
50.    
51.         
52. !     Output only : do not use  O1tc_R0 and Theta1tc as input values   
53. !     ===========   
54.       double precision,dimension(3,0:2,*), intent(inout) :: O1tc_R0   
55.       double precision,dimension(3,0:2,*), intent(inout) :: Theta1tc   
56.    
57.       integer,dimension(6,*),intent(inout) :: control_type   
58.    
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59.    
60.     integer :: ip_body, ip_ship, nrudders, i, maxexecutes    
61.     integer :: firstdirection   
62.     integer, allocatable :: ip_rudders(:)   
63.     integer, save :: blockrudder, execute, output, execution   
64.     double precision :: omega_in, heading, maxheading, rudderangle, maxan-
gle_in   
65.     double precision :: vship, pi   
66.         double precision, save :: omega, maxangle   
67.     character*150 :: ship_name   
68.     character*150 :: outfile = "Zigzag_output.dat"   
69.     character*150, allocatable :: rudder_names(:)   
70.     character*150, parameter  :: for-
mat1 = "(A20,A20,A20,A20,A20,A20,A20,A20)"   
71.     character*150, parameter  :: for-
mat2 = "(I20,ES20.5,ES20.5,ES20.5,ES20.5,I20,I20,I20)"   
72.     character*150, parameter  :: format3 = "(A20,I20)"   
73.    
74.     pi = 4.0*atan(1.0)   
75.    
76.     ! INFORMATION   
77.     !***********************************************************************
**************   
78.     ! Library to be used in a restart computation.   
79.     ! Computation 1: accelerate to ship speed   
80.     ! Computation 2 with dynamic library:    
81.     !   - Compile this file and copy isis_dyn_lib.so into the computa-
tion directory   
82.     !   - Rz is solved   
83.     !   - Tx and Ty are Imposed > Dynamic library   
84.     !   - Rudder Rn are Imposed > Dynamic library   
85.     !   - Other DOF can be solved (not compulsory)   
86.    
87.     ! LIMITATIONS   
88.     !***********************************************************************
**************   
89.     ! Only one ship present in the domain   
90.     ! No half-body simulations   
91.    
92.     !INPUTS FROM THE USER   
93.     !***********************************************************************
**************   
94.     vship = 5.0             !Ship speed [m/s] in X direction, with cor-
rect sign.   
95.     maxexecutes = 5         !Number of rudder motions, positive integer   
96.     nrudders = 1            !Number of rudders, positive integer   
97.     omega_in = 5.0          !Rudder rotational speed [deg/s] posi-
tive float   
98.     maxangle_in = 10.0      !Change of rudder angle [deg] positive float   
99.     maxheading = 10.0       !Change of ship heading [deg] positive float   
100.     firstdirection = 1      !Direction of first ship turn: 0=star-
board, 1=port,   
101.        
102.     !Once we know how many rudders, allocate vectors containing rud-
der names and ips   
103.     if (.not.allocated(rudder_names)) allocate (rudder_names(nrudders))   
104.     if (.not.allocated(ip_rudders)) allocate (ip_rudders(nrudders))   
105.    
106.     ! Body names as specified in FINE/Marine GUI   
107.     rudder_names(1) = 'rudder'    
108.     !rudder_names(2) = 'rudder_stb' ! Comment this line if only one rud-
der is present   
109.     ship_name = 'hull'   
110.     !***********************************************************************
**************   
111.    
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112.     !Find ID of ship and rudder(s)   
113.     do ip_body=1,nbody   
114.         if (Name_Body(ip_body) == ship_name) then   
115.             ip_ship = ip_body      
116.         end if         
117.         do i=1, nrudders   
118.             if (Name_Body(ip_body) == rudder_names(i)) then   
119.                 ip_rudders(i) = ip_body                
120.             end if   
121.         end do   
122.     end do     
123.    
124.     ! Convert variables to rad or rad/s, set rotation direction   
125.     if (itt == 1) then   
126.         if (firstdirection == 0) then !Starboard   
127.             omega = omega_in*pi/180.0   
128.             maxangle = maxangle_in*pi/180.0   
129.         else    !Port   
130.             omega = -omega_in*pi/180.0   
131.             maxangle = -maxangle_in*pi/180.0   
132.         end if   
133.         execute = 1   
134.         blockrudder = 0   
135.     end if   
136.     maxheading = maxheading*pi/180.0   
137.    
138.     !Control of rudder angles and ship speed   
139.     do i=1, nrudders   
140.         control_type(4,ip_rudders(i)) = 0   
141.     end do   
142.         control_type(1, ip_ship) = 1   
143.         control_type(2, ip_ship) = 1   
144.    
145.     !Define rudder position and ship heading (previous time step)   
146.     heading = Theta1tp (3,0,ip_ship)   
147.     rudderangle = Theta1tp(1,0,ip_rudders(1))   
148.        
149.     !Ship motion   
150.     O1tc_R0 (1,1,ip_ship) = vship*cos(heading)   
151.     O1tc_R0 (2,1,ip_ship) = vship*sin(heading)   
152.    
153.     !Variable defining if there is an execution at this time step   
154.     execution = 0   
155.        
156.     !Rudder motion   
157.     if (execute < (maxexecutes+1)) then   
158.         !If target heading is reached, counter - rudder.    
159.         !Block rudder to avoid counter-rudders during heading overshoot   
160.         if (abs(heading) >= abs(maxheading) .and. blockrudder == 0) then   
161.             omega = -omega   
162.             maxangle = -maxangle   
163.             execute = execute + 1   
164.             blockrudder = 1   
165.             execution = 1   
166.         end if         
167.         !Unblock rudder once heading is below maximum again   
168.         if (abs(heading) <= 0.5*abs(maxheading) .and. blockrud-
der == 1) then   
169.             blockrudder = 0   
170.         end if   
171.    
172.         !Turn rudder if max rudder angle has not been reached or if execu-
tion at this time step   
173.         if (abs(rudderangle + omega*(tc-tp)) < abs(maxangle) .or. execu-
tion == 1) then   
174.             do i=1, nrudders    



 Appendix E  

— 100 — 
 

175.                 Theta1tc(1,0,ip_rudders(i)) = Theta1tp(1,0,ip_rud-
ders(i)) + omega*(tc-tp)   
176.             end do   
177.         !If this time step max rudder angle is reached we block it wait-
ing for max heading   
178.         else if (abs(rudderangle + omega*(tc-tp)) > abs(maxangle) .and. exe-
cution == 0) then   
179.             do i=1, nrudders   
180.                 Theta1tc(1,0,ip_rudders(i)) = maxangle   
181.             end do   
182.         end if   
183.            
184.     !When max executes+1 is reached we stop the calculation   
185.     else       
186.         print*,'============================================='   
187.         print*,'NOW WITHIN THE ZIGZAG DYNAMIC LIBRARY'   
188.         print*, ' '   
189.         print*, 'Requested number of executes reached, stopping computa-
tion'   
190.         print*,'============================================='    
191.    
192.         open(unit=90,file='stop.now',status='replace',action='write')   
193.         write(90,*) 1   
194.         close(unit=90)   
195.     end if   
196.    
197.     !OUPUTS: Text file + std   
198.     ! 1st iteration   
199.     if ((mybloc == 1) .and. (itnl == 1) .and. (itt == 1)) then     
200.         open(unit = 7, file=outfile, action = 'write')   
201.         write(7,*) ' >>> Zig zag manoeuvre'   
202.         write(7,*) '----------------------------------------------'   
203.         write(7,*) 'Bodies and IDs'   
204.         write(7,format3) Name_Body(ip_ship), ip_ship   
205.         do i=1, nrudders    
206.             write(7,format3) Name_Body(ip_rudders(i)), ip_rudders(i)   
207.         end do   
208.         write(7,*) '----------------------------------------------'   
209.         write(7,format1) 'Timestep','Time','Ship heading [deg]','Rudder an-
gle [deg]','Rudder w[deg/s]','N Execute'   
210.         close(unit=7)   
211.    
212.    
213.         print*,'============================================='   
214.         print*,'NOW WITHIN THE ZIGZAG DYNAMIC LIBRARY'   
215.         print*, ' '   
216.         print*, 'Input variables:'   
217.         print*, 'Ship name:', ship_name   
218.         print*, 'Ship forward speed:', vship, 'm/s'   
219.         print*, 'Maximum ship heading:', maxheading, 'deg'   
220.         do i=1, nrudders    
221.             print*, 'Rudder name:', rudder_names(i)   
222.         end do   
223.         print*, 'Rudder rotational speed:', omega_in, 'deg/s'   
224.         print*, 'Rudder maximum angle:', maxangle_in, 'deg'   
225.         print*, 'The total number of executes will be:', maxexecutes   
226.         if (firstdirection == 0) then   
227.             print*, 'First maneuver ship will turn to starboard'   
228.         else   
229.             print*, 'First maneuver ship will turn to port'   
230.         end if   
231.         print*,'============================================='     
232.     end if    
233.        
234.     ! Every iteration   
235.     if ((mybloc==1) .and. (itnl==1)) then   
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236.         open(unit = 7, file=outfile, status='old', action='readwrite', posi-
tion='append')   
237.         write(7,format2) itt, tc, heading*180/pi, Theta1tc(1,0,ip_rud-
ders(1))*180/pi, omega*180/pi, execute   
238.         close(unit=7)   
239.    
240.         print*,'============================================='   
241.         print*,'NOW WITHIN THE ZIGZAG DYNAMIC LIBRARY'   
242.         print*, ' '   
243.         print*, 'Ship heading:', heading*180/pi   
244.         print*, 'Rudderangle', Theta1tc(1,0,ip_rudders(1))*180/pi          
245.         if (blockrudder == 0)then   
246.             print*, 'Rudder turning'   
247.         else   
248.             print*, 'Rudder blocked'   
249.         end if   
250.         if (execution == 0) then   
251.             print*, 'Number of executes performed:', execute   
252.         else   
253.             print*, 'New execution at t =', tc   
254.         end if         
255.         print*,'============================================='   
256.     end if   
257.    
258.       End Subroutine kinematic_control   
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